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Abstract: Microplastics are omnipresent in aquatic environments and can act as vectors to carry
other pollutants, modifying their pathway through the systems. In this study, the differences in
the adsorption capacity and mechanism for Cr(VI) sorption with polyethylene (PE, a conventional
microplastic) and polylactic acid (PLA, a biodegradable microplastic) were investigated via character-
ization of the MPs, the determination of kinetic behavior (pseudo-first- and second-order model, the
Elovich model), and the degree of fit to Langmuir and Freundlich isothermal models; the adsorption
behavior was also studied under different solution conditions. The results indicated that when the
dose of MPs was 1 g/L, the adsorption capacity of Cr(VI) on MPs reached the highest value, the
adsorption capacities were PLA(0.415 mg/g) > PE(0.345 mg/g). The adsorption of Cr(VI) on PE
followed the Langmuir isotherm model, while PLA had a stronger fit with the Freundlich model.
Sorption in both cases followed a pseudo-first-order kinetics model. The maximum adsorption
capacity of Cr(VI) on PLA (0.54 mg/g) is higher than that on PE (0.38 mg/g). In addition, PLA could
reach adsorption equilibrium in about 8 h and can adsorb 72.3% of the total Cr(VI) within 4 h, while
PE required 16 h to reach equilibrium, suggesting that PLA adsorbs at a significantly faster rate than
PE. Thus, biodegradable MPs like PLA may serve as a superior carrier for Cr(VI) in aquatic environ-
ments. When the pH increased from 2 to 6, the adsorption of Cr(VI) by PE and PLA decreased from
0.49 mg/g and 0.52 mg/g to 0.27 mg/g and 0.26 mg/g, respectively. When the concentration of
sodium dodecyl sulfate in the Cr(VI) solution was increased from nil to 300 mg/L, the adsorp-
tion of Cr(VI) by PE and PLA increased by 3.66 and 3.05 times, respectively. In addition, a higher
temperature and the presence of Cu?* and photoaging promoted the adsorption of Cr(VI) by MPs,
while higher salinity inhibited the adsorption. The desorption efficiencies of Cr(VI) on MPs were
PLA(57.8%) > PE(46.4%). The characterization results further confirmed that the adsorption mecha-
nism could be attributed to electrostatic attraction, hydrogen bonding, and surface complexation. In
sum, PLA could potentially serve as better vectors for Cr(VI) than PE, but the risk associated with
PLA might be higher than that with PE.

Keywords: microplastics; polylactic acid; polyethylene; Cr(VI); adsorption; desorption; photoaging;
surfactant

1. Introduction

Since the 1950s, plastics have been extensively used across society and in various in-
dustries due to their excellent characteristics, such as low cost, flexibility, and durability [1].
However, the stable physical and chemical properties of plastics allow them to persist in
the environment for a long time without degradation [2], leading to their accumulation
and posing a significant threat to the ecological environment and human health [3]. In
2004, Thompson [4] first reported on an emerging marine pollutant, microplastics (MPs),
defined as plastic fragments smaller than 5 mm [5]. Due to their small size, large surface
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area, and strong affinity for other pollutants, microplastics pose an even greater risk to
the environment [6]. Therefore, the environmental behaviors and ecological effects of
microplastics have gained great public interest in recent years [7].

Potentially toxic elements (PTEs) are naturally occurring or anthropogenic elements
that have attracted global attention due to their numerous sources, accumulation, per-
sistence, easy enrichment and transfer along the food chain, and resistance to degrada-
tion [8-11]. Chromium (Cr), an example of a PTE, is found to be enriched in many types of
industrial wastes associated with diverse manufacturing activities [12]. While chromium
is an essential trace element for life, Cr(VI) is highly toxic and can be transferred across
trophic levels and biomagnification through the food chain, thereby endangering human
health and the ecological environment [13]. Studies have shown that microplastics can act
as vectors that adsorb PTEs in the environment, migrating and spreading in the form of
complexes and endangering ecological safety [14]. It has been reported that PTEs such
as Cr, Co, Ni, Cu, Zn, Cd, Hg, Ba, As, and Pb have been detected on the surfaces of
microplastics collected on beaches [15,16]. The adsorption process of PTEs on MPs pro-
ceeds through the following three discrete steps: (1) diffusion of metals in the thin film
around the microplastics; (2) diffusion of metals within the pores of the microplastics; and
(3) adsorption on the active surface sites [17].

Due to its wide application, PE, which is commonly used as the primary raw material
for everyday plastic products such as films and bags, has become one of the most common
plastic pollutants in the environment [18]. PE floating on water surfaces can be easily
ingested by aquatic organisms, causing organ damage, cell apoptosis, genetic diseases,
or even death [19]. Studies have shown that PE can carry PTEs such as Pb, Cr, Cu, Zn,
and Cd [20,21]; the presence of PE increased Cr(VI) accumulation in cucumber (Cucumis
sativus L.) by 8-39.8%, which reduced chlorophyll content and slowed seedling growth [22].
Similarly, Khan et al. [23] found that the combination of polyvinyl chloride (PVC) and
Cr(VI) had severe toxic effects on the physiological and biochemical characteristics of
sweet potato, whereas PVC alone did not affect sweet potato, and the accumulation of
Cr(VI) increased with increasing doses of PVC. As a common biodegradable plastic, PLA
is typically produced from plant-derived starch (like corn, sugarcane, etc.) through fer-
mentation and polymerization processes. Packaging bags made from PLA are degradable,
and they can replace traditional plastic bags, which is one of the most effective ways to
solve the problem of environmental accumulation of plastic waste [24,25]. However, in
natural environments, even biodegradable plastics do not decompose completely in the
short term [26] or still require a long time to be fully degraded; thus, they can still form
microplastics in the environment, and before complete degradation, they have the char-
acteristics of traditional microplastics [27]. It is equally feasible for PLA to carry PTEs
such as Pb, Cu, and Cd, and it may pose potential toxicity to earthworms, invertebrates,
etc. [21,24,28,29]. The ecological toxicity of PLA carrying Cd to earthworms is higher than
that of conventional microplastics (like PE), severely affecting the normal growth of these
organisms [30]. Hence, the environmental impact of biodegradable microplastics is not
less than that of traditional microplastics [31]. Many studies on the behavior of traditional
microplastics carrying Cr(VI) have been conducted, but the behavior of biodegradable
microplastics carrying Cr(VI) is not commonly reported, and developing an understanding
of the transport mechanism and factors influencing Cr(VI) by biodegradable compared to
traditional microplastics has value. The research on the interaction of MPs with Cr(VI) can
help assess their behavior and potential ecological risks in the environment and promote
the development of environmental protection and pollution prevention technologies.

This study compared the differences in the adsorption capacity and mechanism
of Cr(VI) sorption on the surfaces of PE and PLA. The main goals of this study are to
(1) characterize the morphology of microplastics and the changes after adsorption of Cr(VI)
using scanning electron microscopy (SEM), Fourier-transform infrared spectroscopy (FTIR),
X-ray diffraction (XRD) and X-ray photoelectron spectroscopy (XPS); (2) study the effects of
environmental factors (such as pH, salinity, photoaging, surfactants, coexisting ions) on the
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adsorption process; and (3) explore the differences in the adsorption mechanism of Cr(VI)
between conventional and biodegradable microplastics.

2. Materials and Methods
2.1. Materials

Samples of PE were purchased from Fengtai Plasticizer Co., Ltd. (Dongguan, China),
and PLA from Jinheng Plastic Co., Ltd. (Dongguan, China), both with a particle size of
100 mesh, and were not subjected to any further purification. Other chemicals, including
KzCI‘zO7, NaOH, HCI, NaCl, H3PO4, HNO3, HzSO4, CH3CO CH3, (Kermel Chemical
Reagents Co., Ltd, Tianjin, China) and sodium dodecyl sulfate (SDS) (Maclin Biochemical
Technology Co., Ltd, Shanghai, China), were all of analytical-grade purity.

2.2. Batch Adsorption Experiments

To explore the effect of the dose of MPs on the adsorption behavior of Cr on MPs, 25,
50, 100, 150, 200, and 250 mg of MPs powder was weighed into six 100 mL glass bottles
separately, and 50 mL of K,Cr,O7 solution with a concentration of 10 mg/L was added
to make the final reaction volume 50 mL. The pH of the solution was adjusted to 5.0.
The glass bottles were placed in a constant temperature (298 K) shaking incubator with
150 r/min. The sampling time was set at 48 h, and an aliquot of 5 mL solution was collected
and filtered through a 0.22 um filter to remove MP particles; the concentration of Cr(VI)
was determined by a dual-beam UV-vis spectrophotometer at a wavelength of 540 nm [32].

To investigate the adsorption kinetics, 50 mg of PE and PLA particles were mixed with
K>Cr,07 solution with a concentration of 10 mg/L at pH 5.0 and then shaken at a constant
temperature of 298 K at 150 rpm. Aliquots (5 mL) were collected at 2, 4, 8, 12, 16, 24, 36,
and 48 h [32]; the Cr(VI) concentration detection method is the same as mentioned above.

To examine the adsorption isotherm, 50 mg of PE and PLA particles were mixed with
K,CryO7 solution with 6 concentration gradients (2.5, 5, 7.5, 10, 15, and 20 mg/L) [33] and
shaken at 150 rpm at different temperatures (278 K, 288 K, 298 K). The sampling time was
set at 24 h to obtain adsorption equilibrium, the collected solution was filtered through
a 0.22 um filter, and then the Cr(VI) concentration was determined using the method
mentioned above.

NaOH/HCI (0.1 mol/L) was used to adjust the pH to 2, 3, 4, 5, 6, 7, and 8 to examine
the effect of pH [34]. The Cr(VI) solution with NaCl concentrations of 0.05%, 0.1%, 1%, 2%,
and 3.5% was prepared to investigate the effect of salinity from 0 to seawater equivalent on
the adsorption of Cr(VI) by PE and PLA. To explore the effect of UV aging, 250 mg of MPs
and 50 mL of deionized water were placed into a quartz tube, which was then exposed to a
500 W mercury lamp for 48 h. After aging, the MPs were rapidly filtered with deionized
water and dried in a 40 °C oven. The adsorption procedure was repeated by mixing the
aged MPs and Cr(VI) ions to compare the differences in adsorption between aged and
virgin MPs. Various concentrations of SDS (10, 20, 50, 100, and 300 mg/L) and Cu (II) ion (2,
5,10, 15, and 20 mg/L) were added to the solution, and the adsorption step was repeated
to investigate the effect of surfactants and coexisting ions, respectively.

2.3. Desorption Experiments

The desorption experiments were performed after Cr(VI) adsorptions reached equi-
librium. The Cr(VI) adsorbed on the PE and PLA were released by changing the nature
of the solutions. The following three kinds of solutions were prepared for the desorption
experiments: (1) deionized water, pH = 7; (2) 3.5% NaCl solution (simulating seawater);
and (3) 50 mg/L SDS solution (simulating surface water with surfactant). A total of 50 mg
of Cr(VI)-loaded PE and PLA was weighed into a glass bottle, and 50 mL of the above-
mentioned solutions were added to make the final reaction volume 50 mL. Then, the glass
bottles were shaken at a constant temperature of 298 K at 150 r/min for 48 h.
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2.4. Characterization of MPs

SEM (TESCAN MIRA LMS, Brno, Czech Republic) was used to scan and analyze the
surface morphology of the virgin and aged MPs. The sample was prepared by directly
adhering the MPs to conductive adhesive, followed by gold sputtering, and analyzed using
the secondary electron mode. FTIR (Thermo Scientific Nicolet i5S20, Waltham, MA, USA)
and XPS (Thermo Scientific ESCALAB Xi, Waltham, MA, USA) were used to analyze the
changes in PE and PLA surface groups and elemental chemical states before and after
adsorption. The FTIR detection mode was a standard powder compact, with a wavelength
range of 400 to 4000 cm . XPS characterization included full-spectrum and high-resolution
spectra of Cls, Ols, and Cr 2p, with data processing, peak searching and peak fitting.
X-ray diffraction (XRD, Rigaku SmartLab SE, Tokyo, Japan) was used to characterize the
crystallinity of the MPs before and after adsorption, using a copper target. The scanning
angle ranged from 5° to 90°, with a speed of 2° /min.

2.5. Analytical Methods

The amount of Cr(VI) adsorbed by microplastics was calculated using Equation (1), as

follows: c AV
Je = ( 0 6) (1)

m
where g, (mg/g) was the equilibrium adsorption capacity of Cr(VI) on MPs; m (mg) was the
mass of microplastics used in the adsorption procedure; V (mL) was the solution volume;
Co (mg/L) was the initial concentration of Cr(VI) in the solution; and C, (mg/L) was the
equilibrium concentration of Cr(VI) in the solution.
The adsorption efficiency of Cr(VI) by microplastics can be calculated using Equation (2),

as follows:
(Co—Ce)
C

e

adsorption ef ficiency = x 100% (2)

The pseudo-first-order kinetic model, pseudo-second-order kinetic model, and Elovich
kinetic model were used to describe the kinetic adsorption of Cr(VI) on microplastics, and
the fitting equations were in Equations (3)—(5), respectively.

9 = q.(1—¢") 3)
kaqat
= e 4
qt 17 koget (4)
1
q = Bln(“ﬁH 1) (5)

where g; (mg/g) was the adsorption capacity at time t; k; (h~!)was the reaction rate constant
of the pseudo-first-order adsorption kinetics model; k; (g/(mg-h)) was the reaction rate
constant of the pseudo-second-order adsorption kinetic model; & was the initial adsorption
efficiency; and B was the adsorption constants for all experiments.

The Langmuir and Freundlich models were used to describe adsorption isotherms
of Cr(VI) on microplastics, and the fitting equations were shown in Equations (6) and (7),
respectively, as follows:

- gmK;Ce
e = 1+ K,C, ©)
ge = K;C}/" 7)

where g, (mg/g) was the maximum adsorption capacity of Cr(VI) on MPs; K; (L/mg) was
the adsorption affinity constant in the Langmuir model; K¢ [(mg/g)-(L/ mg)l/ "] was the
adsorption affinity constant in the Freundlich model; and n was a constant in the Freundlich
model, representing the supporting force of the adsorption process.
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The validity of these models was evaluated by calculating the correlation coefficient
(R?).

The desorption of Cr(VI) from the contaminated MPs can be calculated using
Equation (8), as follows:

desorption ef ficiency = (Cc—lc) x 100% 8)
0~ Ce

where C; (mg/L) was the concentration of Cr(VI) in the solution.

3. Results and Discussion
3.1. Characterization of the Representative Microplastics
3.1.1. Results of SEM

Figure 1 shows the SEM images of virgin PE, aged PE, virgin PLA, and aged PLA.
Virgin PE showed an irregular ellipsoidal shape, while PLA showed an irregular blocky
structure. The virgin PE surface is smooth, with some microporous porosity (Figure 1a),
and the aged PE surface becomes rough with a noticeable wrinkle (Figure 1b). The virgin
PLA surface is also smooth, without apparent wrinkles or protrusions (Figure 1c); the aged
PLA surface shows flaky protrusions and micropores (Figure 1d). The increase in surface
roughness and microporous porosity after aging provides more adsorption sites for MPs
to carry PTEs and enhances their adsorption capacity. Additionally, the color of the aged
MPs changes from white to pale yellow or yellow, which may be due to the formation of
chromophores resulting from oxidation during the aging process [35]. Previous studies
have indicated that polyamide (PA) and PVC microplastic surfaces also turn yellow after
exposure to ultraviolet light (under laboratory aging conditions) [32,36].

10um 10um

Figure 1. SEM image of virgin PE (a), aged PE (b), virgin PLA (c), and aged PLA (d).
3.1.2. Results from XRD and FTIR Analysis

The XRD analysis results are shown in Figure 2a,b. Sharp and amorphous diffraction
peaks were found in the XRD patterns of the PE and PLA. The presence of sharp diffraction
peaks on the XRD patterns indicated a high degree of crystallinity [37]. Compared to the
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freely movable chain structure of PLA, PE requires more energy to break its chain structure,
making PLA more likely to interact with pollutants [38]. The characteristic angles for PE
are at 21.46°, 23.88°, 30.04°, 36.20°, 39.72°, 42.96°, etc. The characteristic angles for PLA are
at 16.42°, 18.68°, 21.22°, etc. The diffraction peaks of PE and PLA carrying Cr(VI) did not
show significant shifts, indicating that there was no change in the crystalline composition
of the microplastics during the adsorption process [37].
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Figure 2. XRD spectra of PE (a) and PLA (b) before and after Cr (VI) adsorption, and FTIR spectra of
PE (c) and PLA (d) before and after Cr (VI) adsorption.

The FTIR spectra of PE and PLA microplastics before and after adsorption were
shown in Figure 2 For PE (Figure 2c); the peaks at 721 cm 1, 1467 em 1, 2850 cm 1, and
2920 cm ™! represented the rocking, bending vibrations, symmetric and asymmetric stretch-
ing vibrations of —CH,, respectively. The peaks at 1363 cm~!, 1323 cm ™!, and 3432 cm™!
were attributed to —CHj, C=C, and —OH, respectively. The peak at 1730 cm~! was as-
sociated with the C=O stretching vibration [39,40]. After the adsorption of Cr(VI), the
intensity of —OH at 3432 cm ! is weakened, suggesting that —OH may be involved in
the adsorption process through hydrogen bonding [38]. The CHj vibration at 1363 cm !
shifted to 1358 cm ! after adsorption. Additionally, the C—H bending vibrations at 907
and 938 cm ! were not detected after the adsorption of Cr(VI), indicating that PE likely
interacted with Cr(VI). For PLA (Figure 2d), the peaks at 3505 cm ™1, 2999 cm~1, 1758 cm L,
and 1387 cm ! corresponded to —OH, C—H, C=0 stretching vibration, and C—H bending
vibration; the peaks at 1185 cm ! and 1085 cm ™! represented C—O vibrations [24]. After
the adsorption of Cr(VI), a significant weakening in the intensity of some functional groups,
like C=0 (1758 cm 1) and C—O (1085 cm ™!, 1185 cm ™), was observed, and —OH shifted
(from 3505 cm ™! to 3499 cm '), indicating that these functional groups interacted with
Cr(VI) [28].

3.1.3. Results of XPS Analysis

The XPS was applied to further demonstrate the changes in the surface functional
groups of the microplastics (MPs) before and after the adsorption of Cr(VI) (Figures 3-5).
The full spectrum of PE (Figure 3a) showed a relatively simple elemental composition
primarily composed of carbon (C), with oxygen (O) also detected, which is likely from addi-
tives such as plasticizers introduced during the production process [41]. The Cl1s spectrum
of PE (Figure 4a) indicates that the peak at a binding energy of 284.80 eV corresponds to
C—Cbonds, and the peak at 285.25 eV represents C—O bonds [32]. After the adsorption of
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Cr(VI), the O—C=0 in PE’s relative atomic percentage decreased from 43.05% to 26.54%
(Figure 5a,b). Li et al. [38] also found that the contents of C—O and O—C=0 in aged PE after
the adsorption of Hg(Il) decreased by 3.05% and 7.21%, respectively. For PLA (Figure 3b),
the main components detected were the elements C and O. The Cls spectrum of PLA
(Figure 4c) is divided into three peaks, corresponding to C—C (284.80 eV), C=0 (286.96 eV),
and O—C=0 (289.03 eV) [38]. After the adsorption of Cr(VI), the binding energy of O—C=0
did not change significantly, but its relative atomic percentage decreased by 7.87% (from
47.06% to 39.19%) (Figure 5c,d), indicating that O—C=0 groups interacted with Cr(VI)
through complexation [38]. This is similar to previous study [42]; after the adsorption of
Cu(1l), the contents of C—O and O—C=0/C=0 in aged PLA decreased by 1.52% and 0.3%,
respectively. After the adsorption of Cr(VI) by PE and PLA (Figure 5), the content of —OH
groups decreased by 1.08% (from 11.87% to 10.79%) and 3.28% (from 24.57% to 21.29%),
respectively. This was consistent with the FTIR findings in which the intensity of —OH in
PE weakened after the adsorption of Cr(VI) and the shift and intensity decrease in —OH
in PLA, further suggesting that hydrogen bonding might be involved in the adsorption
process of Cr(VI) by PE and PLA.
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Figure 3. XPS spectra before and after the adsorption of Cr(VI) by PE (a) and PLA (b) and Cr 2p
spectra after the adsorption of Cr(VI) by PE (c) and PLA (d).

The Cr 2p peaks appeared in PE and PLA after the adsorption of Cr(VI), which were
back-convoluted into double peaks, respectively. The binding energies of the Cr 2p peaks
were Cr 2p;/; (589.05 eV) and Cr 2p3/, (579.95 eV) for PE, and the binding energies of
the Cr 2p peaks were Cr 2p;, (5689.65 eV) and Cr 2p5,, (579.65 eV) for PLA, which all
corresponded to Cr(VI) [43,44], indicating that Cr(VI) has been successfully adsorbed onto
PE and PLA.

3.2. Effect of MP Dose on Adsorption

Figure 6 illustrates the effects of increasing microplastic (MP) doses on the adsorption
capacity and efficiency. When the doses of PE and PLA increased from 0.5 g/L to 5 g/L,
their adsorption efficiency gradually rose from 1.4% and 1.8% to 5.6% and 7.7%, respectively.
Initially, the adsorption capacities of PE and PLA were higher, at doses of 0.5 g/L and
1 g/L. However, as doses increased from 2 g/L to 5 g/L, the adsorption capacities of
both PE and PLA decreased slowly. This decrease might be attributed to the increase
in total surface area with higher MP doses, which increases the number of adsorbable
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sites, consequently leading to a reduction in the adsorption capacity per unit of MP [45].
Taking into account both the adsorption efficiency and capacity, an MP dose of 1 g/L was
subsequently selected as the optimal dosage.
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Figure 4. Cls spectra before and after the adsorption of Cr(VI) by PE (a,b) and PLA (c,d).
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Figure 5. Ols spectra before and after the adsorption of Cr(VI) by PE (a,b) and PLA (c,d).

3.3. Adsorption Kinetics of Cr(VI) onto the Representative Microplastics

To investigate the adsorption kinetics of Cr(VI) on PE and PLA microplastics, the
pseudo-first-order model, pseudo-second-order model, and Elovich kinetic model were
used to fit the adsorption kinetic curves (Figure 7a), and the results were summarized in
Table 1. For PE, within 4 h, the adsorption of Cr(VI) on PE increased rapidly, reaching
about 52% of the total capacity. From 4 to 16 h, the adsorption capacity increased slowly,
and the adsorption equilibrium was reached after 16 h. For PLA, approximately 72.3% of
the total Cr(VI) was adsorbed within 4 h. Then, the adsorption procedure slowed within
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4 to 8 h, and the adsorption capacity reached up to 90.3% of the total capacity. After 8 h,
adsorption equilibrium was reached. The maximum adsorption capacity is greater for PLA
(0.415 mg/g) than for PE (0.345 mg/g). The above results indicated that the adsorption
process of Cr(VI) on PE and PLA exhibited an initial rapid adsorption stage in which Cr(VI)
diffuses from the bulk solution to the outer surface of the MPs through convection, followed
by a slower and protracted period in which Cr(VI) penetrates the outer surface of the MPs
and diffuses into the micropores. Finally, the adsorption equilibrium stage was reached
when Cr(VI) attached to the active sites near the MPs’ surface [32].
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Figure 7. Adsorption kinetics of Cr (VI) on PE and PLA (a); isotherms of Cr (VI) by PE and PLA at
288 K (b), 298 K (c), and 308 K (d).

From Table 1, the R? for the pseudo-first-order kinetic model for PE and PLA were
0.992 and 0.989, respectively, which were slightly higher than those for the pseudo-second-
order kinetic model, which were 0.991 and 0.985. The fitting results of the Elovich model
showed that R? for both PE and PLA were higher than 0.95, indicating that there are
multiple adsorption stages in the adsorption process of Cr(VI) on microplastics [32].
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Table 1. Dynamics parameters of Cr (VI) adsorption by PE and PLA.

Model Parameter PE PLA

Ky (b1 0.198 0.391

Pseudo-first-order model ge (mg/g) 0.339 0.397
R? 0.989 0.993

K, (g/(mg-h)) 0.688 1.464

Pseudo-second-order model ge (Mmg/g) 0.384 0.428
R? 0.985 0.992

o 0.276 4.001
Elovich model B 13.979 18.919

R? 0.953 0.961

3.4. Adsorption Isotherms of Cr(V1) Onto the Representative Microplastics

The adsorption isotherm curves of Cr(VI) on PE and PLA were shown in Figure 7b-d,
and fitting parameters by Langmuir and Freundlich model were noted in Table 2. Ac-
cording to the R? values, the adsorption isotherms of Cr(VI) on PE were better fitted by
the Langmuir model (0.875-0.975) than by the Freundlich model (0.839-0.943), indicat-
ing that the adsorption process is monolayer adsorption on a homogeneous surface [20].
However, the adsorption isotherms of Cr(VI) on PLA were slightly better fitted by the
Freundlich model (0.949-0.985) than by the Langmuir model (0.929-0.988), suggesting that
the adsorption of Cr(VI) on PLA may involve multilayer adsorption on a heterogeneous
surface, and there might be interactions between adsorbate molecules [16]. Moreover, the
1/n values were less than 1, further suggesting that the adsorption is primarily physi-
cal [46]. Additionally, the adsorption capacity of PLA for Cr(VI) was 0.54 mg/g, which was
significantly higher than that of PE at 0.38 mg/g at 308 K. Previous studies have shown
that the maximum adsorption of Cr(VI) on polyamide (PA) and polypropylene (PP) were
2.083 mg/g and 0.114 mg/g, respectively. The high adsorption of Cr(VI) on PA can be ex-
plained by the presence of amide groups in PA; these hydrophilic groups favor interactions
with Cr(VI) [32].

Comparing the adsorption of Cr(VI) on PE and PLA at different temperatures, it was
found that the adsorption capacity gradually increases with the rise in temperature. When
the initial concentration of Cr(VI) was 10 mg/L, the adsorption capacity of Cr(VI) on PE
changed from 0.25 mg/g at 288 K to 0.31 mg/g at 298 K and 0.29 mg/g at 308 K. The
adsorption capacity of Cr(VI) on PLA increased from 0.345 mg/g at 288 K to 0.37 mg/g
at 298 K and 0.32 mg/g at 308 K. The adsorption capacity significantly increased when
the temperature rose from 288 K to 298 K, while it remained roughly the same or even
decreased when the temperature increased from 298 K to 308 K. This could be attributed to
the increased random motion caused by higher temperatures promoting adsorption, but at
the same time, causing desorption processes among molecules, resulting in a decreased
adsorption capacity [41].

3.5. The Influence of Environmental Factors on the Adsorption of Cr(VI) Onto PE and PLA
3.5.1. The Influence of pH and Salinity

As shown in Figure 8a, the adsorption capacity of Cr(VI) on PE and PLA decreased
significantly when the pH increased. The highest adsorption capacity of Cr(VI) on PE
(0.49 mg/g) and PLA (0.52 mg/g) occurred at pH = 2, and the lowest adsorption ca-
pacity of Cr(VI) on PE (0.05 mg/g) and PLA (0.07 mg/g) occurred at pH = 8, which is
because Cr(VI) exists in different forms in aqueous solutions at different pH values. At
pH = 2-6, Cr(VI) exists in the forms of HCrO4~ and Cr,0,2~, and at pH > 6.0, Cr(VI)
exists as CrO4?~ [47]. When the pH is less than 3, the surfaces of PE and PLA mainly carry
a positive charge [38,48-52], and Cr(VI) in the forms of HCrO4~ and Cr,O,2" is easily
adsorbed by the positively charged MPs, hence the high adsorption capacity of Cr(VI)
on MPs at this time. As the solution becomes more alkaline, the content of OH™ in the
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solution increases and preferentially occupies the adsorption sites on the positively charged
MP surface. Moreover, at this point, Cr(VI) exists as CrO4%~, carrying a higher negative
charge, resulting in electrostatic repulsion between MPs and Cr(VI), thereby reducing the
adsorption of Cr(VI) on MPs. Additionally, when the pH is higher than 7, Cr(VI) ions in
the water begin to form precipitates, which is also one of the reasons for the decreased
adsorption capacity of MPs for Cr(VI) in alkaline solutions. These results are similar to
those in the study by Zhang et al. [48]; the adsorption capacity of MPs for Cr(VI) decreased
from 0.54 mg/g to 0.18 mg/g as the pH was increased from 1.6 to 6.0, indicating that acidic
conditions are favorable for the adsorption of Cr(VI) by microplastics and also indicating
that electrostatic attraction plays an important role in the adsorption process.

Table 2. Isothermal parameters for the adsorption of Cr (VI) by PE and PLA.

Model Temperature Parameter PE PLA
Kp (L/mg) 0.069 0.063
288 K Gm (mg/g) 0.559 0.884
R? 0.975 0.988
_ Ky (L/mg) 0.144 0.095
Langmuir model 298 K 4m (mg/g) 0.465 0.794
R? 0.912 0.975
Ky (L/mg) 0.092 0.086
308 K Gm (mg/g) 0.556 0.806
R? 0.875 0.929
K 0.053 0.078
288 K [(mg/ g)'l(}/ mg)'/"] 0.612 0.621
n
R? 0.943 0.985
K 0.093 0.110
. 1/n : )
Freundlich model 208K [(mg/g) 1(% mg) /"] 0.451 0.528
R? 0.845 0.996
K 0.071 0.100
. 1/ : .
308K [(mg/g) 1(/” mg)* "] 0.554 0.553
n
R? 0.839 0.949
0873 e ) e
{_ [ JpLa [ JreLa
0.5 {_ + 0.5
h
0.4 1 -~ 044 |
2 2
503 £0.3-
£ B
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Figure 8. The influence of pH (a) and salinity (b) on the adsorption of Cr(VI) onto PE and PLA.

As shown in Figure 8b, the effect of NaCl on the adsorption of Cr(VI) on MPs was
investigated. The results indicated that the adsorption capacity of MPs for Cr(VI) continu-
ally decreased as the concentration of NaCl increased; the adsorption capacity of PE and
PLA for Cr(VI) decreased by 0.143 mg/g and 0.277 mg/g, respectively, when the salinity
increased from zero to that of seawater. Additionally, it was reported that the maximum
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adsorption efficiency of Cr(VI) by PA in deionized water was 66.1%, which was 1.25 times
higher than that in simulated seawater. Furthermore, the adsorption capacity of PA for
Cr(VI) was negatively correlated with the salt content of the solution. This trend was
mainly due to ionic competition and charge screening effects. The ionic competition effect
refers to an increase in ionic strength as the concentration of NaCl in water rises, causing
Na* and Cl~ ions to compete with Cr(VI) for active sites on the surface of the microplastics.
Additionally, the increase in these ions might hinder the mass transfer from the aqueous
solution to the solid surface, thereby weakening electrostatic interactions [53]. The charge
screening effect implies that Na*™ and CI~ in water might form a charge screening layer
on the surface of the microplastics, which would neutralize the surface negative charge
of the MPs, thus weakening the electrostatic attraction and hindering the adsorption of
Cr(VI) onto the active sites on the surface of the microplastics [54]. Previous studies also
found that high concentrations of NaCl in water significantly inhibited the adsorption of
Hg(II) and Pb(II) on microplastics. The reason is that Na* competes with Hg(II) and Pb(II)
for adsorption sites, and a high concentration of Na* causes compression of the double
layer, reducing the repulsive forces between MPs, leading to aggregation and reducing the
surface activity of the microplastics [55,56].

3.5.2. The Influence of Photoaging

The aging process of MPs can be categorized into the following three main types:
(1) physical aging, which refers to the mechanical actions such as wear from stones, gravel,
or collisions with rocks, waves, and turbulence, leading to smaller fragments of MPs;
(2) chemical aging, which is due to chemical actions occurring under the influence of light,
heat, or oxidizing agents; and (3) biological aging, which is attributed to the activities of
organisms, such as fungi, bacteria, and algae, causing changes in the surface properties of
MPs or a reduction in mechanical strength [57].

Aging can lead to an increase in the charge, porosity, roughness, polarity, and hy-
drophilicity of microplastics, thereby allowing them to adsorb more pollutants [58]. Aging
also results in cross-linking, chain scission, and surface yellowing, which is consistent with
the phenomena observed in this study. As shown in Figure 9a,b, photoaging promoted
the adsorption of Cr(VI) on MPs. At initial concentrations of Cr(VI) of 5, 10, and 20 mg/L,
the adsorption capacity of Cr(VI) on aged PE increased by 0.045, 0.020, and 0.050 mg/g
compared to the virgin PE, respectively. The adsorption capacity of Cr(VI) on aged PLA
increased by 0.035, 0.045, and 0.190 mg/g compared to the virgin PLA. When the initial
concentration of Cr(VI) was less than 10 mg/L, the adsorption of Cr(VI) by PE increased
with the concentration of Cr(VI); however, when the initial concentration of Cr(VI) was
greater than 10 mg/L, the adsorption by PE increased slowly or even slightly decreased.
The adsorption of Cr(VI) by PLA increased rapidly with the increase in the initial concen-
tration of Cr(VI), but the increase slowed in the range of 7.5-10 mg/L. The adsorption
process of aged PE for Cr(VI) still fitted the Langmuir model well, while PLA was fitted
better with the Freundlich model. Liu et al. [20] also found that UV /O3 aging significantly
increased the specific surface area and oxygen content of PE and PLA, enhancing their
adsorption capacity for Pb(Il). Consequently, the adsorption capacities of Pb(II) on PE and
PLA increased from 0.54 mg/g and 0.67 mg/g before aging to 0.83 mg/g and 0.98 mg/g
after aging, respectively.

3.5.3. The Influence of the Presence of Surfactants and Cu?*

Surfactants have amphiphilic natures with affinities for both water and oil [50]. Due
to the abundant oxygen-containing functional groups in surfactants, they can adhere to
the surface of microplastics, affecting the diffusion of microplastics in water, and can bind
with PTE ions through complexation or ion exchange. Thus, the presence of surfactants
in water can influence the adsorption behavior of PTE ions on microplastics [31]. In this
study, SDS was selected as a typical representative to explore the effect of its presence on
the adsorption of Cr(VI) by microplastics due to its wide application in cleaning products,
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such as shampoos and shower gels. As shown in Figure 10a, the presence of SDS at
concentrations of 0-300 mg/L significantly promoted the adsorption of Cr(VI) by PE and
PLA. When the concentration of SDS was 300 mg/L, the adsorption capacity of PE and PLA
for Cr(VI) increased by 0.83 mg/g and 0.81 mg/g, respectively. This is because increasing
the concentration of SDS enhances the dispersion of PE and PLA in aqueous solutions,
thereby enhancing the interface interactions between the microplastics and Cr(VI).
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Figure 9. The influence of photoaging on the adsorption of Cr(VI) onto PE (a) and PLA (b).
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Figure 10. The influence of the presence of surfactants (a) and Cu?* (b) on the adsorption of Cr(VI)
onto PE and PLA.

The critical micelle concentration (CMC) of SDS is approximately 2437 mg/L [50],
while the concentration of SDS in this study is far below its CMC value. Below the CMC,
a large amount of SDS is in a free state, which promotes the dispersion of MPs in the
solution and therefore increases the contact area between MPs and Cr(VI) [48]. Due to the
amphiphilic nature of SDS, it can form a thin wetting film on the surface of MPs, creating
more adsorbable sites; surfactants can also change the charge on the surface of MPs. SDS
molecules may adhere to the rough surface of MPs, increasing the electrostatic interaction
between them, thus enhancing the ability of MPs to adsorb PTE ions. Shen et al. [31] found
that after adding sodium dodecylbenzene sulfonate (SDBS), the adsorption capacities of
Pb(Il) on PE, PP, and polymethyl methacrylate (PMMA) increased by 5.19 mg/g, 5.45 mg/g,
and 3.66 mg/g, respectively.

As shown in Figure 10b, the presence of Cu?* increased the adsorption capacity of
Cr(VI) on PE and PLA, and the adsorption capacity was also increased with the increase in
Cu?* concentration. When Cr(VI): Cu?* = 2:1, 1:1, and 1:2, the adsorption capacity of Cr(VI)
on PE and PLA increased by 0.20 mg/g, 0.38 mg/g, 0.56 mg/g, 0.34 mg/g, 0.42 mg/g,
and 0.59 mg/g, respectively. This indicated that PLA had a stronger affinity for Cr(VI) in
solutions containing Cu?*. In conclusion, Cu?* can promote the adsorption of Cr(VI) on PE
and PLA, which is mainly due to the following reasons: (1) ion exchange and adsorption
bridging effects which can facilitate the adsorption of Cr(VI) by allowing Cu?* to pre-adsorb
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onto the MPs and then serve as bridge sites for Cr(VI) adsorption [40]; and (2) the hydration
radius of Cr(VI) (0.52 A) is smaller than that of Cu?* (0.73 A), making Cr(VI) more readily
adsorbed onto active sites [56,59]. Previous research [41] has also suggested that Cu?
could promote the adsorption of Cr(VI) on aged polyethylene and polystyrene because the
preferential adsorption of Cu?* could form complexation bonds with the functional groups
on the MPs, thereby facilitating further binding of Cr(VI) through a form of cooperative
adsorption. Similar results were observed in the study of organic matter adsorption on
microplastics, in which the adsorption capacity of ciprofloxacin on 50 pm PE increased
from approximately 1.0 mg/g to 2.74 mg/g as the Cu?* concentration increased from 0 to
20 mg/L [40].

3.6. Adsorption Mechanisms

Electrostatic forces, van der Waals forces, hydrogen bonding, and surface complexation
are important to the interactions between PTE ions and MPs. From the abovementioned
results, the adsorption of Cr(VI) on MPs fitted the pseudo-first-order model well, indicat-
ing that the adsorption process was likely a multi-rate process. The effect of pH on the
adsorption of Cr(VI) on PE and PLA suggested that the electrostatic repulsion between
MPs and metal ions increased with pH increasing, so the electrostatic interaction was the
main mechanism for MPs carrying Cr(VI). The structure of PE is stable and not easily
broken, while PLA’s structure is more mobile and easily disrupted, making it more reactive
with other pollutants. Additionally, —CHj; in PE’s structure, which cannot adsorb Cr(VI)
through ion exchange, may exert adsorption force through valence electron displacement
from active electrons on methylene or methyl groups, greatly limiting PE’s adsorption
performance for PTE ions.

According to the comparison of the FTIR spectra of MPs before and after the adsorption
of Cr(VI), there were shifts in some bonds, weakening of functional group intensities,
and the disappearance of peaks after PE adsorbed Cr(VI). However, after PLA adsorbed
Cr(VI), not only was there a significant weakening of functional group (—OH, C—0O, C=0)
intensities, but also shifts in functional groups. No significant shifts or new functional
groups were found at the characteristic peaks of PE (721 cm~1, 1467 cm~!, 2851 cm™!,
2920 cm~!) and PLA (1185 cm ™!, 1387 cm ™1, 1758 cm ™!, 2999 cm~!). This is in agreement
with previous studies; the FTIR spectra of PA and PP after adsorbing Cr(VI) did not differ
significantly from those of PA and PP without Cr(VI) adsorption [32]. Similarly, the FTIR
spectra of PE and PLA after adsorbing Pb(II) showed no significant changes from those of
pristine PE and PLA [59,60]. Therefore, this further suggests that physical adsorption may
play a dominant role in the adsorption process.

Combining XPS analysis further elucidates the interaction mechanism. After PE and
PLA adsorbed Cr(VI), the binding energies of O—C=0, C=0, and —OH groups changed,
and the relative atomic percentages of these oxygen-containing functional groups decreased.
Thus, surface complexation and hydrogen bonding also play roles in the adsorption mecha-
nism. Similarly, after the adsorption of rhodamine B on aged polystyrene (PS), the binding
energies of O—C=0 and C=0 changed, and their content decreased by 3.3% [61]. These
results highlighted the key role of oxygen-containing functional groups in the adsorption
of pollutants by MPs.

Therefore, under low pH conditions, electrostatic attraction is the main mechanism for
MPs to accumulate Cr(VI) ions. Surface complexation and hydrogen bonding, primarily
involving oxygen-containing functional groups (including C=0, O—C=0, and —OH) with
Cr(VI) ions, also contribute to the adsorption process. The schematic structure optimization
of PE and PLA and their mechanisms of interaction with Cr(VI) are shown in Figure 11.
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Figure 11. The adsorption mechanisms of Cr(VI) onto PE and PLA.

3.7. Desorption of Cr(VI)

As shown in Figure 12, the desorption capacities of Cr(VI) from the contaminated
PE and PLA in three kinds of solutions demonstrated the following order: surfactant
solution > simulated seawater > deionized water. Moreover, PLA exhibited higher des-
orption efficiencies than PE in all three solutions. The desorption efficiencies of Cr(VI)
from PLA were 57.8%, 43.4%, and 31.3% in surfactant solution, simulated seawater, and
deionized water, respectively, while those from PE were 46.4%, 31.9%, and 23.2%, re-
spectively. The presence of salinity (NaCl) and surfactants promoted desorption, with
surfactants having a greater effect than salinity. The promoting effect of salinity is attributed
to the disruption of charge balance by salt ions and the competition between CI™ ions
and Cr(VI) [32,38]. Similarly, related studies found that the desorption efficiency of Cr(VI)
from PA microplastics was as high as 79.5% in simulated seawater, compared to 34.8%
and 66.6% in deionized and simulated freshwater environments, respectively [32]. The
desorption of Hg(Il) from aged tire particles increased from less than 5 mg/g in ultrapure
water to 15.4 mg/g in seawater [38]. With the presence of surfactants, the microplastics
floating on the surface of the liquid were dispersed in the solution under the action of the
surfactant, increasing their interaction with the solution and thus improving the desorption
capacity [39].
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Figure 12. Desorption volume and desorption efficiency of PE and PLA in deionized water, simulated
seawater, and surfactant solutions.
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4. Conclusions

This study has compared the adsorption behavior of Cr(VI) on conventional (PE) and
biodegradable (PLA) microplastics. The adsorption of Cr(VI) on PE was consistent with
the Langmuir model, while PLA conformed better to the Freundlich model; both had a
close fit with the pseudo-first-order kinetic model, which suggested that both physical
and chemical adsorptions occur in the adsorption process, with physical adsorption being
dominant. Between the two types of MPs, the adsorption capacity of Cr(VI) on PLA is
obviously higher than that of PE. Thus, biodegradable MPs like PLA may be a better carrier
for Cr (VI) migration compared to PE in aquatic environments. Higher temperature, the
presence of surfactants and Cu?*, and photoaging all promoted the adsorption of Cr(VI) on
MPs, while high salinity and pH inhibited adsorption. The highest adsorption capacities
of Cr(VI) on PE and PLA were 0.345 mg/g and 0.415 mg/g, respectively, at an MPs dose
of 1 g/L. At 308 K, the adsorption capacities of Cr(VI) on PE and PLA were 0.38 mg/g
and 0.54 mg/g, respectively. After photoaging, these capacities increased to 0.4 mg/g for
PE and 0.73 mg/g for PLA. The optimal pH for adsorption is 2.0, at which the adsorption
capacities of Cr(VI) on PE and PLA were 0.49 mg/g and 0.52 mg/g, respectively. With
the addition of 20 mg/L Cu?*, the adsorption capacities increase to 0.88 mg/g for PE
and 0.96 mg/g for PLA. By adding 300 mg/L SDS, the adsorption capacities of Cr(VI)
on PE and PLA reached their maxima of 1.14 mg/g and 1.21 mg/g, respectively. The
results of the desorption experiments illustrated that the adsorbed Cr(VI) could be released
into the simulated solution in 48 h. Surfactants could improve the desorption of Cr(VI).
The desorption efficiencies of Cr(VI) adsorbed on PLA (57.8%) were higher than those
on PE(46.4%) in surfactant solution. Results from characterization revealed that both PE
and PLA exhibit shifts in functional groups, the weakening of peak intensities, and the
disappearance of peaks after the adsorption of Cr(VI). Therefore, the mechanism of MPs
adsorbing Cr(VI) may be attributed to electrostatic attraction, hydrogen bonding, and
surface complexation. Studying the interactions of microplastics, especially biodegradable
microplastics, with PTEs such as chromium helps to understand their migration in the
environment, with long-term implications for and effects on ecosystems and human health.
Therefore, this study demonstrated PLA’s potential as a vector for PTEs, posing a greater
threat to the aquatic environment. The risk associated with PLA might be higher than that
with PE, and PLA’s suitability as a substitute for PE must be thoroughly investigated and
confirmed.
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