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A B S T R A C T   

The assessment of possible interactions between microplastic particles (MPP) and other emerging contaminants such as per- and polyfluoroalkyl substances (PFAS) is 
of great importance due to their potentially conjunctive harmful effects on the environment. Here, the colloidal behaviour of a polystyrene MPP in the presence of 
undecafluorohexanoic acid (UFHA), an alternative to the widely used C8 PFAS, was studied in aqueous dispersions. Adsorption of UFHA on MPP was confirmed, 
where it induced charge neutralization with overcharging at higher UFHA concentrations. Rates of MPP aggregation were rapid with neutral particles, while slow at 
low and high UFHA doses, where considerable, alternate surface charge persisted and hence, fine particle dispersion was maintained. The addition of multivalent ions 
influenced the surface charge and aggregation features of MPP, in both their native form and in the presence of UFHA. Concurrent adsorption of electrolytes and 
UFHA was observed and strongly affected the rate of MPP aggregation under some experimental conditions. This study provides new insights into the possible 
interactions of PFAS with MPP, which may fundamentally influence the migration of these contaminants in aqueous environments. Aggregated particles will more 
likely accumulate in the sediments or at the air–water interface, while individual, highly stable MPP-PFAS composites have the potential to migrate together in the 
water column.   

1. Introduction 

Plastic pollution, and particular that of microplastics is now recog-
nized as a major contemporary global problem [1–3]. Currently, million 
tons of plastic waste are added to the environment every year [4] with 
the extent of plastic pollution continuing to increase [5–8]. Following its 
introduction to the environment, fragmentation of plastic occurs due to 
one or more of mechanical destruction or abrasion, UV degradation, or 
chemical oxidation resulting in the formation of micro- and nano-sized 
particles [9–12]. At present, the size distribution-based nomenclature 
can be considered to be somewhat contradictory. From the colloid and 
materials chemistry point of view, plastic particles with diameter below 
100 nm are considered as nanoplastics, while above this threshold value 
they named as microplastic particles (MPP). The upper limit is also 
questionable, but 5000 µm is the most used upper size [13]. However, 
MPP of between 100 and 1000 nm in diameter are of particular interest, 
since in this size range they possess classical colloidal properties [14]. 
The colloidal properties not only influence their migration in the envi-
ronment, but their ability to enter into living organisms, with MPP 

detected in biomass as diverse as the human placenta [15,16], fish [17] 
and plants [2,18,19] with a potential to induce substantial health risks 
[20–22]. 

Interaction of MPP with other materials especially in aqueous envi-
ronment is a crucial issue in terms of assessing the potential migration 
and ecotoxicity [23,24]. It has been previously reported that dissolved 
organic matter [25], drug molecules [26], radionuclides [27], and 
bacteria [28] are able to adsorb on MPP leading to modification of the 
surface properties and of the colloidal behaviour of MPP [29]. In 
particular, the interaction between emerging contaminants [30,31] and 
MPP is crucial to understand, since their assembly may give rise to as yet 
unquantified risks to the environment. 

Per- and polyfluoroalkyl substances (PFAS) are now recognised as 
widespread and persistent environmental pollutants [32,33]. PFAS 
consist of a long fluorinated carbon chain, with a functional group at the 
end of the molecule, most commonly carboxyl or sulfonate [34] that 
collectively endow surfactant-like properties [35]. PFAS are widely used 
in industrial processes, e.g., in production of firefighting foams, paints, 
pesticides and in everyday consumer products such as food packaging 
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materials, non-stick cookware and cosmetics [36,37]. Due to the strong 
C-F bonds, the PFAS are chemically very stable compounds, and while 
the functional groups may be subject to transformation in the environ-
ment (e.g., from fluorotelomers), the fluorinated chain is considered 
persistent in nature [38]. 

The effects of PFAS exposure on humans, animals, or plants has been 
assessed by numerous ecotoxicological and epidemiological-based 
studies. Many common PFAS compounds (e.g., perfluorooctanoic acid 
- PFOA, perfluorooctane sulfonic acid - PFOS) are implicated in an 
increased risks of the development of some cancers, thyroid diseases, 
immuno-, reproductive-, and developmental-disorders and hepatotox-
icity [36,37,39]. 

Whilst the presence of MPP and PFAS may be considered ubiquitous, 
in particular in urban aquatic systems, their extent of interaction to form 
a novel composite is as yet largely unknown as is the potential impact on 
the wider environment [24]. For example, migration of MPP in natural 
waters primarily depends on their size and surface charge properties. 
Such particles collide and thereafter may remain independent or form 
aggregates depending on the predominating interparticle forces 
amongst other factors including particle velocity and solution shear. 
Upon aggregation, they may settle or alternatively may form a 
detergent-like micellar scum leading to accumulation in the sediment or 
at the air–water interface, respectively [40]. Although these colloidal 
features have been previously investigated with MPP [5,14,41–43], the 
effect of PFAS on surface charge and aggregation processes of MPP has 
yet to be systematically studied. 

To address this knowledge gap in the interaction of these two 
widespread environmental pollutants, polystyrene MPP were synthe-
sized, and their colloidal stability was investigated in the presence of 
undecafluorohexanoic acid (UFHA also known as perfluorohexanoic 
acid - PFHxA) via measurement of surface charge and aggregation rate 
using light scattering techniques, with the experimental results were 
compared to model predictions. UFHA was used in this study as it has 
been applied as a C6 alternative to the C8 PFAS used frequently in the 
fluoropolymer industry. Importantly, UFHA has been already detected 
in the environment [44]. Its interaction, however, with MPP has not 
been studied. In addition, the effect of dissolved electrolytes of different 
valences on the dispersion properties of MPP and MPP-PFAS was also 
assessed. 

2. Materials and methods 

2.1. Chemicals 

Laboratory grade HCl (37 %), KCl (~99.5 %), MgCl2⋅6H2O (~99.0 
%) and absolute ethanol (≥99.8 %) were bought from VWR, while LaCl3 
(~99.9 %) and undecafluorohexanoic acid (UFHA) (≥97.0 %) from 
Sigma-Aldrich. Styrene (99 %) and 2,2′-azobis(2-methyl-
propionamidine) dihydrochloride (AIBA) initiator (≥98.0 %) were 
purchased from Acros Organics and Hellmanex III cleaning agent from 
Hellma. The solutions were prepared with ultrapure water, using a 
Puranity TU 3 UV/UF + system and filtered with PVDF-based 0.1 μm 
syringe filters (Millex-VV). The pH was maintained at (4.0 ± 0.2) in all 
stock dispersions and solutions used for sample preparation by adding 
appropriate amount of HCl or KOH (both from Sigma-Aldrich) solutions. 
The pH was checked with a combined glass electrode connected to a 
benchtop pH meter (WTW inoLab). 

2.2. MPP synthesis 

Positively charged polystyrene particles were prepared based on 
previously reported methods [45,46] using an additive-free emulsion 
polymerization reaction with AIBA as the initiator. In the first step, 375 
mL water was stirred for 15 min, and the temperature was increased 
progressively to 80 ◦C. Thereafter, 10 g of styrene monomers were added 
to the water and the solution was stirred for 15 min. Subsequently, 0.2 g 

of AIBA (0.04 w%) was dissolved in 115 mL deionized water and put into 
the reaction mixture. The temperature was kept at 80 ◦C for 24 h under a 
nitrogen atmosphere. After the mixture was cooled to room tempera-
ture, the remaining styrene and AIBA were removed by repeated 
washing, centrifugation, and re-dispersing steps. The precipitated 
product was washed with HCl, water, and ethanol (three times 1 M HCl, 
once with ethanol, and three times with water) and dialyzed against 
water for a day using cellulose ester membrane with a molecular mass 
cut-off of 50 kg/mol (Spectrum). The final solid concentration was 10 g/ 
L in the stock dispersion, which was stored in fridge thereafter. The MPP 
are positively charged due to the presence of AIBA initiator, which is a 
widely applied cationic initiator in surfactant-free polymerization re-
actions [45]. 

2.3. Infrared spectroscopy 

The Fourier-transform infrared spectroscopy (FTIR) spectrum of MPP 
was recorded on a Summit FTIR spectrometer (Nicolet Instrument Cor-
poration) with attenuated total reflection detection mode using ZnSe- 
based accessories. The spectra were collected in the range of 
4000–400 cm− 1 with 4 cm− 1 resolution and 16 scans. 

2.4. Transmission electron microscopy 

The morphology of the MPP was examined with transmission elec-
tron microscopy (TEM). The particles were dried on a copper-coated 
carbon mesh TEM grid and were imaged using a TECNAI G2 20 X- 
TWIN instrument (FEI) with 200 kV accelerating voltage. 

2.5. Electrophoretic light scattering 

Zeta potentials were measured by a Litesizer 500 device (Anton Paar) 
outfitted with a 658 nm wavelength laser source. The applied voltage 
was 200 V. The primarily determined electrophoretic mobilities were 
converted to zeta potential data using the Smoluchowski equation [47] 
shown in the Supplementary Data (SD) in Eq S1. The MPP stock 
dispersion was homogenized by sonication prior to the sample prepa-
ration, during which the particles were added to calculated amount of 
salt solutions and water leading to a total volume of 2.0 mL. The final 
particle concentration was always 25 mg/L. The samples were equili-
brated at room temperature for 2 h and 700 µL of the dispersion was 
transferred to omega cuvettes (Anton Paar) with eight consecutive 
measurements, whose average value was reported. 

2.6. Dynamic light scattering 

Dynamic light scattering (DLS) measurements were performed with 
either an ALV/CGS-3 compact goniometer system (ALV GmbH) or a 
Litesizer 500 device. The diffusion coefficient was determined from the 
decay rate of the autocorrelation function (Eq S2) obtained from the 
second order cumulant fit and was converted to hydrodynamic radius 
with the Stokes-Einstein equation [48,49] shown in Eq S3. During time- 
resolved experiments to determine apparent aggregation rate constants 
(Eq S4), the duration of one run was 20 s and 80 repetitions were carried 
out in borosilicate glass cuvettes (Kimble Chase). The total volume of 
each sample was 2.0 mL, in which the particle concentration was 5 or 10 
mg/L depending on the speed of aggregation. The UFHA dose was varied 
in a concentration range of 1–10000 μM. In a typical experiment, 0.2 mL 
of MPP stock dispersion was added to 1.8 mL aqueous solution of UFHA 
and/or salt (KCl, MgCl2 or LaCl3). The DLS measurements commenced 
immediately after vortex homogenization of the mixture. The colloidal 
stability was expressed in terms of stability ratio, which was determined 
from the increase in the hydrodynamic radii, i.e., from the apparent rate 
values, in aggregating particle dispersions (Eq S5). Note that stability 
ratio is one in case of rapid or diffusion-controlled aggregation, while 
larger for slow aggregation. Hence, the inverse of the stability ratio is 
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equal to the fraction of particle collision resulting in formation of par-
ticle dimers. It is a commonly used parameter to describe stability of 
colloidal dispersions [48,50–53]. The temperature was kept at (25.0 ±
0.2) ℃ in all (both electrophoretic and dynamic) light scattering mea-
surements, in which the UFHA concentration was always at least 5-time 
below its solubility limit reported elsewhere [54]. 

3. Results and discussion 

3.1. MPP characterisation 

Transmission electron microscopy images recorded in dried state 
confirm the formation of the MPP as indicated by the spherical particles 
(Fig. 1a and Fig. S1). Analysing the particle size distribution on the TEM 
images resulted in an average radius of (83 ± 22) nm. 

Based on DLS measurements, an average hydrodynamic radius of 
(110 ± 3) nm and a polydispersity index of (0.11 ± 0.05) were deter-
mined (Fig. 1b). These values and the exponential decay of the auto-
correlation functions together with their excellent reproducibility 
(Fig. S2) indicated a narrow MPP size distribution in aqueous dispersion. 
The larger DLS radius compared to the one determined with TEM is due 
to the higher contribution of the bigger particles to the scattered in-
tensity [55] and to the fact that DLS measures the geometrical radius 
together with the thickness of the hydrodynamically stagnant layer on 
the particles [49] in contrast to TEM size, which is determined in dried 
stage. 

FTIR spectroscopy was used to identify typical peaks corresponding 
to C–H and C––C bonds and methylene groups characteristic of 
unreacted styrene monomer. The spectra are shown in Fig. S3 while the 
peak assignment to the stretching and bending vibrations is listed in 
Table S1 in the SD. The data confirmed the formation of the polystyrene 
MPP. 

3.2. Behaviour of MPP in different ionic environments 

The behaviour of MPP in aqueous environments strongly depends on 
their colloidal stability, i.e., dispersed, stable particles have a propensity 
to spread rapidly, while aggregates may either settle or form surface 
scums. Dissolved electrolytes of various valences influence these pro-
cesses since they modify the MPP surface charge upon adsorption as well 
as contribute to the ionic strength in larger extent. Ion specific affinities 
alter the balance of interparticle forces, as reported earlier based on 
results of direct force measurements [56–58]. The rate of aggregation 
and surface charge features of the present polystyrene MPP were 
investigated by determining both stability ratios and zeta potentials in 
various salt solutions (Fig. 2). A pH value of (4.0 ± 0.2) was chosen for 
the experiments because the MPP possess significant positive charge due 

to ionization of its functional groups, the multivalent metal ions applied 
do not hydrolyze, i.e., maintain their valence [59,60], as well as the 
UFHA is fully deprotonated [54] under this experimental condition. 

In general, the stability ratio of MPP progressively decreased by 
increasing the salt concentration until the critical coagulation concen-
tration (CCC), irrespective of the cation valence (Fig. 2a for K+, Fig. 2b 
for Mg2+ and Fig. 2c for La3+). The CCC was calculated using Eq S6 and 
Eq S7 (see SD). This CCC separates the slow and fast aggregation re-
gimes, i.e., the threshold salt concentration value, beyond which the 
dispersion can be considered as unstable indicated by stability ratios 
close to unity (Fig. 2a–c). A slight increase in the stability ratios at the 
highest salt concentrations can be attributed to the increased solute 
viscosity and hence, a retardation of the aggregation rate. 

Zeta potentials decreased with increasing the salt concentrations in 
all systems. For K+ (Fig. 2a) and Mg2+ (Fig. 2b), the potentials were close 
to zero at high salinity, while for La3+ (Fig. 2c), they remained near +15 
mV even at the highest salt concentrations. These observations imply the 
presence of two phenomena. First, the ions screen the surface charge, 
thus progressively decreasing the zeta potential with increasing ionic 
strength. This is a well-established phenomenon for the charging 
behaviour of colloids in electrolyte solutions provided the constant 
surface charge approximation applies [52,56–58,61,62]. Second, spe-
cific adsorption of La3+ on the like-charged surface of MPP likely 
occurred and provided a positive charge for the particles even at high 
salt levels due to competitive effects between charge screening and 
direct La3+ interaction with the surface. Such an adsorption of weakly 
hydrated multivalent co-ions (ions with the same sign of charge as the 
surface) has also been observed for negatively charged titania [51] and 
plastic [63] particles. However, this is the first known occurrence with 
MPP of positive surface charge. 

Variations in the stability ratios and in the zeta potentials can be 
explained by classic DLVO theory [52,64]. Accordingly, the overall 
interparticle forces originate from the superposition of the electrostatic 
repulsion by the overlapping electrical double layers and the attractive 
van der Waals forces. The former is sensitive to the salt concentration, 
while the latter is not, so persists irrespective of solute composition. 
Therefore, increasing the salt concentration leads to diminishing double 
layer forces, which may vanish up to and beyond the CCC. Thus, at low 
salt concentrations, the electrostatic repulsion is strong and stabilizes 
the dispersions, while at high salinity, van der Waals attractions pre-
dominate, and the MPP undergo diffusion-controlled aggregation. The 
above interpretation was further confirmed by comparing the experi-
mentally measured CCC data with theoretical predictions (Fig. 3). 

The CCC values were determined for KCl at 72.4 mM, for MgCl2 at 
19.8 mM and for LaCl3 at 8.0 mM. Such a decrease in the CCC data by 
increasing the valence of coions is consistent with the inverse Schulze- 
Hardy rule [65] established for the destabilization power of 

Fig. 1. A representative TEM image (a) and intensity weighted DLS size distribution (b) of MPP.  
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multivalent co-ions (Fig. 3a). However, the decrease in the experimental 
CCC compared to the theoretical values is substantial. This variance may 
reflect additional (non-DLVO) attractive forces, not accounted for by the 
inverse Schulze-Hardy model, are present. 

The Debye-Hückel model [52] was used to obtain charge densities at 
the slip plane from the ionic strength dependence of the zeta potentials 
(Eq S8) and these data were used to calculate the CCC values according 
to the DLVO theory, refer to Eq S9 and Eq S10 [66]. The agreement 
between experimental and calculated data is excellent in the systems 
containing K+ and Mg2+ (Fig. 3b) indicating that the particle aggrega-
tion is consistent with electrostatic theory. For La3+, however, a lower 
CCC was determined experimentally, i.e., DLVO theory predicts the 

onset of rapid particle aggregation at higher La3+ concentrations. This 
suggests the presence of additional attractive forces. The zeta potential 
data indicate La3+ adsorption on the MPP leading to positive surface 
charge at elevated salt concentrations. Such adsorption could induce 
formation of hydrophilic regions on the hydrophobic surface of MPP 
which may attract proximal particles. Similar interactions were 
observed between polystyrene surfaces across electrolyte solutions at 
short separation distances [57,58]. 

3.3. Interaction of MPP and UFHA 

In aqueous media, UFHA is deprotonated due to the presence of the 

Fig. 2. Top row: stability ratio of MPP determined in KCl (a), MgCl2 (b) and LaCl3 (c) solutions. Salt concentration equals to metal ion concentration in the samples. 
Bottom row: zeta potential values of MPP as a function of the KCl (d), MgCl2 (e) and LaCl3 (f) concentrations. 

Fig. 3. (a) Relative CCC of MPP (normalized to the CCC obtained in the KCl system) as a function of the valence of co-ions. The solid line indicates the CCC 1/z 
prediction according to the inverse Schulze-Hardy rule. (b) Dependence of the CCC on the charge density was normalized to the salt stoichiometry and valence. The 
symbols are experimental points, while the solid line was calculated with Eq S9. 

K. Bere et al.                                                                                                                                                                                                                                     



Journal of Molecular Liquids 384 (2023) 122285

5

strongly electron-withdrawing fluorocarbon tail. Hence, it is expected to 
strongly adsorb on the positively charged MPP surface. To investigate 
the nature of the MPP-UFHA interaction, zeta potentials were measured 
at different UFHA spanning four magnitudes of concentration (Fig. 4). 

In all systems, UFHA adsorption on the MPP was indicated by a 
gradual reduction in surface charge and change of sign of the surface 
charge with progressively increasing the UFHA concentration. At low 
UFHA levels, the positive charge of the MPP dominated, but at 
approximately 1 mM, adsorption gave rise to charge neutralization at 
the isoelectric point (IEP) followed by subsequent overcharging of the 
particles with increasing concentrations. These charging features, with 
charge reversal in similar surfactant concentration regimes, have also 
been observed upon adsorption of non-fluorinated, amphiphilic surface- 
active agents on plastic [67,68] and inorganic [53,69,70] particles. 

In terms of colloidal stability for the MPP in the presence of UFHA, 
unstable dispersions with stability ratios close to unity were experienced 
near the IEP, while slow particle aggregation processes were observed 
far from these conditions. Such a behaviour resulted in V- (for K+ and 
Mg2+) and U-shaped (for La3+) curves, while the plateaus in the stability 
ratio data at low and high UFHA doses suggest moderate aggregation of 
native MPP due to surface adsorption of UFHA. Substantial differences 
were apparent in the width of the unstable regimes, which occupies a 
much wider concentration region for La3+ (Fig. 4f) than for K+ (Fig. 4d) 
or Mg2+ (Fig. 4e). 

These variations in the stability ratio data are consistent with the 
DLVO theory, with particle aggregation principally governed by the 
superposition of DLVO-type repulsive electrical double layer and 
attractive van der Waals forces. Similar results on various parti-
cle–surfactant (non-PFAS) systems have been documented elsewhere 
[53,67–70]. Accordingly, a striking difference can be observed between 
the colloidal behaviour of MPP in the absence (Fig. 2) and presence 
(Fig. 4) of UFHA. 

Furthermore, noticeable deviations were observed in the IEP, which 
were 0.80 mM in KCl (Fig. 4a), 1.00 mM in MgCl2 (Fig. 4b) and 1.85 mM 
in LaCl3 (Fig. 4c) solutions. This trend is also apparent for zeta potentials 
measured at 10 mM UFHA concentrations, at which the overcharging 
effect is the most pronounced (Fig. 5). 

The concurrent increase in the IEP with the valence suggests that 
adsorption of multivalent ions took place on the like-charged MPP, as 
discussed earlier. Such adsorption increases the surface charge and thus, 
a higher concentration of oppositely charged UFHA is needed to reach 

Fig. 4. Zeta potentials (top row) and stability ratios (bottom row) as a function of the UFHA concentration in 1 mM KCl (a, d), MgCl2 (b, e) and LaCl3 (c, f) solutions. 
The structure of UFHA is shown in the inset of (a). The continuous lines serve to guide the eyes. 

Fig. 5. IEP data (left axis, squares) of the MPP in the presence of UFHA and 
zeta potentials (right axis, circles) determined at 10 mM UFHA concentrations 
as a function of the cation valence in KCl, MgCl2 and LaCl3 solutions. The solid 
lines are just to guide the eyes. 
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the IEP. This phenomenon is the most pronounced in the case of La3+, 
whose considerable adsorption has been already demonstrated (Fig. 2f). 
The zeta potential data at 10 mM UFHA concentrations is significantly 
lower in the presence of La3+ than in K+ and Mg2+ solutions under the 
given experimental conditions. This also suggests significant adsorption 
of La3+, which results in net less negative MPP-UFHA composites upon 
overcharging. 

4. Conclusions 

The colloidal behaviour of MPP in the presence of UFHA, a widely 
used newer generation C6 PFAS, and/or electrolytes of different va-
lences was studied. Both the surface charge and aggregation of MPP 
were sensitive to the concentration and valence of the dissolved salt 
constituents. Reduced colloidal stabilities were observed with increasing 
the salinity due to the concurrent effect of salt screening and specific ion 
adsorption. In contrast to K+ and Mg2+, in La3+ solutions, multivalent 
ions were able to adsorb on the like-charged MPP and thus, significant 
surface charge was maintained even at elevated concentrations. The 
MPP stability regimes were quantitatively determined and were 
consistent with DLVO theory, however, additional attractive forces 
induced by La3+ accumulation on the surface were also identified. 
Adsorption of UFHA was confirmed and led to charge neutralization at 
the IEP and overcharging at high concentrations. This charging behav-
iour was sensitive to the valence of K+, Mg2+ and La3+ cations. Larger 
IEP values were observed due to the joint adsorption of La3+ and UFHA 
on the MPP surface. At low and high UFHA doses, the MPP systems were 
stable, while rapid particle aggregation took place near the IEPs. This 
study has identified a significant affinity of UFHA with the MPP surface 
indicating a potential for concurrent migration of these contaminants in 
aqueous environments. However, such transport of PFAS by MPP can be 
limited by the colloidal stability of the samples, which strongly depends 
on the conditions such as MPP-to-PFAS ratio as well as presence of 
electrolytes of different concentrations and valences. 

CRediT authorship contribution statement 

Katalin Bere: Data curation, Investigation, Validation, Methodol-
ogy, Writing – original draft. Xiong Xiong: Methodology, Investigation, 
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