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Abstract

Microplastics (MPs) migrate by adsorbing heavy metals in aquatic environments and act as their carriers. However, the aging
mechanisms of MPs in the environment and the interactions between MPs and heavy metals in aquatic environments require
further study. In this study, two kinds of materials, polyamide (PA) and polylactic acid (PLA) were used as target MPs, and
the effects of UV irradiation on the physical and chemical properties of the MPs and the adsorption behavior of Cu(Il) were
investigated. The results showed that after UV irradiation, pits, folds and pores appeared on the surface of aged MPs, the
specific surface area (SSA) increased, the content of oxygen-containing functional groups increased, and the crystallinity
decreased. These changes enhanced the adsorption capacity of aged MPs for Cu(Il) pollutants. The adsorption behavior of
the PA and PLA MPs for Cu(II) conformed to the pseudo-second-order model and Langmuir isotherm model, indicating
that the monolayer chemical adsorption was dominant. The maximum amounts of aged PA and PLA reached 1.415 and
1.398 mg/g, respectively, which were 1.59 and 1.76 times of virgin MPs, respectively. The effects of pH and salinity on the
adsorption of Cu(Il) by the MPs were significant. Moreover, factors such as pH, salinity and dosage had significant effects
on the adsorption of Cu(Il) by MPs. Oxidative complexation between the oxygen-containing groups of the MPs and Cu(Il) is
an important adsorption mechanism. These findings reveal that the UV irradiation aging of MPs can enhance the adsorption
of Cu(Il) and increase their role as pollutant carriers, which is crucial for assessing the ecological risk of MPs and heavy
metals coexisting in aquatic environments.
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Introduction

Plastic products are a kind of high-quality polymer materials
with light weight, low cost, strong plasticity and durabil-
ity. They are widely used in aerospace, military, agricul-
ture, industry, daily life and other fields (Tan et al. 2020).
According to statistics, global plastic manufacturing will
reach 367 million tons by 2020 (Chen et al. 2023), and by
2050, the global plastic output is expected to reach 34 billion
tons (Petersen and Hubbart 2021). Despite their huge pro-
duction, only 6 to14% of plastics are recycled (Alimi et al.

Responsible Editor: Tito Roberto Cadaval Jr

< Chun Hu
huchun1980@126.com

School of Chemical and Environmental Engineering,

Wuhan Polytechnic University, Wuhan 430023,
People’s Republic of China

@ Springer

2018), and other plastics enter the environment in differ-
ent ways. Plastic fragments or particles <5 mm in diameter
are generally referred to as MPs (Thompson et al. 2004).
According to the different formation conditions, MPs can
be divided into primary MPs and secondary MPs(Cole et al.
2011, Oni and Sanni 2022). Primary MPs are mainly micron
and nano-scale plastic particles produced during the pro-
duction, use and discharge of cosmetics and personal care
products(Napper et al. 2015; Zhang et al. 2017). Secondary
MPs are mainly produced by the crushing of large plastic
fragments(Kataoka et al. 2019; Li et al. 2020). Most of the
plastics that enter the environment will gradually break into
smaller plastic fragments due to weathering, mechanical
crushing, ultraviolet radiation, chemical reactions, micro-
bial degradation and other environmental effects (De Gisi
et al. 2022; Lionetto et al. 2023). The main types of MPs in
the environment are polyethylene (PE), polypropylene (PP),
polystyrene (PS), polyvinyl chloride (PVC), polyamide (PA),
polyethylene terephthalate (PET), polylactic acid (PLA),
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polyurethane (PU) and nylon (Rayon) (Guo and Wang 2019,
Rochman et al. 2013, Zhao et al. 2018).

MPs are pollutants that are widely distributed in environ-
mental media such as oceans, rivers, lakes, sediments, and
soils (Fiore et al. 2022; Hu et al. 2021; Li et al. 2018, 2021;
Shen et al. 2018), and are even found in polar areas (Berg-
mann et al. 2019; Ding et al. 2023). MPs also entered the
food chain (Wang et al. 2021a), and are enriched in organ-
isms with higher trophic levels. Humans ingest MPs through
diet, respiration, or skin contact, which can harm human
health (Carbery et al. 2018; Rubio et al. 2020), which also
presents an immense risk to ecological environmental secu-
rity and biodiversity (Rahman et al. 2021). Compared with
large plastics, MPs have a small particle size, high SSA,
and high hydrophobicity, are difficult to degrade (Leng
et al. 2023; Liu et al. 2018; Oni et al. 2020), and readily
serve as carriers to adsorb and enrich various organic com-
pounds, heavy metals, and microorganisms from external
phases (Ahechti et al. 2022; Torres et al. 2021; Upadhyay
et al. 2022). These pollutants also enter the food chain with
MPs, and are transmitted and enriched between food chains,
posing a serious risk to human wellness (Luo et al. 2023,
Zhuang and Wang 2023). MPs help pollutants migrate into
the environment through water transport or atmospheric
flow, and can also interact with pollutants to produce com-
bined effects, causing joint toxicity to organisms and eco-
systems (Lv et al. 2022; Mejias et al. 2023). Consequently,
the high concentrations of MPs in the environment and their
associated environmental risks have attracted global atten-
tion in recent years.

In the natural environment, UV irradiation, thermal radia-
tion, physical wear, chemical oxidation and biodegradation
can cause different degrees of aging of MPs (Lang et al.
2020; Liu et al. 2020; Wang et al. 2021c). The aging process
changes the physical and chemical properties of MPs, such
as their surface morphology, functional group composition,
crystallinity and hydrophobicity (Wright et al. 2013), thus
affecting the adsorption capacity and adsorption mecha-
nism of MPs for other pollutants. For example, studies have
found that after aging, the surface of MPs becomes rough
and cracks and gullies appear (Liu et al. 2019), the SSA
and pore structure of particles increase (Fan et al. 2021b),
and the oxygen functional groups on the surface of MPs
also increase (Brennecke et al. 2016; Kalcikova et al. 2020),
thereby increasing the binding sites on the surface of MPs
(Wang et al. 2023), enhancing the adsorption capacity of
pollutants and causing greater ecological and environmental
risks.

Because of the rapid socioeconomic development and
ongoing growth of metal electroplating, fertilizer manu-
facturing, mining, paper manufacture, and other industries,
heavy metal ion-containing wastewater is being released into
the environment in increasing amounts (Dong et al. 2019; He

et al. 2020a; Wu et al. 2020; Xie et al. 2022), which makes
the combined pollution of heavy metal ions and MPs seri-
ous. Among them, Cu(Il) is the most common heavy metal
pollutant discharged into water (Cherono et al. 2021; Wang
et al. 2021b). Heavy metals have the characteristics of envi-
ronmental persistence, biological concentration, undegrada-
bility and toxicity (Sheng et al. 2022; Velusamy et al. 2021),
which can cause harm to human health and ecosystems at
very low concentrations (O'Connor et al. 2020). MPs have
high affinity for heavy metals in the aquatic environments
and are good carriers of heavy metal ions (Foshtomi et al.
2019; Marsic-Lucic et al. 2018). Their adsorption capac-
ity is affected by their own physical and chemical proper-
ties, such as morphology, SSA and aging degree (Luo et al.
2022). Recently, the reciprocity between heavy metals and
MPs has attracted considerable attention from the academic
community. The adsorption of heavy metal ions by MPs may
enhance their environmental mobility, bioaccumulation and
ecological risk (Khalid et al. 2021). The foundation for dis-
closing the environmental behavior and dangers of MPs and
coexisting heavy metal ions in a combined contaminated
aquatic environment to delineate the interaction strength and
mechanism between MPs and coexisting heavy metal ions.

PA is a conventional plastic. Due to its good mechanical
properties, heat resistance and chemical stability, it is widely
used in automobiles, electronic appliances, machinery, rail
transit, and sports equipment (Crespo et al. 2019; Rein-
aldo et al. 2020). PLA is a transparent and environmentally
friendly biodegradable material with high strength, high
modulus, and excellent formability and has great application
value in various fields (Geng et al. 2020; Sun et al. 2022).
PA and PLA MPs have been detected in several aquatic
environments (Jang et al. 2020; Naji et al. 2021; Obbard
et al. 2014; Yan et al. 2019). At present, investigations of
MPs in the environment have mainly focused on original
MPs, whereas the carrier effect of aged MPs remains to be
studied. Therefore, two types of polymer particles with dif-
ferent functional groups, PA and PLA, were used as the tar-
get MPs in this study. Cu(Il) was selected as the coexisting
MPs pollutant with the highest detection rate in the aquatic
environments.

Recent studies have shown that although aging has
changed the adsorption of pollutants by MPs, the rela-
tionship between the characteristics of UV aging and the
adsorption of heavy metals by MPs is still unclear. In order
to fully understand the interaction between different types
of MPs and Cu(Il), it is necessary to consider the effects
of aging process and different environmental conditions.
Therefore, the adsorption behavior of Cu(Il), a heavy
metal pollutant with the highest detection rate in aquatic
environment, on PA and PLA MPs was used to evaluate
the adsorption capacity of MPs and the aging character-
istics of MPs under UV irradiation. The main purpose of

@ Springer



29436

Environmental Science and Pollution Research (2024) 31:29434-29448

this research were to (1) reveal the changes of physical and
chemical properties and aging mechanism of PA and PLA
under simulated UV irradiation; (2) compared the adsorp-
tion properties of PA and PLA MPs for Cu(Il); (3) eluci-
dated the adsorption mechanism of Cu(Il) on pristine and
aged MPs; (4) investigated the effects of typical factors on
the adsorption behavior of aged MPs. We expect that this
work will help to better explore the interaction between
aged MPs and typical heavy metal pollutants in the aquatic
environment, establish the relationship between the aging
performance and adsorption capacity of MPs, and provide
a strong basis for the joint ecological risk assessment of
aged MPs and heavy metals.

Materials and methods
Materials and reagents

PA and PLA MPs with grain diameter of approximately
50-100 pm were purchased from Guangdong Zhongcheng
Plasticizing Co., Ltd. To remove metal ions and organic
impurities from the MPs, the purchased MPs were first
soaked in ultrapure water for 36 h, then soaked in 12%
hydrochloric acid for 36 h, cleaned three times each with
dehydrated ethanol and ultrapure water, and finally filtered
MPs; after drying in a vacuum drying oven at 50 °C for
36 h, the MPs stored in a sample bag for further testing.
The Cu(II) solution required for the experiment was pre-
pared from CuSO,-5H,0 purchased from Shanghai Mack-
lin Biochemical Technology Co., Ltd., with a purity of
99.99%. Sinopharm Chemical Reagents Co., Ltd. provided
the NaOH and HCI. The test vessels were immersed in
10% nitric acid for over 24 h before being flushed with
ultrapure water. All chemicals used in the experiment were
all analytically pure, and ultrapure water was used to pre-
pare the solution.

Preparation of aged PA and PLA

To simulate the photo-aging process of MPs in nature,
MPs were placed in a quartz tube in a photochemical reac-
tor (XPA-1, Xujiang Electromechanical Plant, China), and
mercury lamp (500 w, spectral range: 200-450 nm) was
used for aging experiments. The total irradiation time of
the aging process in the experiment is 240 h. For ensuring
the uniformity of irradiation, MPs samples were mixed by
vibration every 12 h. After aging, MPs were washed with
ultrapure water and dried at 50 °C. Finally, aged PA and
aged PLA were obtained, and the materials were sealed and
stored for later use.

@ Springer

Characterization of MPs

The SSA and pore size of the MPs were determined using
an automatic specific surface and porosity analyzer(BET;
Micromeritics ASAP 2460, USA). A high-resolution scan-
ning electron microscopy (SEM, ZEISS Gemini 300, Ger-
many) was used to examine the morphology and microscopic
structure of the MPs. Fourier transform infrared spectros-
copy (FTIR Nicolet 5700, USA) was used to examine the
functional group composition of the MPs. The crystallinity
of the MPs was examined using X-ray diffraction (XRD,
Rigaku Ultima IV, Japan). X-ray photoelectron spectroscopy
(XPS, Thermo Scientific K-Alpha, USA) was used to deter-
mine and analyze the Cls and Cu2p of the MPs.

Batch adsorption experiments
Adsorption kinetics experiments

The influence of contacting time was used to evaluate the
adsorption kinetic performance of virgin PA, aged PA, virgin
PLA, and aged PLA for Cu(Il). Exactly, 0.20 g MPS was
added into a 50-mL brown glass bottle with 50 mL Cu(II)
solution at 5.0 mg/L with the pH value at 5 which adjusted
by 0.1 M HCL or NaOH. The same glass bottle was prepared
in 9 for each MPs. Then, these bottles was settled into a
constant temperature oscillator with 25 °C at 200 rpm/min.
Each bottle was sampled only once. Preparation times of
0.25,0.5,1, 2,4, 8, 12, 24, and 36 h were reached. About
5 mL solution was sampled from the bottle and then it was
passed through a 0.22-um needle filter. The filtrate was then
obtained and the concentration of Cu(Il) was determined
using an atomic absorption spectrometer (AA320N, Instru-
ment and Electronics Shanghai Associates). All experiments
were conducted in triplicates.

Adsorption isotherm experiments

The adsorption isotherm experiments was initiated at the
Cu(II) solution of 1, 2, 5, 10, and 20 mg/L in the pH value
of 5 with the addition amount of 4 g/L. Adsorption equi-
librium was reached at ambient temperature for 36 h in a
thermostatic oscillator. After adsorption, the test samples
were treated in the same manner as those used to determine
the adsorption kinetics.

Influencing factors experiments

The solution was adjusted to pH 1, 2, 3, 4, 5, 6, and 7 using
0.1 mol/L HCI] and NaOH to determine its impact on the
adsorption by MPs. The effects of salinity were evaluated
using NaCl solutions diluted to a series of various salinities
(0.5,1.0,1.5,2.0, 2.5, 3.0, and 3.5 wt.%). To investigate the
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effect of MPs dosage, MPs were added at various densities
(1.0, 2.0, 4.0, 6.0, and 8.0 g/L).

Adsorption model and statistical analysis

Data processing and statistical analyses, such as the t-test
and Pearson correlation analysis of paired samples, were
performed using SPSS 26.0. Origin software (version 22.0)
was used for the drawing. Equation (1) was ascertained the
amount of Cu(II) adsorbed on the MPs.

Cy—C
(O e)V
m

q. = )
where C, (mg/L) and C, (mg/L) are the initial concentra-
tion of Cu (II) and adsorption equilibrium concentrations of
Cu(II), respectively; m (g) is the mass of the added MPs; V
(L) is the volume of the Cu(II) solution; and q, (mg/g) is the
adsorption capacity of Cu(Il) at equilibrium.

To investigate the adsorption behavior of MPs on Cu(Il),
pseudo-first-order, pseudo-second-order, and intra-particle
diffusion models were used to fit the kinetic data (Betianu
et al. 2020; Zhang et al. 2023). The fitting equations were
(2), (3), and (4).
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where q, (mg/g) is the equilibrium adsorption capacity; g,
(mg/g) is the adsorption capacity at a certain time; k, (A7) is
the rate constant of the Lagrange pseudo-first-order adsorp-
tion reaction; k, (g/(mg « h)) is the Lagrange pseudo-second-
order adsorption reaction rate constant; k, (mg /(g «h*¥)) is
the intra-particle diffusion rate constant; and C is a constant
associated with the boundary layer's thickness.

Linear, Freundlich, and Langmuir isotherm models were
used to fit the isotherm data on adsorption (Sackey et al.
2021; Zhao et al. 2013), and the expressions are shown in
Eqgs. (5), (6), and (7), respectively.

_ KLCe
qe - qm l + KLCe (5)
q. = KCM/ (6)
q. = K4Ce (7)

where q,,, (mg/g) is the maximum monolayer adsorption
capacity of Cu(II) on the MPs calculated using the Langmuir

model, K; (L/mg) is the adsorption constant of the Langmuir
model associated with the adsorption free energy, K. (L/mg)
is the adsorption constant of the Freundlich model connected
to the adsorption capacity of the MPs, 1/n is the Freundlich
model constant reflecting the adsorption intensity; and K,
(L/mg) is the distribution coefficient of the linear model.

Results and discussion
Characterization of MPs
Optical and SEM morphology analysis of MPs

The apparent colors of the PA and PLA MPs after aging
changed significantly from white to yellow (Fig. 1a, b, c,
and d), which may have been due to the oxidation of MPs
during this process, resulting in the generation of chromog-
enic group substances (Li et al. 2023; Liu et al. 2022b). The
SEM images of the MPs before and after aging are shown
in Fig. 1(e-h). The surfaces of the virgin MPs were dense,
smooth, and less wrinkled, whereas those of the UV-aged
MPs after UV aging was rough, accompanied by cracks,
pits, and other phenomena. Changes in MPs morphology
after aging may be caused by UV photooxidation degra-
dation (Bao et al. 2022; Guo et al. 2023). In addition to
stacked folds and gullies, an abundance of pore structures
were found on the surface of the aged PA, which may have
provided points to adsorb Cu(Il) (Guo et al. 2023). The
roughness of the aged MPs did not change significantly.
However, some cracks appeared on the particle surface,
which increased the SSA, thereby improving the pollutant
adsorption capacity of the MPs. PA-MPs are more suscepti-
ble to UV irradiation in natural environments. UV radiation
can cause the C—C main chains in a polymer to break and
degrade, forming low-molecular-weight polymer fragments.
In general, similar to previous studies, the morphology of
MPs was dramatically altered by UV aging (Gao et al. 2021).

Pore structure analysis of MPs

Table 1 illustrates the differences in the SSA, pore vol-
ume, and pore diameter of the MPs before and after aging.
After UV aging, the SSA of PA increased from 0.4482 to
0.6716m?/g, and that of PLA increased from 0.2789 to
0.3357m?/g. Compared to virgin MPs, the SSA of aged PA
and PLA increased by 49.84% and 20.36%, respectively.
These results show that UV irradiation leads to cracks and
pits on on the surfaces of the PA and PLA MPs, which
decreased the particle size and increased the SSA, which
is consistent with the results of the SEM analysis. Further-
more, in comparison with virgin MPs, the pore volume and
diameter increased significantly after aging. The increase in
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Fig. 1 Optical and SEM images of virgin and aged MPs: a, e virgin PA, b, f aged PA, ¢, g virgin PLA, and d, h aged PLA

Table 1 Pore structure parameters of MPs more beneficial for the ions of heavy metals on the surface
Samples Structure SSAME/g) V(em /g) dynm) of MPs, leading to adsorption (Wang et al. 2022a).
Virgin PA 0 0.4482 0.000965 5.5359 FTIR analysis of MPs
i
N .
Figure 2(a) shows the FTIR spectra of the PA MPs before
. and after aging. The characteristic peak at 3301 cm™! cor-
Aged PA 06716 0001169 63410 responds to the stretching vibration of N-H on the amide
Virgin PLA 0.2789 0.000468  5.4013 group, the characteristic peak at 2935 cm™' corresponds to
the stretching vibration of-CH,, the characteristic peak at
o 1640 cm™! corresponds to the stretching vibration of C=0
4" in the amide group, and the characteristic peak at 1541 cm™
Aged PLA 0.3357 0.000629  5.9536 is caused by the coupling of the C-N stretching vibration

and N-H bending vibration in the amide group. These are
the characteristic bands of PA (Du et al. 2022; Liu et al.
pore volume indicates that the structure of the aged MPs was ~ 2023). At these characteristic peaks, the position of the aged
more developed and could provide more internal adsorp- ~ PA absorption peak did not change significantly, but the
tion sites, which is consistent with previous research related  intensity of the absorption peak at 1640 cm™! was signifi-
to UV aging (Fan et al. 2021a). The above results show  cantly enhanced, indicating that the UV aging promoted an
that under the action of photooxidation, the SSA of MPs  increase in oxygen-containing functional groups on the sur-
increases, and the pore diameter becomes larger, which was  face of the PA MPs. Figure 2(b) shows the FTIR spectra of

Fig.2 FTIR spectra of virgin
and aged MPs: a PA MPs, and

b PLA MPs ,\ m [

/ lafR
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PLA MPs before and after aging. Spectral analysis showed
that the characteristic peak at 3449 cm™' was the stretching
vibration of O-H, the characteristic peak at 3000 cm™! was
the stretching vibration of-CH,, and the characteristic peak
at 1755 cm™! was attributed to the stretching vibration of
C=0 (Fan et al. 2023; Liang et al. 2023). In comparison,
the intensities of the two absorption peaks of the aged PLA
at 3449 cm™! and 1755 cm™' were significantly enhanced,
indicating that PLA underwent an oxidation reaction under
UV irradiation and produced more oxygen-containing func-
tional groups. In addition, the decreased strength of the aged
PLA at 3000 cm™! indicates the dissociation of C-H bonds
and the formation of free radicals after aging. Studies have
shown that an increase in the oxygen-containing functional
groups enhances the affinity of MPs for pollutants (Li et al.
2022a), thereby promoting the adsorption of pollutants.

XRD analysis of MPs

The XRD patterns of the PA and PLA MPs before and after
aging are shown in Fig. 3(a) and (b), respectively. The PA
MPs exhibited sharp diffraction peaks at 20.4° and 24.2°,
indicating that the ordered crystal regions of the PA MPs
were regularly arranged. The position of the characteris-
tic diffraction peak of PA MPs did not change after aging;
however, the intensity of the diffraction peak decreased (Li

et al. 2024, 2022a). The crystallinity analysis results showed
that the crystallinity of PA MPs decreased from 69.47% to
61.02% after aging. The characteristic diffraction peak of
the PLA MPs was located at 17.3°, which indicated that
the crystal structure of the PLA was more orderly. After
UV aging, the crystallinity of PLA MPs decreased from
77.39% to 26.25%. The decrease in crystallinity may be due
to the fact that the oxidation of UV produces more oxygen-
containing groups, so that some ordered structures in the
polymer chains of MPs crystals are destroyed by UV light
during aging, and some molecular chains undergo oxidative
damage (Velzeboer et al. 2014).

Adsorption kinetics

The Cu(II) adsorption kinetics fitting curves before and after
MP aging are shown in Fig. 4. The adsorption of Cu(Il) on
PA and PLA showed a similar trend, that is, rapid adsorption
within the initial time of 1-4 h, after which the adsorption
slowly reached equilibrium. As MPs have many adsorption
sites, the adsorption process proceeds rapidly in the first
stage. Subsequently, the MPs' surface adsorption sites were
progressively filled, the adsorption rate slows down (Leng
et al. 2023), and the adsorption reaches equilibrium at 36 h.
The order of equilibrium adsorbability for the MPs was aged
PA > aged PLA > virgin PA > virgin PLA.

Fig.3 XRD patterns of virgin Virain PA o
. (a) irgin —— Virgin PLA
and aged MPs: a PA MPs, and Aged PA Aged PLA
b PLA MPs
El e
8 8
=l o
£ £
c c
2 L
IS =
A
I
10 20 30 40 50 60 70 80 10 20 30 40 50 60 70 80
26(degree) 26(degree)
Fig.4 The adsorption kinetics 0.7 0.7
of virgin and aged MPs: a PA e @ o ()
MPs, and b PLA MPs ' ’ L —a A A
os| [ os| [
- 04F . n . ~ 04}
[ $ = ‘® |
) : | v v
Eos-ﬁ' E“'f' * .
o - o
02f 1 o el 02t 7 v Virgin PLA
| Aged PA | A
| Pseudo-first-order | e
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Pseudo-first- and -second-order models were used to fit
the kinetic data. Table 2 lists the corresponding parameters
for the fitting. The findings showed that the adsorption pro-
cesses of by PA and PLA were more consistent with the
pseudo-second-order model, with correlation coefficients
greater than 0.950. Cu(Il) is mostly chemically adsorbed
onto MPs by methods such as surface adsorption and exter-
nal liquid film diffusion (Liu et al. 2022a). Based on the fit-
ted rate constant and equilibrium adsorption capacity data,
the UV aging treatment accelerated the process by which
MPs adsorbed Cu(Il) and enhanced the adsorption capac-
ity. The adsorption capacity of aged PA and PLA to Cu(Il)
increased to 1.59 and 1.76 times those of virgin PA and
virgin PLA, respectively. Moreover, the smaller the value,
the slower the adsorption rate of MPs on heavy metal ions,
and the quantity of available adsorption sites determines the
adsorption rate (Han et al. 2021; Wang et al. 2020), which
is similar to the SEM and SSA analysis results for MPs.
Aged MPs generally have a higher adsorption rate con-
stant than virgin MPs, indicating that aging increases the
adsorption rate. This indicates that the cracks and pits on the

surface of MPs caused by the aging process increased their
SSA, thereby increasing the number of adsorption sites on
their surfaces of MPs and improving their ability to adsorb
contaminants (Fu et al. 2021).

To further clarify the adsorption of Cu(Il) by the MPs
before and after aging, the adsorption kinetics were inves-
tigated using an intra-particle diffusion model. Table 3 and
Fig. 5 present the fitting results. There are three stages of
Cu(II) adsorption on both virgin and used PA and PLA (Ma
et al. 2019; Sun et al. 2023). The fitting line did not cross the
origin (C #0) in the first stage, which was the rapid adsorp-
tion stage, suggesting that there are more steps to influence
the adsorption process besides intra-particle diffusion. This
stage was the result of the interaction between intra-particle
diffusion and surface adsorption. Intra-particle diffusion was
the second stage. Cu(Il) gradually permeated the interior
surface of the MPs from the outer liquid sheet. The gradi-
ent of the fitting line was lower than Stage I, which was
mainly due to the decrease in the intra-particle diffusion rate
of the MPs caused by the decrease in the Cu(Il) density of
the solution. The third phase is the adsorption equilibrium

Table 2 Kinetic model

. Samples Pseudo-first-order model Pseudo-second-order model
parameters of Cu(II) adsorption
by virgin and aged PA and PLA k(b q.(mg/g) R? k, [g /(mg h)] q.(mg/g) R?
Virgin PA 1.968 0.360 0.884 4.642 0.382 0.958
Aged PA 3.110 0.574 0.972 11.945 0.606 0.997
Virgin PLA 3.336 0.315 0.953 7.724 0.326 0.983
Aged PLA 2.620 0.548 0.974 16.372 0.575 0.998
Table 3 Intra-particle diffusion Samples Stage 1 Stage 11 Stage 111
model parameters of Cu(II)
lzt/c[llsnorption by virgin and aged C, k,y R C, ks R’ C, ky3 R
S
Virgin PA 0.211 0.066 0.812 0.245 0.042 0.979 0.343 0.013 0.930
Aged PA 0.152 0.275 0.938 0.478 0.032 0.980 0.557 0.007 0.994
Virgin PLA 0.205 0.061 0.950 0.251 0.026 0.985 0.338 0.002 0.987
Aged PLA 0.219 0.216 0.902 0.482 0.023 0.839 0.523 0.011 0.812
Fig.5 Intra-particle diffusion Stage | Stage Il Stage 111 Stage | Stage 11 Stage 111
model of Cu(Il) adsorption by 06 @ 06 N .
virgin and aged MPs: (a) PA - ®) o y__——
MPs, and (b) PLA MPs ALEE - v Virgin PLA
osf g osf & A Aged PLA
o o a/
5 o /
j=2) - j=2) /
E 04} [ = E o4}l o/
o o
03 F 03 F
02 1 1 1 1 1 1 02 1 1 1 1 1 1
0 1 2 3 4 5 6 0 1 2 3 4 5 6
Time®3(h) Time%5(h)
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stage. The intra-particle diffusion rate continued to decline,
and the residual Cu(II) density in the aquatic environment
was extremely low at this point. The diffusion rate constants
of the three stages of adsorption of Cu(Il) by the virgin and
aged PA and PLA MPs were as follows: K,;; > K, > K5,
indicating that the order of the adsorption rates of the three
stages was stage I > stage I > stage III. The intercept C val-
ues of the aged MPs in the three stages of adsorption were
greater than those of the virgin MPs, which was mostly
caused by the MPs' surfaces exhibiting more adsorption sites
as they aged, increasing the mass transfer driving force of
Cu(Il) in MPs intra-particle diffusion (Fan et al. 2022).

Adsorption isotherms

The adsorption datum were fitted using Langmuir, Fre-
undlich, and linear isothermal models to comprehend the
adsorption properties of MPs before and after aging. The
fitting results are presented in Fig. 6 and Table 4. Evidently,
when the initial density of Cu(Il) increased, the equilibrium
adsorbability gradually increased. Comparing the three
isothermal adsorption models, the R? values of the Lang-
muir and Freundlich models in the experimental analysis
were higher, but the Langmuir isothermal adsorption model
(0.964 < R? <0.996) was better suited to explaining the iso-
thermal adsorbent process of Cu(Il) on PA and PLA than
the Freundlich and Linear models. This indicated that the
adsorption occurred on superficies of the MPs. The adsorp-
tion of Cu(Il) by MPs before and after aging is mainly chem-
ical, and the adsorption process is a monolayer adsorption

(Loncarski et al. 2021). In contrast to virgin and aged MPs
had a higher maximum adsorption capacity (q,,) for Cu(Il),
and the q,,, value of the aged PA increased from 0.964 to
1.415 mg/g. Similarly, the q,, value of the PLA increased
from 0.951 to 1.398 mg/g after aging, which is consistent
with the kinetic process. This indicates that increasing the
number of adsorption sites on the surface of the MPs follow-
ing aging can enhance the ability of PA and PLA to adsorb
Cu(ID).

Furthermore, PA had a higher adsorption intensity and
adsorption capacity for Cu(Il) than PLA, both before and
after aging. This is primarily because the two types of MPs
exhibit different physical and chemical characteristics. Com-
pared to the PLA MPs, the surfaces of the PA MPs contained
more oxygen-functional groups, which could produce more
hydrogen bonds with the surrounding water, thus enhancing
the intensity of Cu(Il) adsorption in water. Meanwhile, the
SSA of the PA MPs was larger than PLA MPs, which gives
the surface of PA MPs more adsorption sites, leading to an
enhancement of the adsorption rate and capacity. In general,
UV aging treatment has the potential to enhance the danger
of MPs in aquatic environments while drastically altering
their physical and chemical features.

Influencing factors
Effect of pH

The pH has a significant impact on the surface charge
state of the MPs, the solution's concentration of heavy

Fig.6 The adsorption isotherm @ - b) 7
of virgin and aged MPs: a PA 10w viginPA L [ — =
Aged PA M A”g':PLA
MPs, and b PLA MPs — Langmuir model _Lgsgmu"mdel N
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—-—- Linear model
°
% 06
E
%
o
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Table 4 Adsorption isotherm

. Samples Langmuir model Freundlich model Linear model
parameters of Cu(Il) adsorption
by virgin and aged MPs qn(mg/e) k (L/mg) R? n Kr(L/mg) R? K,L/mg) R?
Virgin PA 0.964 0.177 0978 1914 0.180 0963  0.042 0.893
Aged PA 1.415 0.260 0983 2.056 0.322 0.930  0.070 0.815
Virgin PLA  0.951 0.129 0996 1.693 0.141 0.990  0.042 0.963
Aged PLA 1.398 0.194 0964 1.821 0.267 0904 0.073 0.805
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metal ions, and the MPs' ability to adsorb heavy metals.
The adsorption of Cu (II) by MPs in solutions with vari-
ous pH values was investigated.. As shown in Fig. 7(a),
the initial pH had a consistent impact on the adsorption
of Cu (II) by the PA and PLA MPs, both before and after
aging, which first increased and subsequently decreased
as the pH value increased. At pH 5, the adsorbability
achieves a maximum of 0.63 mg/g. This is because, when
the pH of the solution is low, the zeta potential is posi-
tive, electrostatic repulsion is large, and the density of
H" in the acidic environment is comparatively high. In
solution, H" competes with Cu(Il) for adsorption, and
H* occupies the adsorption sites of the MPs, resulting
in a low Cu(Il) adsorption effect (Allouss et al. 2020).
When the pH value exceeds 5, the increase in OH™ in the
solution causes the Cu(II) to react with the OH™ in water
and precipitate, which affects the adsorption of Cu(Il)
by MPs. In addition, compared with virgin MPs, Cu(II)
has a much larger potential to bind to aged PA and PLA
because aged MPs have more oxygen-functional groups
and their SSA is higher.

Effects of salinity

The adsorption behavior of Cu(Il) on MPs before and
after aging was investigated by simulating the saline envi-
ronments of rivers, estuaries, and seas using a gradient
NacCl solution. According to Fig. 7(b), the adsorption
capacity of Cu(II) on MPs decreased gradually when the
salinity increased from 0 to 3.5%, and the effect of salin-
ity on MPs after aging was lower than that on virgin MPs.
In addition, Na* near the MPs may compete compete with
free Cu(Il) for adsorption sites on the surface of the MPs,
thereby inhibiting the adsorption of Cu(Il) (Wang et al.
2022b). The above discussion shows that PA and PLA
MPs are more likely to enrich heavy metal pollutants in
freshwater environments than in seawater.

Effect of dosage

Figure 7(c) illustrates how the MPs dosage affected Cu(Il)
adsorption. both before and after aging. The adsorption
capacity of the MPs at equilibrium steadily decreased as the
MP dosage increased from 1 to 8 g/L. Virgin PA's adsorption
capacity descended from 0.68 to 0.23 mg/g, and that of vir-
gin PLA decreased from 0.62 to 0.22 mg/g. This is because,
when the original concentration and volume of the adsorbate
were constant, as the dosage of the adsorbent increased, less
Cu(Il) was absorbed per unit mass of the adsorbent. How-
ever, Cu(Il) adsorption by the MPs increased rapidly as the
dosage increased. The adsorption percentages of virgin PA
and PLA increased from 13.55% to 37.41% and 12.31% to
35.01%, respectively. This is mainly because, as the dosage
of MPs enhanced, the adsorption sites increased, which was
helpful for the adsorption of Cu(Il). The adsorption capacity
of MPs on Cu(Il) tended to be steady at dosages greater than
4 g/L, and the adsorption rate increased slowly. This may be
mainly due to the formation of large particle clusters due to
the interaction between MP particles, hindering the normal
diffusion of Cu(II) to the MPs' surfaces (He et al. 2020b).
This causes the adsorbent particles in the solution to be over-
crowded, resulting in the overlapping of adsorption binding
sites and the unsaturated utilization of active binding sites
during the adsorbent process (Chaturvedi et al. 2020), caus-
ing the adsorption capacity of the unit to gradually decline.
In addition, the aged MPs had a larger Cu(II) adsorption
capacity and adsorption rate than the virgin MPs, which is
consistent with the findings of other studies.

Mechanism analysis

Physical electrostatic adsorption is a common adsorption
behavior of MPs. Based on the above studies, it can be seen
that the aged MPs are rougher and have a larger specific
surface area than virgin MPs. These provide more adsorp-
tion sites for Cu(Il) attachment to the MPs surface, which
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Fig. 7 Influencing factors of Cu(II) adsorption by virgin and aged MPs: a pH, b salinity, and ¢ MPs dosage
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is beneficial for the adsorption behavior of Cu(Il) on MPs
surface (Ammala et al. 2011). UV aging promotes MPs for-
mation physical adsorption of Cu (II).

In addition, XPS spectra were used to further analyze
PA and PLA before and after aging and before and after
adsorption (Fig. 8a and c). It was found that the peak area
of the oxygen-containing groups increased after the aging
of PA and PLA, while the peak intensity corresponding
to C—C decreased. The proportion of Cls peak area cor-
responding to C—O—C in aged PA increased from 15.82% to
19.26%, the proportion of O-C =0 increased from 11.38% to
12.95%, and the proportion of C—C decreased from 72.80%
to 67.79%. Similarly, the proportion of Cls peak area cor-
responding to C—O—C in aged PLA increased from 17.05%
% to 25.39%, the proportion of O-C =0 increased from
15.13% to 22.92%, and the proportion of C—C decreased
from 67.80% to 51.69%. It has been proven the surface C—C
of MPs is broken by UV irradiation photooxidation, and
the broken unsaturated bond forms more O-C=0 with O
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(Lang et al. 2020; Li et al. 2022b; Mao et al. 2020), which is
consistent with the previous FTIR analysis results.

The XPS spectrum of Cu is shown in Fig. 8(b and d).
After Cu(Il) adsorption, new Cu 2p3 /2 and Cu 2pl /2
peaks and satellite peaks appeared on the aged PA and PLA
(Huang et al. 2017, 2024). In the Cu2p fine spectrum of aged
PA after adsorption, Cu 2pl /2 at 954.88 eV, Cu 2p3 /2 at
934.38 eV and a Cu satellite at 942.38 eV in aged PA. In the
Cu2p fine spectrum of aged PLA after adsorption, Cu 2pl
/2 at952.77 eV, Cu 2p3 /2 at 933.26 eV and a Cu satellite
at 944.29 eV in aged PLA. No Cu 2p peaks were observed
on the surface of the MPs prior to the adsorption of Cu(Il).
This result verified the chemical adsorption of Cu(II) by PA
and PLA MPs. Cu(Il) complexed with the functional groups
of MPs and adsorbed on the surface of MPs in the form of
Cu-O (Romero et al. 2015; Su et al. 2022). After adsorp-
tion, the proportion of oxygen-containing groups C-O-C
and O-C=0 in aged PA and PLA decreased, which once
again indicated that these oxygen-containing groups were
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Fig.8 XPS spectra of the PA and PLA MPs before and after adsorption of Cu(lII). a High resolution Cls spectra of the PA; b Cu 2p spectra of
the PA; ¢ High resolution Cls spectra of the PLA; d Cu 2p spectra of the PLA
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involved in the adsorption process of Cu(Il). The reason may
be that the oxygen-containing groups react with Cu(Il) to
form metal oxides (Arp et al. 2021; Zhou et al. 2019).

Conclusions

In this study, we investigated the adsorption behavior of two
common MPs (PA and PLA) on Cu (IT) before and after
aging simulated by UV irradiation. The main conclusions
are as follows:

(1) The UV aging process significantly changed the physi-
cal and chemical properties of PA and PLA MPs.
After aging, the surface of MPs became rough, SSA
increased, more oxygen-containing functional groups
were produced, and the crystallinity decreased.

(2) After aging, the number of surface adsorption sites
increased, thereby enhancing the adsorption capacity
of MPs for Cu(Il). The adsorption capacity of two kinds
of virgin and aged MPs was aged PA > aged PLA > vir-
gin PA > virgin PLA. Both the pseudo-second-order
kinetic and the Langmuir models fit the experimental
data well.

(3) The effects of pH and salinity on the adsorption of
Cu(Il) by the MPs were significant. The adsorption
capacity was the highest at pH 5, and the adsorption
capacity of MPs for Cu(Il) decreased with increasing
of salinity. The MP dosage of MPs has negativly cor-
related with the equilibrium adsorption capacity of
Cu(ID).

(4) The adsorption mechanism of Cu(II) onto MPs involves
electrostatic attraction, complexation of oxygen-con-
taining functional groups with Cu(Il), and monolayer
chemical adsorption.

The results of this study revealed that the aged MPs can
be used as carriers, which have strong enrichment ability for
heavy metal pollutants such as Cu(Il), affect their migration
and transformation pathways, and increase biological tox-
icity and ecological risks. This is of great significance for
exploring the adsorption mechanism of aged MPs on heavy
metals or other pollutants.
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