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ARTICLE INFO ABSTRACT

Handling editor: Yongmei Li Microplastics (MPs) and dye pollutants are widespread in aquatic environments. Here, the adsorption charac-
teristics of anionic dye methyl orange (MO) and cationic dye malachite green (MG) on polyamide 6 (PA6) and

Keywords: polyamide 66 (PA66) MPs were investigated, including kinetics, isotherm equilibrium and thermodynamics. The

Polyamide microplastics co-adsorption of MO and MG under different pH was also evaluated. The results reveal that the adsorption

Methyl orange
Malachite green
Adsorption mechanism

process of MO and MG is suitably expounded by a pseudo-second-order kinetic model. The process can be
characterized by two stages: internal diffusion and external diffusion. The isothermal adsorption equilibrium of
MO and MG can be effectively described using the Langmuir model, signifying monolayer adsorption.
Furthermore, the thermodynamic results indicated that the adsorption was spontaneous with exothermic and
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endothermic properties, respectively. The results of binary systems reveal that MO dominates the adsorption at
low pH (2-5), while MG dominates at high pH (8-10). Strong competitive adsorption was observed between MO
and MG in neutral conditions (pH 6-8). The desorption experiments confirm that PA6 and PA66 could serve as
potential carriers of MO and MG. The interaction between dyes and polyamide MPs is primarily mediated
through hydrogen bonds and electrostatic attraction. The results reveal that PA6 formed more hydrogen bonds
with the dyes, resulting in higher adsorption capacity than that of PA66. This difference can be attributed to the
disparities in the synthesis process and polymerization method. Our study uncovered the adsorption mechanism
of dye pollutants on PA6 and PA66, and provided a more comprehensive theoretical basis for the risk assessment
concerning different types of polyamide MPs in aquatic environments.

1. Introduction

Plastic products are widely produced and used worldwide due to
their quality and affordability. However, an alarming 320 million tons of
plastic waste is recklessly discharged into the environment every year,
causing a serious environmental burden (Wu et al., 2019). These dis-
carded plastics undergo physical, chemical and biological processes and
eventually break down into minuscule plastic particles (Liu et al., 2023).
These plastic particles, with size of 5 mm or less, are commonly known
as microplastics (MPs) (Wang et al., 2023a). As a new type of pollutant,
MPs persist in aquatic environment. Aquatic organisms ingest MPs,
which adversely affects their growth, behavior, and development (Mis-
sawi et al., 2022; Wang et al., 2023b). Furthermore, MPs exhibit a robust
hydrophobicity and large surface area, making them highly efficient at
adsorbing pollutants such as phenanthrene (Zhao et al., 2020), naph-
thalene (Yu et al., 2020a), and tetracycline (Wang et al., 2021a). Na
et al. reported that diphenylketone-3 and polyethylene (PE) MPs man-
ifest a synergistic effect, amplifying the toxic effect on large water fleas
(Na et al., 2021). This confirms the insidious potential of MPs to accu-
mulate and propagate through the food chain, thereby jeopardizing
aquatic ecosystems and food security (Lee et al., 2019; Barboza et al.,
2020). Understanding the adsorption mechanism between MPs and
pollutants and exploring the desorption behavior of contaminated MPs
in body fluids is essential to ensure the protection of the ecological
environment and risk assessment.

The mechanisms of adsorption between various types of MPs and
pollutants vary (Loncarski et al., 2021). In the study conducted by Yu
et al. the adsorption mechanism of benzotriazole and benzothiazole on
polyvinyl chloride (PVC) MPs was investigated, affirming that electro-
static and hydrophobic interactions predominantly govern the adsorp-
tion of pollutants on PVC (Yu et al., 2022). Surface adsorption was
confirmed to be the primary adsorption mechanism for imidacloprid,
thiamethoxam, and benomyl on PE by Li et al. (2021a). Using DFT
calculations, Mo et al. assisted in determining the adsorption mecha-
nisms of chlorpyrifos and carbendazim on polypropylene (PP) MPs and
PE MPs, and the findings confirmed that intermolecular van der Waals
forces are the primary adsorption mechanism (Mo et al., 2021). The
adsorption of Cu(II) by polystyrene (PS) MPs and polyethylene tere-
phthalate (PET) MPs in simulated seawater was investigated by Wang
et al. and their research revealed that the primary affinity for adsorption
is electrostatic interaction and distribution diffusion mechanism (Wang
et al., 2021b).

Polyamide (PA), also known as nylon, is a semi-crystalline polymer
with a huge production volume. There are many types of PA plastics. Of
these, the most commonly produced and used are polyamide 6 (PA6)
and polyamide 66 (PA66), with annual production volumes of approx-
imately 3.4 million and 4.4 million tons, respectively (Peng et al., 2020).
Owing to their remarkable physical and mechanical properties, PA6 and
PA66 are more prevalently used in fishing nets, cargo tie ropes, and
aquaculture compared to other plastic products (Jiang et al., 2022).
However, their wear and disposal give rise to copious amounts of PA6
and PA66 MPs in aquatic environments (Wang et al., 2018). In addition,
their lower density (p = 1.00-1.15 g cm™°) permits them to be effort-
lessly transported in water and perhaps serve as vessels for pollutants

(Tang et al., 2021a). Therefore, the presence of PA6 and PA66 in aquatic
environments may present a greater hazard. Although the monomer
structures of PA6 and PA66 share similarities, the distinctness in their
chemical properties stems from differences in synthetic procedures.
However, the difference in the synthesis process will make the hydrogen
bond strength of PA6 and PA66 different (Dasgupta et al., 1996). This
may lead to differences in the adsorption of pollutants on PA6 and PA66.
However, the research conducted on the adsorption behavior of pol-
lutants on PA6 and PA66 is inadequate.

The use and production of dyes have grown in tandem with the
progression of society, resulting in a surge of dye pollutants that
discharge into aquatic environments through dilution (Haounati et al.,
2021). These pollutants exhibit potent toxicity and can induce acute or
chronic illnesses in organisms (Choudhary et al., 2020). Methyl orange
(MO), an azo anionic dye, serves primarily as an acid-base indicator and
for textile dyeing, while malachite green (MG), a triphenylmethane
cationic dye, finds common use in dyeing silk and paper (Zhang et al.,
2018; Mohammad et al., 2019). These dyes manifest strong inductive
and carcinogenic properties, and their long-term exposure can instigate
vomiting, tissue necrosis, and other maladies in organisms (Guo et al.,
2011). Moreover, dye pollutants prove difficult to degrade and their
prevalence renders inevitable contact with MPs. When MPs and dyes
show affinity, contaminated MPs intensify environmental perils. Du
et al. performed adsorption studies of the cationic dye crystal violet on
naturally aged PE and PP, substantiating the strong affinity between
crystal violet and MPs (Du et al., 2022). You et al. analyzed the
adsorption-desorption behavior of methylene blue (MB) on both aged
and unaged PE, thereby determining that PE could serve as a potential
carrier for MB transportation (You et al., 2021). Nevertheless, studies
that explore the interaction between dyes and MPs remain scant. In
reality, wastewater that discharges into aquatic environments
frequently contains more than one type of dye, and interactions between
two or more dyes undeniably produce complex environmental behavior
(Verma et al., 2021; Juang et al., 2010). Hence, the study of adsorption
of binary or multiple dyes on MPs holds practical significance.

In this study, the anionic dye Methyl Orange (MO) and cationic dye
Malachite Green (MG) were chosen as exemplary pollutants for the ex-
amination of their adsorption behavior on PA6 and PA66. The over-
arching objectives of this study were the following: (1) to study the
adsorption behavior of MO and MG on PA6 and PA66, respectively; (2)
to study the influence of environmental factors on the adsorption and
desorption behavior of the two PAs after contamination; (3) to investi-
gate the absorption behavior of PA6 and PA66 in the coexistence system
of the two dyes; (4) to delve into the conceivable interaction mecha-
nisms between the dyes and the two PAs. This study aims to foster a
deeper comprehension of the possible environmental perils and provide
a foundation for the composite pollution of multiple dyes on MPs.

2. Materials and methods
2.1. Materials and chemicals

Polyamide 6 and Polyamide 66 MPs (both with sizes ranging from 75
to 150 (m) were purchased from Hengfa Plasticization Co. Ltd
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(Guangdong, China). Methyl orange (MO, >98%), malachite green (MG,
>98%), and sodium taurocholate (NaT, >97%) were purchased from
Aladdin Co. Ltd (Shanghai, China). The specific physical and chemical
properties of the MPs and dyes are shown in Table S1. Fulvic acid (FA,
>90%) was purchased from Domatte Technology Co. Ltd (Beijing,
China). Methanol and acetonitrile of chromatographic grade were pur-
chased from Sigma-Aldrich (St. Louis, MO, USA). High-purity water was
obtained using a Milli-Q system (Bedford, MA, USA). Other reagents and
chemicals (except MPs) used in the experiment were at least of analyt-
ical grade or higher. The MPs were washed three times with deionized
water and ethanol to remove any possible organic compounds on their
surface. They were then dried in a vacuum oven at 50 °C for 36 h and
stored in glass bottles for future use. The dyes were dissolved in
deionized water as stock solutions (500 mg L™1).

2.2. Characterization

The surface morphology and size of PA6 and PA66 were observed
using a scanning electron microscope (SEM, Sigma 500, Zeiss, Ger-
many). The specific surface area of the two PAs was evaluated by ni-
trogen adsorption-desorption isotherm using the Brunauer-Emmett-
Teller (BET) model at 77.35 K (ASAP 2460, Micromeritics Co., USA).
The changes in the surface functional groups of the two PAs before and
after adsorption were characterized using a Fourier-transform infrared
spectrometer (FTIR, Nicolet iS5, Thermo Fisher, USA). Zeta potential
was measured by NanoZS (Malvern, UK) for the 2 PA at different pH. X-
ray diffraction (XRD, D8 Advance, Bruker, Germany) was used to
determine the crystallinity of the two PAs. In addition, the static contact
angles of the two PAs were measured by a contact angle goniometer
(SL250, Kino, USA).

The concentration of the dye in the single system was determined by
a UV-visible spectrophotometer (UV-2550, Shimadzu, Japan). The UV
detection wavelengths for MO and MG were 464 nm and 615 nm,
respectively. For the concentration of the dye in the binary system, ultra-
high performance liquid chromatography (UPLC, Dionex, USA) was
used for separation and analysis (Wang et al., 2022a). Specific chro-
matographic conditions are described in the Supplementary Material.

2.3. Batch adsorption experiments

Batch adsorption of dye (MO or MG) on PA6 and PA66 was made in
fresh water in triplicates. Blank (without MPs or dyes) was used to
correct possible errors. Dye of different concentrations was diluted by
adding deionized water to the stock solution. The adsorption kinetics,
adsorption thermodynamics, and environmental factors were
investigated.

For the kinetics of adsorption, 50 mg of either PA6 or PA66 and 50
mL of 10 mg Lt dye (either MO or MG) was added to a 50 mL amber
EPA vial. The pH of the reaction solution was 6.0. The samples were
placed in a light-proof oscillator with the rotation rate of 160 rpm and
temperature of 25 °C, with sampling taking place at fixed time intervals
0, 1, 2, 4, 8, 12, 24, 36, 48, 72 h). The kinetic experiments have
demonstrated that 48 h is sufficient for reaching adsorption equilibrium.
Therefore, the equilibrium time for subsequent adsorption experiments
was set at 48 h. In the adsorption isotherm experiment, the initial dye
(MG or MO) concentration ranged from 5 to 40 mg L1at 25, 35, and
45 °C. The effects of salinity, pH, and FA on the adsorption of MG or MO
on the two PAs were also studied.

To adjust pH within 2.0-10.0, 0.1 M NaOH or HCI was used. A
certain amount of NaCl was added to the solution to simulate different
salinities between freshwater and seawater (0-3.5%). The solutions with
different concentrations of FA (0-30 mg L) were prepared to study the
effect of dissolved organic matter on adsorption.

In addition, adsorption experiments were conducted on the coexis-
tence of the dyes (MO and MG) on PA6 and PA66 in a binary system. To
achieve this, 50 mg of either PA6 or PA66 was added to amber EPA vials,

Chemosphere 340 (2023) 139806

followed by the addition of a coexisting solution of MO and MG at a
concentration of 10 mg L™} in 50 mL. The pH of the solution was
adjusted to a targeted value (pH 2-10), and the samples were rotated at
160 rpm in a light-proof oscillator at a constant temperature of 25 °C for
48 h. After the adsorption experiments, 2 mL of the reaction solution was
taken and centrifuged at 10,000 rpm for 10 min. Then, 1.5 mL of the
supernatant was taken for measurements.

2.4. Desorption experiments

After the adsorption experiments, PA6 and PA66 were collected and
dried at room temperature. Subsequently, the dye-adsorbed PAs were
subjected to desorption experiments under the following conditions: (a)
deionized water (pH = 6-7), (b) 0.1 M CaCl; and 15 mM sodium taur-
ocholate, 38 °C, pH = 4, (c) 0.1 M CaCl; and 15 mM sodium taur-
ocholate, 18 °C, pH = 7-8. These three conditions were chosen as they
emulate more accurately the desorption environments of contaminated
MPs in their natural habitats (freshwater, intestinal fluids of warm-
blooded animals, and certain digestive fluids of marine organisms)
(Razanajatovo et al., 2018; Tang et al., 2021b).

A portion of 0.10 g of dried PA6 or PA66 was transferred to the
aforementioned solutions of 100 mL for desorption experiments. These
were conducted at 25 °C and were shaken in darkness for 48 h. Each
sample was replicated three times.

2.5. Data analysis

The adsorption equilibrium of dyes (MO or MG) on the two PAs was
computed by the following equation:

g =YG=C) &)
m

where ¢, (mg-g~!) and C; (mg-L™!) are the amount of dye adsorbed and

the solution concentration at time t, respectively; Co (mg-L™!) is the

initial dye concentration; V (L) is the volume of the reaction solution;

and m (g) is the mass of PA involved in the adsorption reaction.

In this study, kinetic, isotherm and model fitting are described in
Supplementary Material.

Data were analyzed using SPSS software (version 23.0, Statistical
Package for the Social Sciences Inc., Chicago, USA) for ANOVA. The
comparison of means was determined by Duncan’s multiple range test
(p < 0.05). Results are presented as mean + SD.

3. Results and discussion
3.1. Characterization of PAs

Fig. 1a and b displays the SEM images of PA6 and PA66, the MPs
employed in the adsorption experiments. These two PAs are quite alike
in their dimensions and exhibit irregular shapes. Their relatively rough
surfaces, as seen in Fig. 1a2 and Fig. 1b2, possess only a few pores. The
BET results (Table S2) indicate that the specific surface areas of PA6 and
PA66 are 0.287 and 0.296 m? g1, respectively, which is comparable to
those reported in other studies for materials such as PVC (0.144 m? g’l)
(Jiang et al., 2020), PE (0.265 m? g 1) and PS (0.621 m? g~1) (Sun et al.,
2022). Notably, the pore volumes of PA6 and PA66 are 7.28 and 3.02
mm?> g7}, respectively, which substantiates the SEM observations of two
PAs having a sparse number of pores. Hence, it can be concluded that
specific surface area and pore adsorption are not the primary factors
contributing to the dye adsorption on PA6 and PA66.

Fig. S1 displays the FTIR spectra of both PAs before and after the
adsorption of MO and MG. The spectra reveal that the characteristic
peaks of the amide I (N-C=O stretching vibration) and amide II (C-N-H
bending vibration) bonds of PA6 are at 1634 cm ! and 1539 cm’l,
respectively (Guo and Wu, 2008). The peaks at 3294 cm ™}, 2934 cm ™},
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Fig. 1. SEM images of (a) PA6 and (b) PA66; (c) XRD, (d) contact angle and (e) zeta potentials (f) of PA6 and PA66.

and 2862 cm ! are associated with N-H, C-H, and C-H stretching vi-
brations, respectively (Saleh and Ali, 2018). The FTIR spectrum of PA66
is nearly identical to that of PA6, given their highly similar molecular
structure (Ma et al., 2016). No new peaks were detected in the FTIR
spectra after the adsorption of MO and MG, indicating the absence of
any new chemical bonds formed during the adsorption process.

XRD analysis was employed to determine the crystallinity of PA6 and
PA66, as depicted in Fig. 1c. The results indicate that the diffraction
peaks of PA66 are more pronounced and sharper than those of PA6,
denoting a higher degree of crystallinity (Dasgupta et al., 1996). The
crystallinity of PA66 (46.52%) was also computed using Jade 6.0 cal-
culations, and it was found to be higher than that of PA6 (9.12%).
Compared to high-crystallinity MPs, low-crystallinity MPs have more
amorphous regions that are loose and flexible, making them more sus-
ceptible to dissolving and adsorbing pollutants (Zhao et al., 2020).
Furthermore, contact angle measurements confirmed that both PA6 and
PAG66 are hydrophobic, with PA66 displaying a stronger hydrophobicity,
as seen in Fig. 1d. The greater the hydrophobicity of the MPs, the more
significant their hydrophobic effect, which has a positive influence on
the adsorption of bisphenol contaminants by PVC, as reported by Wu
et al. (2019).

To determine the electrostatic interaction between the PAs and the
dye, zeta potential tests were performed on PA6 and PA66, as presented
in Fig. le. Both PAs exhibited a continuous decline in zeta potential as
the pH increased, with zero potential occurring near pH 4.5. Moreover,
the absolute value of zeta potential for PA6 was higher than that of PA66
within the measured range, validating the former’s greater sensitivity to
pH changes in the system. The dissimilarities in the physical and
chemical properties of PA6 and PA66 can be attributed to differences in
their respective synthesis processes.

3.2. Sorption kinetics

In Fig. 2a-b, the adsorption kinetics of MO and MG on two PAs are
presented. Generally, the adsorption of both MO and MG on both PAs
increases with time until reaching equilibrium at 48 h. PA6 exhibits a
higher adsorption capacity for both MO and MG compared to PA66.
Fig. S2 shows the color comparison of the two PAs before and after the
adsorption of MO and MG. The deepening of color further indicated that
the adsorption of dye on PA6 is higher than that on PA66. To investigate
the adsorption mechanism, the above kinetic data were fitted, and the
results are shown in Table S3. The results indicate that the adsorption
capacity of the pseudo-second-order (PSO) kinetic model (R2 > 0.981)
better fits the experimental data compared to the pseudo-first-order
(PFO) kinetic model (R? < 0.979). Thus, the adsorption process is
described as PSO, indicating that physical and chemical adsorption is in
a control position (Yu et al., 2022). Furthermore, the Elovich model was
used to further determine the potential adsorption mechanism based on
the kinetic data. The Elovich model fits the data well, indicating that the
surface adsorption energy may be non-uniformly distributed, and the
adsorption process is a non-uniform diffusion process (Xue et al., 2021).

The mass transfer of dyes (MO and MG) from the bulk solution to the
solid phase (PA6 and PA66) surface is related to physical adsorption,
and the mass transfer process can be divided into three steps: external
diffusion (surface adsorption), internal diffusion (pore diffusion), and
adsorption onto active sites (Li et al., 2022). In most cases, the dominant
factor affecting the adsorption rate is internal or external diffusion, or
both simultaneously controlled (Wu et al., 2019). Sheng et al. studied
the adsorption process of triclosan (TCS) on PE, PP, and PVC and
confirmed that the adsorption of the three MPs on TCS is mainly through
external diffusion and surface adsorption (Sheng et al., 2021). Yu et al.
reported that the adsorption of tetracycline (TC) on PE was dominated
by external and internal diffusion (Yu et al., 2020b). These reports
demonstrate that the adsorption mechanisms between MPs and



K. Wang et al.

Chemosphere 340 (2023) 139806

10 5 8
u PA6 « PA66 = PA6 « PAGGH
(@) = Kk e BAGS (b)  ropae s (©) . (d) m
8 Pseuda second order 44 Pseudo second order i »{,-«E/i
< Edovich Flovie 6 = 3 /
o : Sy |
) B i»/a,«""i»‘ o 34 -~ - 5
N i &3 c] 3 I :
£ H Ed g2
5 P = 2 - -
T4 3 2 = =
2 1 2 1
1 —1—PAG-MO —m—PA6-MG
—e—PA66-MO —e—PAGG-MG
o 0 0 0
0 10 20 30 40 50 60 70 80 0 10 20 30 40 S0 60 70 80 0 3 b 1 M 10 0 2 4 6 M 10
t Ul) t (h] ‘l‘.ﬁ (hHS) ||D.5 (hU,S)
L 8
24
11(e) +{(8) ) ()
—— PA6-MO-Langmuir it —— PAG-MG-Langmuir B —— PA66-MO-Langmuir P PAG6-MG-L: i
104 - - -PA6-MO-Freundlich - 6] TAGMG-Fromdiich _ - - -PA66-MO-Frenndlich = jr:ﬁ:’.‘:\m:l::f:d;‘;:u
s 6
@ 3 ) S @
3 @ o
E 4l Ed &
# e =1
44
2 24
24
m 208K e 308K A 318K 28K e S0k b SIS = 298K o 308K 4 318K = 298K e 308K 4 318K
0 ™ T T T T 0 [ T T T T 0
0 5 10 15 20 25 30 35 0 5 10 15 20 25 30 35 40 0 5 10 20 30035 40 0 s

Ce (mg/L) Ce (mg/L)

15 25
Ce (mg/L)

0 15 20 25
Ce (mg/L)

30 35 40

Fig. 2. Fitted kinetic curves by the model of PFO, PSO, Elovich equation (a and b) and intra-particle-diffusion (c and d), and fitted isotherms curves by the model of

Langmuir and Freundlich (e-h).

pollutants are different, and their rate-limiting steps are also different.
To further determine the controlling factors of the adsorption process of
MO and MG on two PAs, the particle internal diffusion model was used
to analyze the adsorption data, and segmented linear regression was
used for fitting, as shown in Fig. 2c-d and Table S4. It is evident that the
adsorption of MO and MG on both PAs follows three stages: external
diffusion, internal diffusion, and quasi-equilibrium. The initial slope of
the fitted data is greater than the subsequent slope, indicating that the
external diffusion rate is higher than the internal diffusion and
quasi-equilibrium during the adsorption process. The order of Ky, for
PA6 and PA66 in the three stages is consistent with their adsorption
capacity. The larger the value of C;, the greater the boundary layer effect
(Sulaymon and Abood, 2013; Wang et al., 2019). The order of intercepts
is C; < Cy < C3, which means that the boundary layer effect is contin-
uously increasing. Furthermore, the fact that C; is not equal to zero
confirms that internal diffusion is not the only rate-limiting step and that
both external and internal diffusion play important roles throughout the
entire adsorption process.

3.3. Adsorption isotherms and thermodynamics

In exploring the adsorption process of MO and MG on two PAs at
different temperatures, we employed the Langmuir and Freundlich
models (Fig. 2e-h and Table 1).

The Langmuir model posits that adsorption occurs as a single layer

multi-layer adsorption (Fan et al., 2021). As depicted, the Freundlich
model’s linear fit was comparatively weak, implying that the adsorption
process of MO and MG on the two PAs aligns more with single-layer
adsorption on a homogeneous surface. The Langmuir model fits the
adsorption data well, corroborating previous research findings (Li et al.,
2018; Tang et al., 2020). Notably, R;, (Eq. (2)) signifies the adsorption
characteristic value derived from the Langmuir model:

1

R =—
T 4 ke Co

(2)

An R; value less than one signifies favorable adsorption, whereas an
R, greater than one denotes unfavorable adsorption (R, = 1, as linear)
(Hall et al., 1966). From Tables 1 and it is evident that all the adsorption
data R, values fall between 0 and 1 (0.289-0.492), signifying that the
adsorption of MO and MG on the two PAs is favorable. At room tem-
perature, the maximum adsorption amounts of MG on PA6 and PA66 are
3.04 and 2.71 mg g !, respectively. The result is higher than
Hexabromocyclododecane-PS and PVC, and comparable to that of nylon
rope. In addition, the adsorption capacity of MO on PA6 and PA66 is
6.45 and 4.16 mg g~!, which is higher than that of the (PE + poly-
ethylene glycol) particle, as listed in Table S5.

Thermodynamic experiments are conducted to evaluate whether the
dye adsorption reactions on two PAs occur spontaneously based on the
van ‘t Hoff equation (Choudhary et al., 2020). The expressions are as
follows:

on a homogeneous surface, while the Freundlich model assumes AG®° = — RTlInk, 3)
adsorption occurs on a heterogeneous surface and is better suited for
Table 1
Adsorption isotherm parameters of dye (MO and MG) onto PAs at different temperatures.
Dyes MPs type Temperature (K) Langmuir model Freundlich model
Ky (L-mg™1) qm (mg-g™h) R? Ry ks (mg-g~'-(mg-L~H)*™) n R?
MO PA6 298 0.2442 11.1588 0.988 0.289 2.8721 2.5571 0.932
308 0.1788 9.4112 0.984 0.359 2.4280 2.5571 0.974
318 0.1264 8.7688 0.974 0.442 1.5065 2.1143 0.950
PA66 298 0.1265 8.8538 0.994 0.442 1.4658 2.1824 0.958
308 0.1233 6.9186 0.978 0.448 1.2430 2.0917 0.948
318 0.1034 6.1015 0.983 0.492 0.9250 2.0645 0.966
MG PA6 298 0.1486 5.6856 0.993 0.402 1.2886 2.6124 0.965
308 0.1569 6.7393 0.993 0.389 1.3556 2.3429 0.958
318 0.1627 7.7211 0.993 0.381 1.6430 2.4039 0.957
PA66 298 0.1296 4.9158 0.975 0.436 0.8757 2.1793 0.969
308 0.1530 5.4619 0.992 0.395 1.1098 2.2943 0.971
318 0.1581 6.6299 0.992 0.387 1.3549 2.3792 0.945
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AG® (kJ-mol ™! K‘l), AH° (kJ-mol™)), and AS® (J-mol™') are the
Gibbs free energy, enthalpy, and entropy, respectively. R (8.314 J mol !
K1) is the gas constant, and T (K) is the temperature, and k, is the
thermodynamic equilibrium constant, which is calculated from the
dimensionless ratio of the equilibrium adsorption quantity (g.) to the
equilibrium concentration (C,) (Xue et al., 2021).

The thermodynamic data for the adsorption of MO and MG on two
PAs at three different temperatures, 298 K, 308 K, and 318 K, have been
computed using the van ‘t Hoff equation, with the resulting changes in
entropy (AS°), enthalpy (AH°), and Gibbs free energy (AG°) shown in
Table S6. The negative values of AG® for both MO and MG on two PAs
(~18.701 ~ —15.109 kJ mol ') suggest that the adsorption process is
spontaneous and does not require external energy within the specified
temperature range (Tang et al., 2020).

The magnitude of AH° may provide insights into the adsorption
mechanism, with values less than 40 kJ mol™! indicating physical
adsorption and values greater than 40 kJ/mol indicating chemical
adsorption (Chen et al., 2021). Thus, the adsorption of MO and MG on
PA6 and PA66 is mainly affected by physical adsorption (AH® < 40 kJ
mol 1), which may suggest that hydrogen bonds, electrostatic attrac-
tion, and van der Waals forces are the dominant forces during the
adsorption process. The negative values of AH® for MO (—19.637 and
—17.916 kJ mol 1) indicate that its adsorption process on PA6 and PA66
is exothermic. This phenomenon is consistent with the adsorption of
most organic pollutants on MPs (Chen et al., 2021; Mohamed et al.,
2020). AG® increases with elevated temperature, which indicates that
MO adsorption is more favorable at a lower temperature. The increase in
temperature leads to the breaking of hydrogen bonds, which further
confirms the decrease in adsorption due to elevated temperature (Bao
et al., 2021). On the other hand, the positive values of AH° for MG on
PA6 and PA66 (14.233 and 16.918 kJ mol~!) indicates that its adsorp-
tion on two PAs is endothermic. This phenomenon has been confirmed
in related reports (Li et al., 2021b). The increase of temperature shifts
the equilibrium constant towards a higher value, and the concentration
of adsorbate on the surface of the adsorbent is higher.

The conclusions drawn from the differences in AG®° and AH® for MO
and MG on two PAs are consistent with the results of the adsorption
isotherm experiments (Fig. 2e-h). Furthermore, the positive values of
AS° (100.766 and 107.500 J mol’l) indicate an increase in the
randomness of the solid/liquid interface during the MG adsorption
process with increasing temperature (Xue et al., 2021). Conversely, the
AS° values of MO and the two PAs (—4.074 and —4.298 J mol™!) are
negative, suggesting a decrease in the concentration of MO at the sol-
id/liquid interface and an increase in the concentration at the solid
surface (Sheela et al., 2012).

nks= — 4

3.4. Effects of salinity and fulvic acid concentration

To simulate the salinity levels found in natural aquatic environ-
ments, including rivers, lakes, and oceans (with salinity levels of
approximately 3.5%), varying concentrations of NaCl were utilized to
examine the adsorption behavior of MO and MG on the MPs. The find-
ings of this study, as presented in Fig. 3a and c, and Table S7, revealed
that the adsorption levels of MO and MG on the two PAs decreased
notably as salinity levels increased.

In natural water, dissolved organic matter (DOM) is ubiquitous
(Wang et al., 2022b). Fulvic acid (FA) is one of the key components of
DOM, so the influence of FA on the adsorption of MO and MG should be
discussed. Fig. 3b and d and Table S7 illustrate the effects of varying FA
concentrations on the adsorption of MO and MG. The findings reveal
that a low concentration of FA insignificantly affects the adsorption of
MO and MG. However, when FA concentration increases (above 10 mg
L™1), the adsorption capacity of both MO and MG on the two types of
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Fig. 3. Effects of salinity (a, ¢) and FA (b, d) upon the adsorption of dye by PA6
and PA66.

polyamides (PAs) significantly decreases. Upon adding 30 mg L™! FA,
the adsorption capacity of MO on PA6 and PA66 reduces to 50.9% and
46.1%, respectively, whereas that of MG on PA6 and PA66 reduces to
67.6% and 65.0%. Detailed information about the influence of salinity
and fulvic acid concentration on the adsorption of MO and MG by the
two PAs is presented in the Supplementary Material.

The above results demonstrate that PA6 and PA66 exhibit the same
adsorption tendency for dyes even in solutions with different properties.
To further elucidate this intriguing phenomenon, the underlying
mechanism was subsequently revealed.

3.5. Effect of pH on adsorption

The pH of the environment plays a pivotal role in adsorption.
Therefore, it is necessary to study the adsorption of dyes by PA at
different pH in a single system. In the actual environment, the presence
of multiple forms of dye contaminants renders the adsorption of a single
dye on MPs insufficient to account for the authentic environmental state
(Juang et al., 2010). Given this, we studied the impact of diverse pH
values on the single and co-adsorption of PA6 and PA66, utilizing the
prototypical ionic dyes MO and MG, as demonstrated in Fig. 4 and
Table S8.

In single system, the adsorption of PA6 on MO increased, followed by
a decrease, as the pH of the solution gradually increased. Conversely, the
adsorption of MG by PA6 can be divided into two stages: slow and rapid
increase with pH. The adsorption of dyes by PA66 and PA6 exhibited a
consistent trend at the same pH, as shown in Table S8. Details of the
effect of pH on adsorption in single systems are presented in the Sup-
plementary Material.

Within the pH range of 2-10, the adsorption of MO and MG on both
PAs in the binary system was lower than those in the single system,
attributing to the existence of competitive adsorption. As depicted in
Fig. 4a, MO held the dominant adsorption position at low pH (2-5),
while MG took the leading position at high pH (9-10). When the pH was
neutral (6-8), MO and MG exhibited strong competitive adsorption on
PA6. At low pH, the adsorption capacity of MO was not notably reduced
by the inclusion of MG; conversely, the adsorption capacity of MG in the
binary system was significantly reduced. At low pH (excluding pH 4),
electrostatic repulsion ensued between the dyes (MO and MG) and PA6.
Thus, the apparent reduction of MG in the binary system may be
attributed to the addition of MO, which reduces the hydrogen bonding
between MG and PA6. This, in turn, corroborates the existence of
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Fig. 4. Adsorption of MO and MG in the binary system by PA6 (a) and PA66 (b) at different pH.

hydrogen bonding between MG and PA6 and confirms that hydrogen
bonding represents the principal cause for MO’s domination of adsorp-
tion at low pH.

Compared to the single system, the adsorption of MG on both PAs in
the binary system at high pH was slightly weakened. This phenomenon
is ascribed to the presence of MO, which decreases the affinity between
MG and PAs. At neutral pH, hydrogen bonds and electrostatic in-
teractions between dyes (MO and MG) and PA6 engender strong
competitive adsorption between MO and MG. As discerned from Fig. 4b,
the adsorption capacity of PA66 for MO and MG was lower than that of
PA6, while demonstrating the same pattern. Further examination is
required to elucidate the adsorption discrepancy between PA6 and PA66
on dyes. The foregoing once again demonstrates that hydrogen bonding
and electrostatic attraction are the primary mechanisms of adsorption
for MO and MG.

3.6. Desorption efficiency

In Fig. 5, the desorption efficiency of the two PAs loaded with MO
and MG exhibits a time-dependent increase under three distinct condi-
tions. The variance in desorption is apparent under different circum-
stances. In Fig. 5a, the desorption efficiency of PA66 loaded with MO in
simulated freshwater (deionized water) surpasses that of PA6 (5.12%)
and reaches 14.75%. The desorption efficiency of PA6 and PA66 loaded
with MO in simulated digestive tract fluid of marine organisms was the
highest, reaching 36.98% and 45.69%, respectively, when compared to
simulated intestinal fluid of freshwater and endothermic animals. In
contrast, the desorption efficiency of PA6 and PA66 loaded with MG was
the highest in the simulated digestive tract of endothermic animals,
reaching 31.91% and 42.34%, respectively, in Fig. 5b. Furthermore,
under the same conditions, the desorption efficiency of dye loaded PA66

is greater than that of PAG6.

These findings indicate that PA66 exhibits a more substantial
transport capacity for MO and MG than PA6, which might pose a greater
environmental hazard. The desorption efficiency of adsorbed MO and
MG varies significantly based on physiological conditions. MO is more
likely to desorb from PA6 and PA66 into marine organisms, whereas MG
is more likely to desorb from PA6 and PA66 into the intestinal fluids of
endothermic organisms. Thus, PA6 and PA66 may enter biological tis-
sues and other aquatic environments as carriers of MO and MG through
the adsorption-desorption process, thereby increasing the risk of dye
pollutants to aquatic organisms and human health. Additionally, the
complexity of adsorption and desorption of diverse dye pollutants and
PAs in the environment is validated.

3.7. Adsorption difference between PA6 and PA66

Our previous experiments have verified that the adsorption capacity
of dyes onto PA6 is significantly higher than that of PA66. Interestingly,
this difference is more pronounced in the adsorption of MO compared to
MG. Our infrared data indicates that no new chemical bonds are formed
during the adsorption process, suggesting that chemisorption is not the
main reason for adsorption, as shown in Fig. S1. From a molecular
structure perspective, both PA6 and PA66 have the same atomic ratios of
C, H, O, and N. Their infrared spectra are almost identical (Ma et al.,
2016). However, their production techniques differ significantly. PA6 is
formed via head-to-end ring-opening polymerization of caprolactam,
while PA66 is formed through the alternating formation of adipic acid
and 1,6-hexanediamine (Lin et al., 2023). The synthesis process dia-
grams of PA6 and PA66 are shown in Fig. S4. These different monomer
materials result in different polymer structures and physical properties,
as demonstrated in Fig. 1 and Table S2. Moreover, the specific surface

Fig. 5. Desorption efficiencies of dye within the time range of 0-48 h under various desorption conditions [(a) distilled water, 25 °C, pH = 7-8; (b) 0.1 M CaCl, and
15 mM sodium taurocholate, 38 °C, pH = 4; (c) 0.1 M CaCl, and 15 mM sodium taurocholate, 18 °C, pH = 7-8].
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area of PA6 and PA66 used in our experiment is similar, indicating that
specific surface area is not the main factor contributing to the difference
in dye adsorption between these two PAs.

PAG is significantly less crystalline than PA66, as shown in Fig. 1c
and Table S2, indicating that there are more amorphous regions in PA6
that make it more prone to adsorb MO and MG (Song et al., 2021). Guo
et al. (2012) have confirmed that the adsorption affinity of phenan-
threne, naphthalene, and Lindane on the surface of PE decreases with
increasing crystallinity, suggesting that lower crystallinity may also
contribute to higher dye adsorption in PA6. Although the hydropho-
bicity of PA66 is higher than that of PA6, as demonstrated in Fig. 1d, the
adsorption of dyes (MO and MG) onto PA66 is lower than that of PA6,
confirming that hydrophobicity is not the main reason for the difference
in dye adsorption between PA6 and PA66.

The adsorption experiments were carried out at pH 6.0, where the
zeta potentials of PA6 and PA66 are similar, as shown in Fig. le. Thus,
electrostatic interaction is not the main cause of adsorption differences.
Instead, the unique structure and physical properties of polyamides
(PA6 and PA66) are dominated by their hydrogen bonds (Shakiba et al.,
2021). Therefore, the configuration and stability of hydrogen bonds in
PA6 and PA66 significantly affect the adsorption process. Specifically,
PA66 has only one stable hydrogen bond arrangement that is not
affected by the cis-trans parallel arrangement, resulting in tight and
stable hydrogen bonds in its amide bonds (Dasgupta et al., 1996; Lin
et al., 2023). However, only half of the cis-trans parallel arrangement
inside PA6 can form hydrogen bonds, and the configuration is relatively
unstable (Wei et al., 2002; Li and Goddard, 2002). Additionally, the
atomic arrangement regularity of PA6 is lower than that of PA66, as
shown in Fig. S4. As a result, the unstable amide group in PA6 can more
easily form hydrogen bonds with dyes compared to PA66. The tight the
hydrogen bond arrangement, the higher the crystallinity, which is also
the reason for the higher crystallinity of PA66 (Li and Goddard, 2002).

In the study conducted by Xiong et al. the adsorption behavior of
ciprofloxacin and bisphenol with nano-PS was explored. It is believed
that the weakening of the hydroxyl peak in the infrared spectra is a
result of the formation of hydrogen bonds during adsorption (Xiong
et al., 2020). As evident from Fig. S1a, the peak of the amide group at
1630 cm™! and 1534 cm ™! of PA66 after adsorption of MO is noticeably
weakened. On the other hand, the amide group peak of PA6 decreases to
a greater extent. As a result, the adsorption of MO on PA6 is significantly
higher than that of PA66, mainly due to stronger hydrogen bonding.
Therefore, hydrogen bonding serves as the primary mechanism for MO
adsorption on both PA6 and PA66. This observation may clarify the fact
that although PA6 and PA66 differ only in terms of the adsorption
amount, they exhibit the same adsorption trend. In contrast, the
adsorption of MG by PA6 and PA66 is mainly attributed to electrostatic
interaction. Hence, the strength of the hydrogen bond between MG and
the two PAs has a limited influence on the adsorption amount.

5. Conclusion

In this study, we systematically investigated the adsorption behavior
of two polyamides, PA6 and PA66, concerning two dye pollutants, MO
and MG. Environmental experiments confirmed that the addition of
NaCl and FA significantly hindered the adsorption process of MO and
MG. We examined the effect of pH on the single and coexistence of MO
and MG. In the single system, we observed that the adsorption capacity
of MO increased initially and then decreased with increasing pH,
whereas the adsorption capacity of MG increased continuously. In the
binary system, our results indicated that at low pH (2-5), MO dominates
adsorption on PA6 and PA66, whereas MG dominates at high pH (9-10),
and strong competitive adsorption is observed at neutral pH (6-8).
Furthermore, we conducted experiments and characterizations that
confirmed that the adsorption of MO and MG on the two PAs was pri-
marily influenced by hydrogen bonding and electrostatic attraction. The
difference in adsorption between PA6 and PA66 on dyes is mainly
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attributed to the stability of the amide group and the difficulty of
forming hydrogen bonds with pollutants. Desorption experiments
revealed that the two PAs loaded with MO and MG exhibited desorption
behavior in both simulated fresh water and simulated biological fluids.
This indicates that PA can serve as a carrier of MO and MG, and can be
transferred through adsorption-desorption behavior, posing a threat to
the environment and biological health. In summary, our study of the
adsorption behavior of PA6 and PA66 for two dyes contributes to our
ability to accurately assess the environmental risks of the adsorption of
single and co-existing dyes by different polyamides. In the future, more
attention should be attached to the adsorption behavior between aged
polyamide MPs and various dyes and their possible environmental risks.
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