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Keywords: The excessive use and accumulation of water-soluble polymers (WSPs, known as “liquid plastics”) in the envi-
Water-soluble polymers ronment can pose potential risks to both ecosystems and human health, but the environmental fate of WSPs
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montmorillonite (Mt) were examined. The results showed that the adsorption of PEG and PVP on minerals were
controlled by hydrogen bond and van der Waals force. The Fourier transform infrared (FTIR) spectra and two-
dimensional correlation spectroscopy (2D-COS) analysis revealed that there were interactions between the Al-
O and Si-O groups of the minerals and the polar O- or N-containing functional groups as well as the alkyl
groups of PEG and PVP. The adsorption characteristics of WSPs were closely related to their molecular weight
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and the pore size of minerals. Due to the relatively large mesopore size of Kaol, both PEG and PVP were absorbed
into inner spaces, for which the adsorption capacity increased with molecular weight of the polymers. For Mt, all
types of PEG could enter its micropores, while PVP with larger molecular weights appeared to be confined
externally, leading to a decrease in the adsorption capacity of PVP with increasing molecular weight. The
findings of this study provide a theoretical basis for scientific evaluation of environmental processes of WSPs.

1. Introduction

Currently, the environmental exposure and risk assessment of syn-
thetic polymers has attracted considerable research attention. However,
unlike water-insoluble plastic particles like microplastics (MPs) under
the spotlight, little attention has been paid to the environmental expo-
sures and risks of water-soluble polymers (WSPs) [2]. Common WSPs are
a complex and diverse group of compounds, examples of them include
polyethylene glycol (PEG), polyvinyl pyrrolidone (PVP), polyethylene
oxide (PEO), polyvinyl alcohol (PVA), polycationic salts (PQs), poly-
acrylamide (PAM) and polyacrylic acid (PAA) [10,11,15]. WSPs play a
vital role in human society, occupying the three highest value markets
(personal care and cosmetics, agricultural chemicals and household
cleaning products) with over 36.3 million tons produced globally each
year, and the demand is expected to grow in the future [41]. WSPs of
varying molecular weights are extensively employed. For example, PEG
with lower molecular weights is used as a solvent, co-solvent, emulsifier,
and stabilizer in applications like cement suspensions, emulsions, and
injections [3]. Additionally, a study indicates that varying molecular
weights of PAM showed diverse impacts when used as flocculants and
high molecular weight PAM (> 10 kDa) possesses high viscosity, drag
reduction capabilities, and moisture retention properties, making it
widely applicable [44]. Inevitably, WSPs can enter the environment,
and present in rivers, lakes, soil, sediments, and oceans [41]. Currently,
there is increasing attention on assessing pollution levels, environmental
fate, and risks associated with WSPs.

Research has shown that microplastics pose significant potential
risks to aquatic environments, impacting the organic carbon cycle and
water quality in water bodies [8]. However, there is scarce research on
the aquatic behavior of WSPs. Nevertheless, the pollution levels of WSPs
in aquatic environments are significant enough to warrant our attention.
For instance, PEG 550 (number indicates average molecular weight)
were found in river water and seawater at concentrations ranging be-
tween 0.5 and 68 pg/L [16,39]. Even studies have indicated that the
concentration of PEG in wastewater treatment plants can be as high as
10-100 mg/L [15], and the concentration of PVP in river water affected
by municipal sewage emissions has been reported to be around 0.1 mg/L
[1]. The toxicity of micro- and nano-plastics has been extensively
investigated, with examples such as PS-NPs disrupting the normal
physiological functions of aquatic algae through mechanisms such as
photosynthesis inhibition and induction of oxidative stress [49]. How-
ever, research on the toxic effects of WSPs remains limited. The existing
studies indicated that anionic WSPs, such as PAA and PAM, predomi-
nantly affect aquatic species through constrained sorption, resulting in
physical alterations rather than direct toxicity. PAA can hinder root
growth in aquatic plants and potentially cause algal aggregation [37].
Besides, cationic WSPs, such as quaternized
dimethylaminopropyl-acrylamide and acryloyloxydodecylpyridinium
bromide, due to its high charge density, were reported to disrupt cell
membranes and affect organisms at different trophic levels [26]. The
biotoxicity of these polymers was also correlated with environmental
factors, such as molecular weight, charge type, reactive functional
groups, environmental factors [41,49]. Overall, these polymers pose
complex ecological challenges and their effects vary based on their
properties and environmental conditions. Therefore, scientific assess-
ment of the environmental behavior of WSPs is crucial.

The interactions between WSPs and environmental components can
significantly influence the transport and fate of WSPs [2]. An early study

first investigated the adsorption of PEG and PEI on sediments (R.
Thomas [35]). The adsorption capacity of PEG on sediments increased
with the increase in molecular weight; PEI, due to its cationic nature and
higher cationic charge density, exhibited higher adsorption than PEG (R.
Thomas [35]). As important components of sediments and soils, clay
minerals are significant for environmental processes of a wide range of
contaminants including organic pollutants and heavy metals [22,35].
Studies found that polymers such as PAM and PEO were capable of
adsorbing on the surfaces of clay minerals (e.g., montmorillonite and
kaolinite) via hydrogen bonding, thereby reducing their ability to
migrate in the environment [19,5]. Understanding the interaction be-
tween WSPs and minerals is crucial for comprehending their transport
and fate in environment. Nevertheless, there are only a limited number
of relevant studies available, and the multiple interactions of their
adsorption on minerals remain unknown, and this hinders our under-
standing of the overall fate and impact of WSPs in ecosystems.

The main objective of this study was to explore the interaction be-
tween WSPs and minerals. PEG and PVP were chosen as representative
WSPs owing to their extensive range of applications. The interactions
between PEG/PVP and minerals were systematically investigated using
batch adsorption experiments. Fourier-transform infrared (FTIR) spec-
troscopy, Two-Dimensional Correlation Spectroscopy(2D-COS), X-ray
powder diffraction (XRD), and other characterization methods were
applied to reveal the intrinsic interaction mechanisms. The outcomes of
this research not only contribute to the current understanding of the
interactions between PEG/PVP and minerals, but also serve as a valu-
able reference for further migration and transformation of WSPs.

2. Materials and methods
2.1. Materials

Kaolinite and montmorillonite powders were purchased from
Shanghai Acmec Biochemical Co., Ltd, China (labeled as Kaol and Mt
respectively). Considering factors such as commercial availability,
common industrial molecular weights, and research objectives, PEG and
PVP with various molecular weights, including PEG:2 kDa, 6 kDa, 10
kDa, and PVP:10 kDa, 58 kDa, 1300 kDa, were also purchased from
Shanghai Acmec Biochemical Co., Ltd, China. PEG and PVP stock solu-
tions of 2 g/L was prepared by dissolving 0.04 g of PEG and PVP in 20
mL of ultrapure water (18.25 MQ-cm), filtrated using a 0.45 pm pore size
filter and then stored at 4 °C in a refrigerator before use. The six samples
were denoted in order of decreasing molecular weight as “PVP-1", “PVP-
2", “PVP-3" and “PEG-1", “PEG-2’, “PEG-3’, respectively. Use a TOC
analyzer (TOC-L, Shimadzu) to measure the total organic carbon (TOC)
value of a 2 g/L stock solution. The recorded TOC values were as follows:
PVP-1: 1.09 x 10% mg/L, PVP-2: 1.13 x 10° mg/L, PVP-3: 1.10 x 10°
mg/L, PEG-1: 1.05 x 108 mg/L, PEG-2: 1.03 X 10° mg/L, and PEG-3:
1.04 x 10° mg/L. All materials and chemicals were employed in orig-
inal condition.

2.2. Adsorption experiments

The interaction between PEG/PVP and minerals was studied by
batch adsorption experiments. For the adsorption kinetic experiment,
10 mL solutions of "PVP-1", "PVP-2", "PVP-3", "PEG-1", "PEG-2", and
"PEG-3" were prepared in brown glass vial, with a concentration of 40
mg TOC/L. Simultaneously, prepared a sufficient volume of 20 mM NaCl
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solution. Afterwards, blended the two solutions in equal volumes, which
made the reaction volume 20 mL and the adsorbate TOC concentration
20 mg/L with an ionic strength of 10 mM, adjusting the pH to be within
the range of 7 + 0.2 through the careful addition of HCl and NaOH so-
lutions (0.1 mM). Finally, individual glass vials were filled with 0.002 g
of Mt or 0.1 g of Kaol with concentrations set at 0.1 g/L and 5 g/L,
respectively. After measurement, there was minimal change in the pH
value. Multiple brown glass vials containing this mixture were agitated
in a temperature-controlled oscillator (HZQ-X500C, Bluepard, Beijing)
at 25 °C and 150 rpm. At specific time intervals of 1 min, 5 min, 30 min,
1h,3h,5h,9h, and 12 h a set of vials were taken out for subsequent
analysis. The samples were filtrated using a 0.45 pm pore size filter to
remove the minerals from the suspension. Then, 15 mL of supernatant
was taken cautiously to measure the TOC concentrations of PEG and PVP
using a TOC analyzer. The experiment was repeated twice for each
group.

In the adsorption isotherm experiment, same amounts of adsorbents
(0.05 g Mt or 2.5 g Kaol) were added to 500 mL glass vials containing
PEG and PVP solutions at 2, 5, 10, 15, 20, 30,50 and 70 mg TOC/L. After
shaking 24 h when they reach adsorption lequilibrium, the solution
samples were filtrated using a 0.45 pm membrane filter and then 15 mL
of supernatant was removed for detection. Each group was repeated
twice. The detailed information of the Langmuir and Freundlich
adsorption models is described in Text S1.

To investigated the impact of pH on adsorption, a series of adsorption
experiments were conducted at varying pH levels. The pH values of the
solution were adjusted to 3, 5, 7, 9 and 11 using NaOH and HCI. Each
glass vial received 0.25 g of Kaol or 0.05 g of Mt, and 500 mL of PVP-1 or
PEG-1 solution at a concentration of 20 mg/L, 20 samples in total. Glass
vials were placed in a thermostatic oscillator and shaken at 25 °C at 150
rpm for 24 h. Subsequently, the samples were collected for analysis.
Each group had two parallel samples as a reference.

2.3. FTIR and 2D-COS analysis

FTIR Spectrometry (Nicolet iN10MX, Thermo Fisher Scientific) was
employed to monitor PEG/PVP with different molecular weights and
their interactions with minerals at various concentrations in the condi-
tions of a scan range of 500-4000 cm ™! and resolution of 8 cm ™. Two-
dimensional correlation spectroscopy (2D-COS) analysis was applied to
investigate the sources of small variations in the infrared peaks of the
samples, using Origin 2021 software (Northampton, Massachusetts,
USA). All FTIR spectra were normalized, baseline-corrected and
denoised by OMNIC. More details of the 2D-COS analysis are provided in
Text S2.

2.4. Characterization of PEG, PVP and minerals

For minerals, scanning electron microscopy (SEM, Quattro, FEI,
Czech Republic) was used to characterize the morphologies and physical
dimensions. The determination of mineral surface areas was accom-
plished via N3 adsorption/desorption isotherms, utilizing Micromeritics
ASAP 2460. Additionally, BET analyses were conducted, employing the
HK and BJH models for pore size and distribution characterization on
the surfaces of the two minerals. For WSPs, we utilized dynamic light
scattering (DLS, ZS90, Malvern Instruments Limited, UK) to measure the
hydrodynamic size of PEG and PVP with varying molecular weights and
concentrations. The DLS was also applied to ascertain the point of zero
charge (PZC) for both minerals and WSPs. For both minerals and PEG/
PVP mixtures, the residue remaining after removing the supernatant
from the above adsorption experiments was dried at 45° and then sub-
jected to characterization. The crystal structure of minerals before and
after adsorption was determined utilizing X-ray powder diffraction
(XRD, XPert 3 powder, PANalytical, Netherlands). Furthermore, FTIR
spectroscopy were conducted to analyze possible binding sites for
elucidating the binding mechanisms of PEG/PVP and minerals, with 2D-

Journal of Hazardous Materials 466 (2024) 133592
COS analysis being employed to discern subtle spectral variations.
3. Results and discussion
3.1. Characteristics of WSPs and minerals

In terms of minerals, the SEM images (Fig. le, f) showed that Mt
exhibited a flaky structure, while Kaol appeared blocky with a slightly
hexagonal arrangement. Both displayed an irregular surface dotted with
numerous small holes. Nitrogen BET measurements for the minerals
revealed that the specific surface areas were 12.3 m2/g for Kaol and
75.4 m?/g for Mt. As shown in zeta potentials measurements (Fig. 1c),
both Kaol and Mt exhibited a negative surface charge (< —17 mV),
which became more negative as the pH increased. The particle sizes of
Kaol and Mt were determined to be 2.14 x 10° nm and 5.54 x 10° nm,
respectively (Table S1), in concordance with the SEM observations.
From FTIR spectroscopy analysis (Fig. S1), the peak at 540 cm ™! cor-
responded to Si-O-Al vibrations in Kaol [52], 1072 cm ! was related to
the Si-O vibration within the vertical layer [12]. For Mt, the peaks was
attributed to the Mg(Al)-OH bending vibration and the Si-O-Si asym-
metric stretching vibration were observed at 973 cm ! [42]. The peaks
at 810 and 3616 cm ™! corresponding to Al-OH bending vibrations [4].

Regarding WSPs, the average size distributions of PEG and PVP with
different molecular wight in the NaCl solution (pH 7, 10 mM) were
ascertained via DLS measurements (Fig. 1d). Notably, particle size of all
WSP samples were not detectable at the experimental concentration
(20 mg TOC/L) levels. Consequently, high-concentration samples were
prepared to facilitate the observation of the particle size distribution.
The results unveiled that for PVP-1, the hydrodynamic diameters (Dh)
were 26.8 nm, 39.2 nm and 42.6 nm at concentrations of 10 g/L, 2 g/L,
and 1 g/L, respectively. For PVP-2, the Dh values were 11.1 nm,
17.8 nm and 8.38 nm, respectively. However, no measurable size was
observed for PVP-3. Similarly, for all molecular weights PEG dissolved in
NaCl solution, Dh could not be measured, possibly owing to the small
molecular weights of PEG falling below the instrument’s detection limit,
even at higher concentrations. Notably, the Dh measurements of PVP
might not directly represent the actual size of PVP molecules in the
adsorption experiments, but the results provided some information on
possible size range of PVP with different molecular weight. Zeta po-
tentials (ZP) of PEG and PVP with varying molecular weights at different
solution pHs were depicted in Fig. 1c. The ZP of all tested PVP and PEG
remained approximately neutral as the pH increased from 2.0 to 11.0,
indicating that the PEG and PVP were uncharged.

FTIR spectroscopy was performed to analyze the functional groups of
different molecular wight PEG and PVP. It could be inferred that the
molecular weight of neither PVP nor PEG significantly affected their
respective functional groups. For PVP (Fig. 1a), the absorption peak at
2951 cm ™! arose from the C-H asymmetric stretching vibrations [38]. A
prominent peak at 1654 cm ! represented the C=0 stretching vibration
absorption, while the absorption peak at 1277 cm™! was attributed to
the combined effects of C-N stretching and N-H bending vibrations.
Additionally, absorption peaks at 1373 cm ™! and 1428 cm™! were due
to the C-H asymmetric deformation and scissoring vibrations, respec-
tively [21,29]. For PEG (Fig. 1b), peaks at 2861 and 1341 cm™! were
ascribed to the C-H symmetric stretching vibration and out-of-plane
wagging vibration, respectively [36]. The split double peak at
1454 cm ™! was attributed to the C-H bending vibration, while the C-H
rocking vibration mode was observed at 841 em ! [50]. The strong
peaks at 1095 cm~! was due to the presence of C-O-C structure [25].

3.2. Adsorption behavior of PEG and PVP on minerals

3.2.1. Adsorption kinetics

The adsorption kinetics of the PEG and PVP on minerals are shown in
Fig. S2. Generally, Mt exhibited higher adsorption capacity towards PEG
and PVP than Kaol, which may be attributed to its expansive specific
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surface area. Equilibrium adsorption was achieved within a relatively
short timeframe, typically between 0.5 to 2 h. The adsorption kinetic
parameters are presented in Table S2. For the pseudo-first-order reaction
kinetic model, the rate constant K; and the calculated equilibrium ca-
pacity (qe ca)) Were determined from the slope and intercept of the In (qe-
qy)-t curve [45]. However, on minerals, the calculated equilibrium
adsorption capacity (qe ca) did not exactly match the experimental
equilibrium capacity (qe exp). Moreover, from the fitting results for PVP,
the R? values for the pseudo-first-order kinetic model were generally
lower than the R? values for the pseudo-second-order kinetic model
(>0.99), indicating that the pseudo-second-order kinetic model could
accurately simulate its adsorption on minerals. In contrast, this was
exactly the opposite for PEG.

As observed (Table S2), on Kaol PVP and PEG with smaller molecular
weights exhibited larger fitted K values, indicating higher adsorption
rates. This was because smaller molecular sizes led to faster diffusion
during the initial adsorption processes [18]. However, WSP with larger
molecular weights exhibited faster adsorption on Mt, which might be
related to the large specific surface area and pore structure of Mt. For
instance, larger molecular WSPs might quickly adsorb on the external
surface of Mt and reach saturation, while WSPs with smaller molecules
could partially adsorbed at internal pore sites (see analysis in Section
3.4.2), gradually reaching equilibrium. Notably, the adsorption rate of
PVP (10 kDa) on Kaol was greater than that of PEG (10 kDa), which is
likely due to their difference in molecular structure. PVP with both
hydrophobic and hydrophilic segments might possess short cross-linked
cyclic structures [13] while hydrophilic PET likely exhibited the long
linear structure that might hinder surface diffusion [31]. On Mt, the
adsorption rate of PVP was smaller than that of PEG because the mini-
mum molecular size of PEG was smaller than that of PVP, which might

make it easier for PEG to diffuse into the mesopores of Mt (Fig. 4a, b)
[30]. When examining the equilibrium concentrations (qe) for PEG or
PVP individually, it was generally observed that WSPs with higher
molecular weights were associated with increased adsorption capacity
on two minerals, possibly due to enhanced van der Waals interactions
[23]. Under the same molecular weight and initial concentration con-
ditions, the qe values for PVP-3 (10 kDa) on Kaol and Mt were 2.88 mg/L
and 147 mg/L, respectively, approximately twice that of PEG-1 (10 kDa,
1.32 mg/L, 65.3 mg/L), indicating that PVP was more prone be adsor-
bed by minerals.

3.2.2. Adsorption isotherms

Fig. 2 presents the adsorption isotherms of PEG and PVP (different
molecular wights) onto minerals, with corresponding model parameters
summarized in Table 1. The data aligned well with the two models, as
indicated by the R? value. The Langmuir model-derived qp values
revealed that the adsorption capacities of PEG on Kaol, listed in
descending order of molecular weight, were 1.80, 0.935, and 0.576 mg/
L, respectively. The adsorption capacities of PEG on Mt were signifi-
cantly higher, with gy, values of 102, 54.8, and 21.7 mg/L, respectively.
A positive correlation between adsorption capacity and molecular
weight of PEG was observed in both minerals. In contrast, for PVP on
Kaol, when the molecular weight was relatively large (> 58 kDa), there
was essentially remained unchanged in its adsorption capacity, ranging
from 7.68 mg/L to 8.47 mg/L. This suggested that the impact on
adsorption became minimal once the molecular weight reached a
certain threshold. Interestingly, the adsorption behavior of PVP on Mt
was completely opposite. As depicted in Fig. 2b, the adsorption capacity
of PVP on Mt exhibited a negative correlation with its molecular weight.
Specifically, a PVP with a molecular weight of 1300 kDa yielded an
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adsorption capacity of merely 60.0 mg/L, whereas a 10 kDa PVP
demonstrated a significantly higher capacity at 273 mg/L.

It is known that the Langmuir model is greatly limited in practical
situations, as it does not account for interactions between adsorbates
[6]. In contrast, the Freundlich model, which assumes multilayer
adsorption, is more universal [43]. The adsorption of PEG and PVP was
likely to occur on the heterogeneous surface of minerals. In general,
when the 1/n value of the Freundlich model fitting approached 1.0, the
adsorption process was more uniform. Within our study, the Freundlich
model’s 1/n values were significantly below 1.0, indicating limited
adsorption sites and competition between PEG and PVP of different
molecular weights [20]. As the molecular weight of PVP increased, its
1/n values decreased on both Kaol and Mt, indicating that larger mo-
lecular weight PVP exhibited stronger competition for adsorption sites.
While PEG behaves differently, with its 1/n value increasing as the
molecular weight increased. On the one hand, smaller molecular
weights could easily occupy adsorption sites due to their smaller size and
shorter chains. On the other hand, compared to PEG, PVP had a larger
molecular weight (PEG < 10 kDa, PVP > 10 kDa), which allowed PVP to
interact with multiple sites on the Kaol and Mt surface during the
adsorption process, thereby enhancing competition. On Mt, the 1/n
value for PEG was consistently lower than that of PVP (with a maximum
value of 0.342 for PEG and a minimum value of 0.433 for PVP), while
this pattern did not hold on Kaol, and the deviation could indeed stem
from the influence of the specific pore structure on the mineral surface.
With regard to the same mineral, the k¢ value of PEG-1 was 25.5
(mg-g1)/(mg-L 1) and 0.514 (mg-g~)/(mg-L™H)™ on Mt and Kaol,
respectively, compared to 12.1 (mg-g ')/(mgL™)" and 0.295
(rng-g’l)/(mgL’l)n for PEG-3 (Table 1), the adsorption affinity (k) of
PEG-1 was substantially higher than that of PEG-3. This indicated that
PEG of higher molecular weight exhibited a greater propensity for
mineral adsorption. Similarly, PVP adsorbed on Kaol meted this trend.

3.3. FTIR spectra and 2D-COS analysis

The FTIR spectra of PVP-Mt, PEG-Mt, PVP-Kaol and PEG-Kaol
(Fig. S3) were further used to identify the binding sites. For Mt
(Fig. S3a, ¢), the adsorption of both PEG and PVP on its surface shares
several common characteristics. For example, Mg(Al)-OH and Si-O-Si
was observed and the band intensity increased with the adsorption
molecular weights, peaks at 810 and 3616 cm ™! were due to Al-OH
bending vibrations, exhibited a gradual broadening and reduction in
intensity as the molecular weight decreased. This effect was particularly
pronounced in the case of PVP adsorption on Mt. It was noteworthy that
peaks at 1629 and 3382 cm™! were unchanged during the adsorption
process for PEG on Mt. While, after the adsorption of PVP, the peak (H-
O-H) shifted from 1629 cm™! to 1646 cm ™' and its peak intensity in-
creases as the molecular weight decreased, indicating that the unique
C=O0 bond in PVP exerted an influence on the adsorption. Furthermore,
under the influence of the C-N bonds in PVP, a strong new peak was also
observed at 1277 cm™L. Meanwhile, as shown in Fig. S3a, ¢, new peaks
also appeared at approximately 1428 and 2951 cm ™}, implying that the
C-H bond of PEG and PVP might interact with the surface functional
groups of Mt at this particular location [9] and the intensity of the new
peak was consistent with the adsorption rules of PEG and PVP on Mt as
described in the adsorption experiments.

The spectral changes after the adsorption of PEG/PVP on Kaol were
essentially consistent with the changes observed when they were
adsorbed on Mt. The FTIR spectrum underwent more pronounced
changes after the adsorption of PVP (Fig. S3 d), indicating that the PVP
had stronger adsorption capacity than PEG on Kaol. In contrast, after
PEG adsorption, the peaks at 1629 and 3382 cm™' occurred, which
might be attributed to the -OH groups generated when PEG dissolves in
water, which meant -OH also played a positive role in the adsorption
process. In addition, peaks at 540 em™? belonged to Si-O-Al vibrations



X. Wang et al.

(a)
120
O PEG-1 e Freundlich
8 PEG-2 — ~Langmuir
90
cy
[=)
£ 60
T
(]
30
0
0 20 40 60
(c) Ce(mglL)
24
[0 PEG-1  e=m==Freundlich
O PEG-2 — -Langmuir
1.8t PEG-3 o
_ B
K4
=)
E 1.2
@ —ey)
(<]
0.6 s
0.0( .
60

Ce(mgl/L)

Journal of Hazardous Materials 466 (2024) 133592

b
( )250
7
200+
o O PVPA
—_ O PVP-2
3150 PVP-3
E’ Freundlich
- | aNgMuir
]
S 100
—f4-
50 i
(] s , :
0 20 40 60

(d) Ce(mg/L)
)
<]
£
T
(]

2l 4 — =Freundlich

- w— _aNgMuir
ofF | . .
0 10 20 30 40
Ce(mg/L)

Fig. 2. Adsorption isotherms of the PEG and PVP to minerals with the shaded areas indicating the error bars. (a, b: montmorillonite; ¢, d: kaolinite).

Table 1
Fitted parameters of the adsorption isotherm.

Adsorbents Adsorbates Molecular weight (kDa) Langmuir model Freundlich model
qm Ky, R? 1/n K R?
Kaol PVP 1300 7.68 1.17 0.997 0.178 4.24 0.994
58 8.47 0.234 0.998 0.339 2.47 0.996
10 3.44 0.259 0.999 0.376 0.905 0.998
PEG 10 1.80 0.273 0.787 0.312 0.514 0.828
6 0.935 1.11 0.541 0.148 0.520 0.563
2 0.576 0.929 0.605 0.181 0.295 0.737
Mt PVP 1300 60.0 0.229 0.999 0.433 13.0 0.913
58 286 0.067 0.982 0.540 30.3 0.958
10 273 0.108 0.928 0.549 36.4 0.840
PEG 10 102 0.226 0.808 0.342 25.5 0.821
6 54.8 0.806 0.801 0.203 25.3 0.777
2 21.7 0.961 0.770 0.154 12.1 0.755

Note: the units of qy, (mg/g), Ki. (L /mg), Kr (mg/g)/(mg/L)".

were unchanged during the adsorption process, but a peak at 1072 cm ™
associated with Si-O vibrations exhibited an intensity increase as both
the molecular weight and concentration increased.

In conclusion, across all minerals, the presence of peaks at
1300-1500 cm’l, attributed to C-H, was consistently observed. Notably,
the intensity of these bands exhibited a direct correlation with the
concentration of WSPs. In addition, spectral perturbations resulting
from adsorption on Mt have been found to exceed those on Kaol, sug-
gesting that more WSP was adsorbed on Mt.

To gain a more detailed understanding of the changes in functional
group intensities of Mt and Kaol during adsorption, a 2D-COS analysis
was conducted (Figs. 3, and S4). With varying PEG concentration,
maximum intensity of the peak at 1095 em™! (C-0-C) was observed,
followed by the peaks at 2861, 1454 and 1341 cm ! (C-H). Based on

Noda’s rules [27,28], the order of adsorption of PEG-1 on Mt was 1095
(C-0-C) > 1454 (C-H) > 2861 (C-H) > 1341 cm™! (C-H). Similarly, the
order of change in the functional group strength of PEG-2 and PEG-3 was
2816 (C-H) > 1341 (C-H) > 1454 (C-H) > 1095 cm ' (C-O-C) (Fig. 3a-f,
Tables S3, S4). The sequence indicated that during the adsorption pro-
cess, the C-O-C bond in high molecular weight PEG-1 exhibited a
stronger interaction with minerals. Conversely, for lower molecular
weights, the C-H bond, specifically at 2816 cm™?, played a more
prominent role. Secondly, regarding the changes in the mineral peaks:
the corresponding change order of PEG-1, PEG-2, PEG-3 was 973 (Mg
(AD)-OH) > 3616 (Al-OH) > 3382 (H-O-H) > 1629 cm™! (H-O-H),
973 > 3382 > 3616 > 1629 cm™!, 3382 > 3616 > 1629 > 973 cm ™},
respectively (Table S3 and S4). The results showed that the metal hy-
droxyl bonds with hydration on the Mt easily interact with PEG.
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Fig. 3. Two-dimensional correlation spectrum of PEG and PVP on montmorillonite at different adsorption concentration. Red color indicates positive correlation,
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For PVP-1 on Mt, negative cross peaks were observed at 1428/2951,
1277/1654, 1428/1654 cm ™! above the diagonals of the asynchronous
map, with corresponding positions on the synchronous map being pos-
itive. These findings suggest that as the concentration of PVP-1 varied,
the sequence was 1654 (C=O0) > 1277 (C-N) > 2951 (C-H)
> 1428 cm ™! (C-H). Similarly, the adsorption sequence for PVP-2 and
PVP-3 on Mt was as follows: 1277 (C-N) > 1654 (C=0) > 1428 (C-H)

> 2951 ecm }(C-H) and 2951 (C-H) > 1277 (C-N) > 1654 (C=0)
> 1428 cm ™! (C-H), respectively (Fig. 3g-1 and Tables S5, S6). The
findings proposed that within the functional groups of PVP, the C=0
and C-N groups assumed a crucial role in adsorption, potentially linked
to the formation of hydrogen bonds with Si-O and Al-O groups on the
mineral surface. Moreover, the C=0 group, when associated with a
larger molecular weight, exerted a more noticeable effect, while the C-N



X. Wang et al.

group, when associated with a smaller molecular weight, exhibited a
stronger influence. Regarding the changes in the mineral peaks,
the order of PVP-1, PVP-2, PVP-3 were 973 (Mg(Al)-OH) > 3382
(H-O-H) >3616 (Al-OH) > 1629 cm™! (H-O-H), 1629 >973 >
3382 > 3616 cm™!, 3616 > 3382 > 973 > 1629 cm™}, respectively
(Tables S5, S6). We could observe that, for PVP of varying molecular
weights, there existed a pronounced interaction with the metal hydroxyl
bonds on the mineral surface, particularly with aluminum hydroxyl
bonds.

According to the same analysis method mentioned above, the order
of PEG-1, PEG-2 and PEG-3 interacting with Kaol was as follows: 1095
(G-0-C) > 1341 (C-H) > 1454 (C-H) > 2861 cm™ ! (G-H); 1341 (C-H)
> 1454 (C-H) > 2861(C-H) > 1095 cm ™! (C-O-C); 2861 (C-H) > 1454
(C-H) > 1341(C-H) > 1095 cm ™! (C-0-C); Meanwhile, the sequence of
PVP-1, PVP-2, and PVP-3 adsorbed on Kaol followed the order of 1654
(C=0) > 2951 (C-H) > 1428 (C-H) > 1373 (C-N) > 1277 cm ™! (C-N);
2951 (C-H) > 1428 (C-H) > 1373 (C-H) > 1654 (C=0) > 1277 cm™!
(C-H); 2951 (C-H) >1654 (C=0) > 1277 (C-N) > 1373 (C-H)
> 1428 cm™' (C-H) (Fig. S4 and Table S7-S10). As for mineral peaks,
among all tested PEG and PVP, 1072 (Si-O) > 540 cm™! (Si-O-Al). The
results indicated that whether adsorbing PVP or PEG, the most pro-
nounced alterations were observed in the mineral peak Si-O. Looking
individually, the C-O-C had a significant role in adsorbing PEG with a
large molecular weight. Simultaneously, the C=0 bond exhibited more
substantial changes when PVP with a high molecular weight was
adsorbed. The more oxygen-containing functional groups, and the
greater the binding force with minerals. In general, the adsorption
sequence of PEG and PVP on minerals indicated that hydrogen bond
force was the main adsorption mechanism. On Mt, the change in Al-O
was the most intense and had a huge impact on adsorption, while on
Kaol, the binding of WSPs with Si-O was stronger. For WSPs, there was a
strong interaction between oxygen-containing functional groups and
minerals when the molecular weight was larger, whereas alkanes
became significant when the molecular weight was smaller.

3.4. Insight into the adsorption mechanism

3.4.1. Hydrogen bonding-dominant adsorption

The effect of solution pH on the adsorption of PEG and PVP (PEG-1,
PVP-1) was examined over a pH range of 3 to 11 (Fig. S5). We found
both Kaol and Mt were negatively charged, which was consistent with
previous research [53]. For all minerals, the adsorption of PEG and PVP
was only slightly pH dependent, but overall, the adsorption capacity was
greater at lower pH values. Notably, the effects of pH on PVP-1 were
strikingly different compared to those on Mt in the given pH range. For
instance, the adsorption rates varied from 25% to 32% on Mt. As pre-
viously mentioned, PEG and PVP tested in this study were non-ionic
polymers as the zeta potentials of PEG and PVP remained approxi-
mately zero in the given pH range. Therefore, the electrostatic interac-
tion was not the dominant force in the adsorption, and the effect of pH
on the adsorption was attributed to other forces.

Considering the intermolecular forces, van der Waals forces existed
between WSPs and minerals, exerting a certain influence on adsorption.
Typically, WSPs with high molecular weight contained longer polymer
chains and more adsorption sites, which enhanced their adsorption and
allowed them to simultaneously adsorb to multiple particle surfaces. For
instance, linear chains of PAM with higher molecular weights was more
effective bridging polymers, and thus showed stronger adsorption ca-
pacity [33]. FTIR spectra and 2D-COS results indicated that hydrogen
bonding also played a key role in PEG/PVP adsorption process. Many
functional groups in common organic pollutants could act as hydrogen
bond donors and/or acceptors, as mentioned previously [34]. Even
though the siloxanes on the surface of the substrate were only weak
hydrogen bonding acceptors, the formation of hydrogen bonds might be
facilitated by polar functional groups such as amides, ester carbonyls,
carboxyls, carbonyls, and amines [17]. Besides, diverse cations were
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found on the clay mineral edges, such as Ca?*, Mg?*, H", Na™, and AI**.
These groups not only bridged hydrogen bonds between minerals and
organic or inorganic molecules, but also combined with water, which
pumped out electrons, making them powerful hydrogen bond donors
[24,32,46]. In this study, Si-O and Al-O on minerals could act as H-bond
donors and acceptors. The C-N and C—=O0 bonds in PVP, along with the
C-O-C bonds in PEG, were more inclined to facilitate the formation of
hydrogen bonds on mineral surface. The larger adsorption of larger
molecular weights may also be related to these polar functional groups
being more likely to form hydrogen bonds. Similarly, the hydrogen
bonds formed between the amide and ether oxygen functional groups of
PAM and PEO, and aluminate groups on the minerals, has been identi-
fied as crucial for the adsorption of these polymers [19,5]. The presence
of hydrogen bond also explained the increased adsorption of aged
polystyrene nanoplastics (PS NPs) on minerals compared to pristine NPs,
as the aging process led to the formation of additional
oxygen-containing functional groups [51].

As reported, Van der Waals forces demonstrated low sensitivity to
changes in solution chemistry, such as variations in ionic strength and
pH [14]. However, it was important to note that pH does influence
hydrogen bonding [14]. An increase in pH could result in the deproto-
nation of oxygen-containing functional groups and reduced the avail-
ability of hydrogen-bond donors, weakening the hydrogen bond
interactions [7]. In the context of this study, a lower pH resulted in the
protonation of functional groups on the mineral surfaces, facilitating the
formation of hydrogen bonds between WSPs and minerals. All in all, the
adsorption of PEG and PVP on minerals was dominated by hydrogen
bonding.

3.4.2. Synthetic effect of molecular weight of WSPs and pore size of
minerals

To further elucidated the impact of pore size and distribution on
mineral surfaces on the adsorption behavior of two WSPs, we performed
BET analysis on our samples. The Ny adsorption-desorption isotherms of
the two clay minerals are presented in Fig. 4a, b. According to the In-
ternational Union of Pure and Applied Chemistry chemical nomencla-
ture (IUPAC) classification [40], the isotherm of Kaol resembled type II
with hysteresis at 0.823 < P/P0 < 0.981, while Mt belonged to type IV
with H3 hysteresis loops. The results of the HK model analysis showed
that the micropore size distribution curves of both were narrow and
centered at 1 nm, with no significant difference (Fig. S6). In contrast, a
marked discrepancy was observed in the distribution of mesopore sizes.
According to the BJH model, the pore diameter of Kaol predominantly
ranged from 70-90 nm, whereas that of Mt was approximately 3 nm.
Consequently, for PEG with relatively small molecular weights
(<10 kDa), they could freely permeate the mineral interior and adhere
to the principle of both Kaol and Mt. As the molecular weight increased,
the adsorption capacity of PEG on two minerals tended to increase.
Similarly, the adsorption capacity of PVP on Kaol also increased with the
increase in the molecular weight as all forms of PVP were able to
penetrate the micropores of Kaol effectively. In contrast, the molecular
weights of PVP-1 were larger (>58 kDa), exceeding the mesopore
diameter of Mt, which restricted their adsorption to the inner surface of
Mt. This explained why an increase in the molecular weight of PVP
resulted in a decrease in its adsorption.

In order to further verified the important effects of pore diameter, we
used X-ray diffraction (XRD) to observe changes in the crystal structure
of minerals. The X-ray diffraction patterns were shown in Fig. 4c, and
characteristic reflection agreed with the standard ICDD (International
Center for Diffraction Data) reference patterns for Kaol (PDF No.
14-0164) and Mt (PDF No. 13-0135), respectively [47,48]. After
PEG/PVP adsorption, all reflections were clearly identified (Fig. S7),
meanwhile changes occurred. For Kaol, compared to the original
structure diagram, the intensity peak at 20° became narrower and
sharper after all texted WSPs adsorption, which indicated that the
crystallinity was improved. Based this, it could be concluded that PEG
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and PVP had enough power to enter into the interlayer space of Kaol. In
contrast, the crystallinity change of Mt was larger than that of Kaol. The
disappearance of the 30° peak was likely attributed to the insertion of
PEG into the interlayers, altering the crystalline structure. As shown as
Fig. 4d, the adsorption of PVP-2 and PVP-3 on Mt induced the disap-
pearance of the 30° peak in the X-ray diffraction pattern, while PVP-1
did not significantly change the crystal structure of Mt. This indicated
that PVP-1 was adsorbed on the surface but both PVP-2 and PVP-3 had
the ability to infiltrate the interior of Mt. Regarding the adsorption ca-
pacity of PVP on Mt, it was proposed that PVP-1 with the largest mo-
lecular weight was completely confined to the external surface of the Mt.
In contract, PVP-3 with the smallest molecular weight demonstrated a
superior capacity to penetrate the interior of Mt compared to PVP-2.

Meanwhile, significant differences were observed in the adsorption
of solid plastics and “liquid plastics” we studied. The adsorption capacity
and affinity of PS NPs on clay minerals were found to be much lower
than those of all experimental molecular weights of PEG/PVP (mg/kg vs
mg/g) [51]. Although electrostatic repulsion due to the negative charge
of PS NPs might explain this difference, the disparity in size distribution
between PS NPs and WSPs might also play a critical role. PS NPs,
characterized by an average particle size of 50 nm [51], might partially
penetrate the interior of Kaol but tend to be confined to the external
surface of Mt, which can also explain the lower adsorption of NPs
compared to WSPs due to reduced availability of binding sites on min-
erals. Therefore, due to the hydrophilic nature and lower molecular
weight of liquid plastics, they may exhibit distinct environmental be-
haviors and associated risks when compared to solid plastics.

4. Conclusions

Increasing attention has been focused on the potential environmental
risks and impacts of WSPs. Currently, research on WSPs is in its initial
stages, articles related to environmental processes are scarce. In this
article, we first studied the adsorption of “liquid plastics” and revealed
the reaction mechanism. The results showed that Mt had a stronger
adsorption capacity than Kaol, approximately 100 times higher.
Whether it was PEG or PVP, when the molecular weight was less than
58 kDa and could enter the pores on the mineral surface, the adsorption
capacity on minerals was proportional to the molecular weight.
Adsorption behavior can be explained by hydrogen bonding and van der
Waals forces. WSPs with larger molecular weights had stronger van der
Waals forces, which promoted mineral adsorption. Furthermore, FTIR
spectra and 2D-COS analysis indicated that Al-O and Si-O were impor-
tant binding sites for the adsorption of PEG and PVP. The polar func-
tional groups, such as C-O-C on PEG and C-N, C=0 on PVP, facilitated
hydrogen bond formation, especially for larger molecular weight PEG
and PVP. This research contributes to understanding the environmental
fate of WSPs, allowing us to better address issues related to environ-
mental quality and ecosystem health. However, the properties of WSPs
depend on their molecular weight and charge, leading to various ap-
plications. This study only focused on non-ionic WSPs, and the in-
teractions between ionic WSPs and clay minerals in environmental
processes remain unknown. And this work aimed to uncover the reaction
mechanisms between WSPs of different molecular weights and minerals,
with limited exploration of other environmental influencing factors.
Additionally, WSP adsorption may alter the structure of minerals,
potentially affecting the adsorption and migration processes of other
environmental pollutants. All these topics require further research and
exploration.
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