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Abstract

Microplastics (MPs) and antibiotics are emerging pollutants in aquatic environments. MPs can absorb antibiotics, resulting
in compound pollution. Batch adsorption experiments were used to investigate the adsorption behavior of CIP on polylactic
(PLA) and polyethlene (PE) under various environmental conditions. After a lengthy aging process, both MPs underwent
significant physicochemical changes. The equilibrium adsorption capacities of aged PLA and PE were 0.382 mg/g and
0.28 mg/g, respectively, which increased by 18.06% and 75% compared to pristine PLA and PE. The sorption capacity of
MPs increased when the pH of the solution approached the dissociation constant (6.09, 8.74) of CIP. When the salinity of
the solution was 3.5%, the adsorption capacity of MPs was reduced by more than 65%. The adsorption capacity of MPs
rapidly decreased when 20 mg/L fulvic acid was added. Because norfloxacin (NOR) competes for adsorption sites on the
microplastic, CIP adsorption is inhibited. Based on the adsorption models, FTIR, and XPS spectra, we demonstrated that the
process was monolayer adsorption, with chemical and physical mechanisms including hydrogen bonding, n-x conjugation,
ion exchange, and electrostatic interactions controlling it. Thus, PLA and PE microplastics may be a potential vector for CIP
in water, and their interaction is mainly influenced by the physicochemical properties of the MPs and environmental factors.
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Introduction

Plastic is a polymer that has high chemical stability and
plasticity. As a result, it is widely used in many fields
of industry and life (Andrady 2011). In the previous
60 years, plastic manufacturing has grown 622-fold, from
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ever, degradable plastics can only be wholly degraded
under particular conditions. Degradable plastics are more
likely to produce microplastics and adsorb other pollut-
ants, which may have a bigger negative impact on the
environment.
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Previous research has revealed that only a tiny propor-
tion (6 to 26%) of plastic trash gets recycled. As a result,
a considerable amount of plastic waste leads to environ-
mental pollution (Alimi et al. 2018). According to some
researchers, if the production of plastics continues to rise
and plastic trash is not effectively treated, by the middle
of the twenty-first century, approximately 12 billion tons
of plastic trash will be stored in the natural environment
(Jambeck et al. 2015). Plastic breaks down into pieces in
the environment by abrasion, oxidation, hydrolysis, photo-
aging, and biological action of traditional and biodegrad-
able plastic waste (Horton et al. 2017). Plastic fragments
smaller than 5 mm are usually referred to as MPs interna-
tionally to unify the definition (Bakir et al. 2014). Micro-
plastic pollution in oceans, lakes, and rivers has become
more widespread (Campanale et al. 2020; Ding et al. 2019;
Sighicelli et al. 2018). The primary source of microplastics
in the environment is the crushing process of large plastic
products. Furthermore, the release of microplastics into the
environment by industrial and domestic wastewater should
not be overlooked. Microplastic bioaccumulation along the
food chain can occur in aquatic systems, affecting individu-
als and populations. Microplastics can potentially cause a
wide range of toxicological reactions in organisms, includ-
ing lethality, reduced feeding activity, growth and develop-
ment inhibition, endocrine disruption, disruption of energy
metabolism, oxidative stress, immune and neurotransmission
dysfunction, and even genotoxicity (Lu et al. 2016). Because
of their large specific area, hydrophobicity, and mobility,
microplastics can accumulate chemical contaminants and act
as carriers for long-distance transportation (Guo et al. 2012).
Frias et al. (2010) reported that persistent organic pollutants
such as polycyclic aromatic hydrocarbons, polychlorinated
biphenyls, and dichlorodiphenyltrichloroethane were found
in microplastic particles collected from two beaches in Por-
tugal. Some scholars dispersed microplastics along the Chi-
nese coastline in various locations. Six months later, heavy
metals such as chromium, lead, and manganese were dis-
covered on these microplastics (Gao et al. 2019). Qiao et al.
(2019) demonstrated that the presence of MPs can extend
other pollutants’ half-lives, enhance their bioavailability, and
increase toxicity to organisms. Hence, it is crucial to com-
prehend the mechanisms and processes involved in MPs’
pollutant adsorption.

As a new category of pollutants, antibiotics have attracted
considerable interest due to their impact on biology and the
generation of medicine-resistance genes (Yang et al. 2017).
From 2000 to 2015, global antibiotic consumption grew
by 69% (Klein et al. 2018). The intestines of humans and
animals are not very efficient in absorbing antibiotics. As
a result, most antibiotics are excreted directly into the envi-
ronment as prodrugs (Danner et al. 2019). Li et al. (2018)
examined 27 antibiotic residues in the Pearl River coastal

area, among which macrolides were the most abundant, with
217 ng/L in river water and 232 ng/L in seawater. Sulfona-
mide antibiotics are incredibly stable and do not degrade
easily in the environment. Aquatic organisms exhibit chronic
toxicity due to long-term antibiotic contamination (Wang
et al. 2019). Studies have revealed that antibiotics can
change the structure and variety of microbial communities
by impeding processes like enzyme activity and food uptake.
Additionally, antibiotics in the environment can result in
the development of antibiotic-resistance genes (ARGs) and
resistant flora. The presence of ARGs can render antibiotics
useless, impair their ability to treat the disease effectively,
and endanger human health (Grenni et al. 2018). If antibi-
otics were enriched on microplastics, producing combined
pollution, they might cause more significant harm to the
environment and organisms. When aquatic organisms are
exposed to a combination of antibiotics and microplastics,
their bodies become enriched with microplastics. Antibiotics
are transported from microplastics to organisms via desorp-
tion in the intestines of the organisms, causing harm to the
organisms (Razanajatovo et al. 2018). When both microplas-
tics and antibiotics are present in the environment, the two
contaminants can interact physically and chemically. This
allows microplastics to act as antibiotic carriers, transport-
ing them through the water to different locations (Atugoda
et al. 2020). Understanding the mode and mechanism of
interaction between microplastics and antibiotics can thus
aid in investigating microplastics’ vector transport effect and
possible environmental dangers of co-occurring antibiotics.

Antibiotic sorption studies on microplastics had primar-
ily focused on conventional microplastics. Studies on the
sorption behavior of antibiotics by biodegradable micro-
plastics have begun as the use of biodegradable plastics has
increased. However, there has been no comparative research
on the interactions of conventional and biodegradable micro-
plastics with antibiotics. Plastic aging can cause changes in
the physicochemical properties of plastics, affecting their
ability to adsorb other contaminants. Most previous studies
used a single aging treatment, such as UV radiation (Zheng
et al. 2023). Simple aging treatments do not replicate the
effects of complex environmental conditions in nature on
microplastic aging. Furthermore, the interaction of MPs
with other contaminants may be influenced by complex envi-
ronmental factors. Despite the fact that many studies have
reported that antibiotics can be adsorbed by various micro-
plastics, there has been little research on the mechanism of
interaction between antibiotics and microplastics, as well as
the effect of pH, dissolved organic matter, and ionic strength
on their adsorption capacity.

PLA is a new biodegradable plastic, while PE is a tra-
ditional plastic. These two types of plastic are commonly
found in everyday life. Aged and new PLA/PE were used
in our experiments. CIP was selected as an example to
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investigate the adsorption of microplastics. The objec-
tives of this research were to investigate (1) how aging
affects microplastic characteristics and adsorption perfor-
mance, (2) the adsorption mechanisms of CIP on PLA
and PE using the kinetic model, isotherm models, and
thermodynamics, and (3) the effects of temperature, pH,
ionic strength, fulvic acid, and norfloxacin (NOR) on the
adsorption.

Materials and methods
Materials and reagents

Zhongxin Plastics Limited Company (Dongguan, China)
provided PLA and PE. Supplementary Table S1 describes
the specific physicochemical characteristics of MPs.
McLean Biochemical Technology Co., Ltd. supplied the
CIP (purity >98%), NOR (purity > 98%), methanol, and
acetic acid. Guangzhou Chemical Reagent Factory supplied
sodium chloride (NaCl), sodium hydroxide (NaOH), sodium
persulfate (Na,S,0yg), hydrochloric acid (HCI), fulvic acid
(purity >85%), and sulfuric acid (H,SO,). Methanol and
acetic acid were chromatography grade, and the remaining
chemicals were analytically pure grade. To prepare a stock
solution, the CIP was dissolved in a small amount of acetic
acid and then diluted with ultrapure water. Keep the stock
solution in the fridge at 4 °C. Before using, dilute it to the
required concentration.

Preparation of aged PLA and PE

In the environment, microplastics typically suffer natural
erosion. Microplastics were exposed to acid corrosion, alkali
corrosion, UV-activated persulfate oxidation, freezing, and
heating to simulate the aging effects of complex environ-
mental conditions in nature. First, 50 g of microplastic was
placed in 500 ml of 1 mol/l H,SO,. Microplastics float on
the water’s surface due to their low density. As a result, it
was placed on a magnetic stirrer to ensure complete contact
with the solution. After seven days, it was filtered, neutral-
ized with pure water, and placed in 500 ml of 1 mol/l NaOH.
Similarly, it was placed on a magnetic stirrer for seven days
to ensure that the microplastic and NaOH made complete
contact. They were then filtered and rinsed to neutrality
before being placed in 500 ml of 0.1 mol/l Na,S,04 and
stirred for seven days under UV light irradiation at 50 W/
m?. Finally, they were frozen at — 20 °C for 12 h and heated
at 70 °C for 12 h. This freezing and heating cycle lasted for
seven days. After the treatment, all aged microplastic parti-
cles were washed and dried.

@ Springer

Characterization

A scanning electron microscope (SEM, TESCAN MIRA
LMS, Czech Republic) was used to examine the surface
characteristics of the microplastics. N2 adsorption—desorp-
tion analysis (Micromeritics APSP 2460, Conta Instruments,
USA) was performed at 77 K to calculate the surface area
and pore volume of MPs. To define the adjustments in exte-
rior functional groups of MPs before and after the aging
process or adsorption, Fourier transforms infrared spec-
troscopy (FTIR, Nicolet iS 10, Thermo-Nicolet, USA) and
X-ray photoelectron spectroscopy (XPS, D8 ADVANCE,
Bruker, Germany) were used. A contact angle tester (JY-
82B Kruss DSA, China) was used to measure the contact
angle of microplastics.

CIP determination

High-performance liquid chromatography (HPLC, Agilent
1200, USA), C18 column, at a wavelength of 278 nm, was
used to quantify the samples. The instrument’s column tem-
perature was set to 30 °C. The mobile phase was 68:32 (v: v)
5% acetic acid and methanol at a flow rate of 1 mL/min; the
sample injection volume was set to 20 pL each time.

Adsorption experiments

To conduct kinetic adsorption experiments, 200 mg of MPs
(100 ym) and 40 ml of 3 mg/L CIP solution were added into
40 mL brown conical flasks. Bottles were placed on a shaker
with an air bath (Xinmiao Medical Equipment Manufac-
turing Co., Ltd., Shanghai, China). The shaker was set to
298 K and 180 rpm. Between 0 and 96 h, samples were taken
in intervals. HPLC was used to determine the concentra-
tion of CIP after the supernatant had been filtered through a
0.22 um nylon membrane (nylon 6, Jinteng, China) filter to
remove MPs. The initial concentration of CIP in the adsorp-
tion isotherm studies varied from 1 to 5 mg/L. Adsorption
experiments were performed at 288 K, 298 K, and 308 K,
respectively. To determine how PH affects adsorption, the
pH of the 3 mg/L CIP solution was adjusted to 3, 5, 7, 9, and
11 using 0.1 M NaOH and HCI, respectively. Varying the
NaCl mass fraction (0-3.5%) results in different ion concen-
trations, and the effect of varying ion concentrations on CIP
adsorption by microplastics was studied. Additionally, fulvic
acid solutions in various concentrations (0-20 mg/L) and
NOR solutions (1-5 M) were used to create CIP solutions
(3 M). The sample solutions were filtered through 0.22 um
filters and analyzed with HPLC after 24 h. Experiments were
performed in duplicate. Data were presented as means and
standard deviations.
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Sorption and thermodynamic models

The experimental results were interpreted using the Lager-
gren pseudo-first-order (Eq. 1), Lagergren pseudo-second-
order (Eq. 2), and Webber-Morris models to gain insights
into the kinetic mechanisms of CIP adsorption on MPs

(Eq. 3)
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where the theoretical adsorption capacity of the adsorbent
at equilibrium is represented by g, (mg/g). The adsorption
time is given by 7 (min), and the adsorption capacity at time
tis given by g, (mg/g); k; (1/min) is the Lagergren pseudo-
first-order, and k, (g/(mg-min)) is Lagergren pseudo-second-
order kinetic reaction rate constants, respectively; k,; (mg/
(g-min'’?)) is the intraparticle diffusion constant; and C is
the associated constant boundary layer thickness.

The Freundlich model (Eq. 4), Langmuir model (Eq. 5),
and Hill model (Eq. 6) were applied to analyze the adsorp-
tion isotherm to elucidate adsorption properties further.
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where g, (mg/g) and ¢g,, (mg/g) are the adsorption mass at
equilibrium and the theoretical saturation per unit adsor-
bent, respectively; the mass concentration of the adsorbate is
expressed by C, (mg/L) as its adsorption equilibrium value;
K is the Freundlich adsorption constant; K; (L/mg) is the
Langmuir adsorption constant; and » is the Freundlich con-
stant. 1/n is related to the adsorption surface heterogeneity.
When 0 < 1/n< 1, the adsorption is readily occurring. When
1/n=1, there is a lack of interaction between adsorbate and
adsorbed material, and adsorption is homogeneous. When
1/n> 1, adsorption is not readily occurring. For the Hill
model, K}, is the Hill’s constant and b is the Hill coefficient
of cooperation. A parameter b greater than 1 corresponds to
a positive interaction.

The following equations were used for the thermody-
namic study.
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where AS (J/mol) is entropy; AH (J/mol) is enthalpy; AG (J/
mol-K) is the Gibbs-free energy; ¢ (K) is the temperature of
the reaction system; R (8.314 J/ (mol K) is the gas constant;
and K (mL/g) is the partition coefficient of the adsorbate in
the solid—liquid phase.

Results and discussion
Physical and chemical property changes

Figure 1 shows the morphologies of the new and old MPs.
The figure shows that the new PLA surface had some folds
and pits, while the new PE surface was comparatively regu-
lar and flat. After extensive aging treatment, aged PLA and
PE surfaces became rougher. Moreover, the surface mor-
phology of PLA and PE changed differently after aging. The
aged PLA surface had many small and deep holes, whereas
the aged PE surface had more cracks. Cracks and pits were
discovered in the surface properties of aged MPs. This is a
suitable condition for molecular diffusion while providing a
larger surface area for CIP adsorption by MPs (Kannaujiya
et al. 2023). In the current study, the surface morphology
of aged MPs showed cracks and pits similar to previously
reported characteristics of aged MPs (Li et al. 2018). Sup-
plementary Table S1 displays the specific surface areas
(SSA), total pore volumes, and contact angles of pristine
and aged MPs. Before aging, the SSA of PLA and PE were
1.7915 m?/g and 0.6978 m?/g. The SSA of aged PLA and PE
reached 4.2525 m*/g and 1.0016 m?%/g, which was 2.4 and
1.4 times higher than before aging. The total volume of PLA
also increased by a factor of 1.57 due to aging. However, the
total PE volume did not change much due to aging. Theo-
retically, an adsorbent with a larger surface area and pore
volume can capture more pollutants (Zhou et al. 2020). The
contact angles of PLA and PE decreased by 1.34° and 3.53°,
respectively, due to aging, and the hydrophobicity decreased.

Figure 2 depicts the FTIR spectrum of new and aged
microplastics. For aged PLA, the peak intensities at
1752 cm™!, 3450 cm™', and 3666 cm™! increased. These
peaks correspond to C=0, O-H, and free O-H, respectively.
For aged PE, a significant decrease in peak intensities was
observed at 2920 cm™' and 1462 cm™'. These peaks corre-
spond to the functional groups C=H and C-H, respectively.
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Fig. 1 SEM images of original
PLA (a), aged PLA (b), original
PE (c), and aged PE (d)
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Fig.2 FTIR spectra of microplastics before and after the aging pro-
cess

The peak intensity increased at 3450 cm™!, and there was
a new peak at 1157 cm™', corresponding to O-H and C-O.
The breakdown of the C-H bond and subsequent interaction
with oxygen to produce peroxyl radicals may have caused
the increase in oxygen-containing functional groups (C-O).
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Peroxyl radicals can take up hydrogen atoms from their sur-
roundings, creating hydrogen peroxide groups (COOH),
which then break down further to generate additional func-
tional groups (C =0, C-OH) (Yousif and Haddad 2013).
The complex aging process introduces enough oxygen-
containing acidic functional groups on its surface. It has
been shown that these oxygen-containing functional groups
can trap some cations in solution (Khandaker et al. 2021).
The strength of oxygen-containing functional groups, such
as hydroxyl and carbonyl groups, increases with age, which
can affect the hydrophilicity of MPs (Huang et al. 2020).
In previous research, the contact angle of aged MPs was
reduced, demonstrating that aging enhances the hydrophi-
licity of MPs.

Adsorption kinetics

The kinetics of CIP adsorption on the four MPs (Fig. 3a)
revealed that the adsorption rate of MPs seemed to be ini-
tially high, then gradually decreased, and 90% of the CIP
adsorption capacity of the four microplastics was reached in
12 h. The rapid increase of the adsorption rate in the early
stage of the adsorption process proved the intense attrac-
tion between MPs and CIP, revealing that the surface of
MPs has sufficient adsorption sites (Hasan et al. 2023). The
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massive accumulation of CIP on MPs reduces the number
of active available sites, and adsorption gradually tends to
dynamic equilibrium (Kannaujiya et al. 2021). The adsorp-
tion reached dynamic equilibrium after shaking for 24 h. The
adsorption capacities of pristine PLA, aged PLA, pristine
PE, and aged PE were 0.382 mg/g, 0.451 mg/g, 0.16 mg/g,
and 0.28 mg/g, respectively. The remaining concentrations
of pollutants in the sample after treatment were 1.09 mg/L,
0.745 mg/L, 2.36 mg/L, and 1.6 mg/L, respectively. The four
MP adsorption kinetic curves were nearly identical, but their
equilibrium adsorption capacities decreased in the following
order: aged PLA >PLA > aged PE > PE.

The adsorption kinetic values were compared using
Egs. (1)—(4) to investigate adsorption mechanisms and
clarify the adsorption behavior. The R? of the Lagergren

4 6
tOAS(hO.S)

pseudo-second-order model is greater than 0.987, as shown
in Table 1. The Lagergren pseudo-second-order model has
a higher R? than Lagergren pseudo-first-order model. The
q, derived from the Lagergren pseudo-second-order model,
and the actual situation differed significantly. As a result, the
Lagergren pseudo-second-order was better suited to describe
MP adsorption behavior for CIP, which was primarily gov-
erned by chemisorption (Bao et al. 2021). Furthermore, the
specific adsorption process of CIP on MPs was investigated
by fitting the experimental data to the Webber-Morris model
(Fig. 3d, Supplementary Table S2). There are multiple lev-
els and no linear connection between ¢, and * in their
functional relationship. MPs adsorption process comprised
two or more stages. This means that the adsorption rate of
microplastics is determined by external diffusion as well as

Table 1 Lagergren pseudo-

MPs Lagergren pseudo-first- Lagergren pseudo-second-
first-order model and Lagergren order model order model
pseudo-second-order model
parameters for CIP adsorption q, (mg/g) k; (1/min) R? q, (mg/g) k, (g/(mg-min)) R?
on microplastics

Original PLA 0.049 0.091 0.492 0.382 22.84 0.9997

Aging PLA 0.137 0.099 0.897 0.472 4.275 0.9999

Original PE 0.050 0.089 0.413 0.157 2.503 0.9872

Aging PE 0.122 0.089 0.60 0.288 1.872 0.9926
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intraparticle diffusion (Bhattacharyya and Sharma 2004).
The adsorption process of PLA involves three periods, i.e.,
the surface diffusion period, the mesoporous adsorption
period, and the micropore adsorption period. However, the
adsorption process of PE involved only two periods, i.e.,
the surface adsorption period and the mesoporous adsorp-
tion period. This could be because PLA contains micropores
while PE contains only a few larger voids. The adsorption
rate of PLA diminished in the order of K, > K, > K3, and
that of PE in the order of K, > Kj,. Finally, the chemisorp-
tion of CIP on MPs was governed by both inside and outside
diffusion processes.

Adsorption isotherms

Figure 4 and Supplementary Fig. S1 show the adsorption
isotherms of CIP on PLA, aged PLA, aged PE, and PE. The
outcomes of the Langmuir, Freundlich, and Hill models are
shown in Table 2. At different temperatures, the adsorption
capacity of four microplastics for CIP differed significantly.
The increase in temperature is beneficial to the adsorption
of antibiotics by microplastics. The adsorption of the four
MP isotherms was nonlinear, suggesting that MP adsorption
efficiency was related to CIP concentration.

The adsorption isotherm is used to analyze the interaction
between the adsorbent and the adsorbed molecule, as well as
the adsorption properties. The R* of the models was higher
than 0.90. The Langmuir model fitted the data slightly better
than the Freundlich model. Based on the basic assumptions
of the models, it could be deduced that the adsorption of
CIP on the four MPs was monolayer. The ¢,, of aged MPs
was greater than unaged MPs, indicating that aged MPs had
increased adsorption performance than new MPs. All K
and n results demonstrated that PLA attracted CIP more
strongly than PE (Fan et al. 2021; Jiang et al. 2020). From
the Hill model, the interaction between CIP and microplas-
tics can be interpreted as a cooperative adsorption process.
The binding of CIP and specific sites on microplastics influ-
ences the binding ability of other sites on the microplastics’
surface (Ashiq et al. 2019). The value of b for aged PLA
is greater than one, indicating that the interaction between
CIP and aged PLA is always cooperative. The remaining
three microplastics, on the other hand, interacted with CIP in
both positive and negative cooperative binding. This may be
due to intermolecular forces. At different temperatures, the
CIP molecules adsorbed on the microplastics exert repulsive
or attractive forces on the surrounding dispersed CIP mol-
ecules. Furthermore, the positive k;, values demonstrate that

Fig.4 Adsorption of CIP on a iR b 0s
microplastics as fit to Langmuir 054 rom K AgeiFEs
and Freundlich models 074
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Table 2 The Langmuir, Freundlich, and Hill isotherm model parameters for CIP adsorption on microplastics
MPs Temperature k ~ Langmuir Freundlich Hill
g, (mg/g) Kk, (L/mg) R? n kp(L/img)  R? n k,(L/mg)  R*
Original PLA 288 0.3063 0.8844 09895 2.617 0.1562 0.9026  1.669 0.1672 0.9895
298 0.5168 0.4269 09620 1.821  0.1623 0.9979  0.6597  0.9856 0.9970
308 0.6367 0.014 0.9968 1.669  0.202 0.9979  0.5377  0.2560 0.9967
Aging PLA 288 0.837 0.370 0.9968  2.007  0.2473 0.9936  2.2049  0.502 0.9999
298 1.256 0.248 09710 1.037  0.1856 0.9694  2.0317  0.0881 0.9842
308 2.586 0.0945 0.9993 1.230  0.2499 0.9989 1.2065  0.7938 0.9996
Original PE 288 0.2838 0.1829 09595 2242  0.1093 09822  1.039 0.6921 0.9592
298 0.4803 0.2376 0.9997 1.843  0.1202 0.9999  0.6309  0.7072 0.9998
308 0.5951 0.4577 0.9999 1.796  0.1818 0.9999 1.5147  0.2112 0.9999
Aging PE 288 0.5357 0.4197 0.9882 1.771  0.1765 09616  1.4257  0.6334 0.9883
298 0.9786 0.0046 09950 1.724  0.1850 0.9968  0.7323  0.4514 0.9952
308 1.462 0.133 0.9999 1.493  0.1931 0.9999 1.4209  0.3923 0.9999

hydrophobic and electrostatic interactions are important in
the adsorption process (Sarici Ozdemir 2018).

Adsorption thermodynamics

Supplementary Table S3 gives the thermodynamic param-
eters of adsorption. At various temperatures, AG was greater
than zero. All four MPs must absorb external energy to facil-
itate the adsorption reaction. Positive AH values for the four
MPs supported this conclusion and were consistent with the
results of isotherm experiments. The increase in experimen-
tal temperature shifted the equilibrium toward heat absorp-
tion, which favored adsorption.

Environmental factors
pH

The adsorption process exhibited a significant dependence
on pH (Fig. 5a), with the greatest capacity for adsorption
at pH 7. This adsorption behavior can be explained by the
morphology of CIP at different pH values. pKa; (6.09)
and pKa, (8.74) were the two isoelectric points of CIP
(Changfu et al. 2022). Previous studies showed that PLA
was usually negatively charged on the surface at pH 3—-12
(Sun et al. 2021). PE, however, was positively charged
(Sun et al. 2022). At low pH values (< 6.09), electrostatic
interactions occur between the cationic form of CIP and
PLA. At this point, additional H* in the solution com-
petes with CIP, reducing the amount of CIP adsorbed by
PLA. However, there was a little difference in the amount
of PLA adsorbed to CIP between pH=3 and PH=7,
indicating that chemisorption was not negligible. PE
was positively charged at lower pH values. A repulsive
force between PE and CIP occurred due to electrostatic

interaction, inhibiting adsorption. At pH values between
6.09 and 8.74, CIP existed as amphiphilic ions, and both
electrostatic and hydrophobic effects played a crucial func-
tion around the neutral condition (Naushad et al. 2019).
CIP occurred primarily in the anionic form at pH val-
ues > 8.74. Because of the negative surface charge of PLA,
electrostatic repulsion suppressed CIP adsorption. Con-
versely, electrostatic attraction enabled PE to absorb CIP.
However, as the amount of OH- in solution rose, it battled
for adsorption sites with CIP, causing a reduction in CIP
adsorption efficiency. Thus, the adsorption mechanism
between CIP and MPs was controlled by a combination
of electrostatic, chemical, and hydrophobic interactions.
Because natural water bodies provide an environment with
a pH close to neutral, microplastics have a high potential
for CPX transfer via adsorption.

Salinity studies

As shown in Fig. 5b, the adsorption capacity of MPs
decreased as salinity rose. During this study, the adsorp-
tion capacities of pristine PLA, aged PLA, pristine PE,
and aged PE were 0.0573 mg/g, 0.1330 mg/g, 0.050 mg/g,
and 0.058 mg/g, respectively. With that, without Na™, the
adsorption capacities were reduced by 84.23%, 70.35%,
67.21%, and 78.03%, respectively. This demonstrated that
CIP adsorption on MP was linked to the ionic exchange.
The increase in salinity inhibits the accumulation of CIP
on MPs, which is probably due to the competition between
Na* and CIP cations to adsorb to the limited active site on
the MPs (Jabar and Odusote 2020). At the same time, the
rise in NaCl concentration led to the salt precipitation of
CIP, and the aggregated CIP was difficult to approach MPs
(Yu et al. 2020).

@ Springer



62946

Environmental Science and Pollution Research (2023) 30:62938-62950
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Fulvic acid

As illustrated in Fig. 5c, the adsorption of CIP by the four
MPs was significantly inhibited within the tested fulvic
acid concentration range. The adsorption capacity of new
PLA, aged PLA, new PE, and aged PE was reduced by up
to 46.85%, 21.18%, 61.59%, and 60.56% when the fulvic
acid concentration was 20 mg/L, respectively. It indicated
the existence of competitive adsorption interactions between
antibiotics and fulvic acid on the MPs. The reasons for that
were (1) the presence of fulvic acid may alter the partition-
ing of CIP between MPs and water. CIP and fulvic acid have
a high affinity for complexation, which hinders MP adsorp-
tion (Liu et al. 2017). (2) Fulvic acid can bind to the car-
boxyl functional groups and hydrogen bonds on the surface
of microplastics, reducing the number of adsorption sites
on MPs. Meanwhile, the electrostatic field created by the
fulvic acid molecules was adsorbed on the microplastics,
causing it difficult for CIP to move closer to microplastics
(Fu et al. 2013).

Coexisting norfloxacin
To clarify the effect of similar antibiotics, the adsorption of
CIP on MPs at different concentrations of NOR (0-5 mg/L)

was investigated. The adsorption capacity is shown in
Fig. 5d. For new PLA and aged PE, the adsorption capacity
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of CIP significantly decreased with increasing NOR con-
centration in the range of 0-2 mg/L. Since the NOR con-
centration rose from 3 to 5 mg/L, the adsorption capacity
gradually increased. For aged PLA and new PE, the adsorp-
tion capacity initially decreased (0O—1 mg/L) and then slowly
increased (2-5 mg/L) with NOR concentration. With NOR,
the adsorption capacity of MP for CIP was lower than with-
out NOR, and the presence of NOR negatively affected the
adsorption of CIP by MP. NOR inhibited the adsorption of
CIP more strongly at low concentrations (Cyor < Ccyp). Pre-
vious research has revealed that certain antibiotics fight for
the same functional groups. As a result, one antibiotic may
be able to decrease the adsorption affinity of another (Ma
et al. 2021).

Adsorption mechanisms

The influence of environmental factors on adsorption
performance shows that the maximum capacity of CIP
on MPs was found at pH =7 when salinity was 0; there
was no humic acid and norfloxacin present. CIP adsorp-
tion on microplastics is mainly reliant on electrostatic
and hydrophobic effects at pH="7, where CIP exists as
amphiphilic ions (Jabar et al. 2022; Jabar and Odusote
2021). Adsorption inhibition was observed when NaCl
was added to the adsorption system. This observation
suggests that ion exchange is important in the mechanism
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of CIP adsorption by microplastics. The binding of CIP  aged PLA after adsorption compared to before adsorp-
and HA by intermolecular forces prevents CIP adsorp-  tion, indicating that hydrogen bonding and n-% conju-
tion by microplastics. On both HA and NOR, specific  gate bonding played a vital role in adsorption (Xiong
functional groups exist that can compete with CIP for et al. 2020). The intensity of CH, (2914), C-H (1467),
adsorption sites on MPs (Zuo et al. 2019). Figures 6 and  and C—C (711) stretching vibration peaks increased after
7 showed FTIR and XPS measurements to further elabo-  the adsorption of CIP for both new PE and aged PE,
rate the mechanism of CIP adsorption on MPs. The inten-  indicating that n-n conjugate bonds determined their
sity of O-H (3676, 3474) and C=0 (1752) stretching  adsorption processes. The XPS spectra in Fig. 7 further
vibration peaks showed a decreasing trend in fresh and  reveal the mechanism of CIP adsorption by MP. After
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Fig.8 Adsorption mechanism
of CIP on MPs
TT-1T conjugation

hydrogen bonding

ion exchange

electrostatic interactions 7\

adsorption, the percent of C = C/C-C of PE rose, imply-
ing that w-x is crucial in adsorption. The percent of sur-
face O-including functional groups is bigger in aged MP.
The oxidation of exterior groups imparted hydrophilicity
on the plastic surface and enhanced the tendency of CIP
adsorption on the MPs (Zhang et al. 2018). In summary,
the adsorption of CIP on MP is a mix of chemical and
physical interactions. Chemical interactions included
hydrogen conjugation, n-n bonding, and ion exchange.
Electrostatic interactions and electrostatic repulsion were
examples of physical interactions (Fig. 8).

Conclusions

To better understand the possibility of synergistic trans-
port of microplastics as antibiotic carriers in an aqueous
environment, the differences in CIP adsorption behavior
of virgin and aged plastics were investigated in this study
using the conventional plastic PE and the biodegradable
plastic PLA as adsorbents. After a lengthy aging process,
both microplastics underwent significant physicochemical
changes. The equilibrium adsorption capacities of aged
PLA and PE were 0.382 mg/g and 0.28 mg/g, respectively,
which increased by 18.06% and 75% compared to pristine
PLA and PE. The four MPs’ adsorption data corresponded
well with the Lagergren pseudo-second-order kinetic and
Langmuir isotherm models, which were primarily gov-
erned by monolayer chemisorption. The adsorption pro-
cess was a non-spontaneous heat absorption reaction.

@ Springer

The degree of CIP adsorption by microplastics is affected
not only by temperature, concentration, and microplas-
tic physicochemical properties but also by matrix effects
(pH, salinity, fulvic acid, and similar antibiotics). When
the solution’s pH was close to the dissociation constant
(6.09,8.74) of CIP, the sorption capacity of MPs increased.
When the solution salinity was 3.5%, the adsorption of
microplastics to CIP decreased by more than 65%. The
adsorption capacity of new PLA, aged PLA, new PE, and
aged PE was reduced by up to 46.85%, 21.18%, 61.59%,
and 60.56% when the fulvic acid concentration was
20 mg/L. Because norfloxacin (NOR) competes for adsorp-
tion sites on the microplastic, CIP adsorption is inhibited.
The adsorption model, FTIR, and XPS spectroscopy all
indicated that CIP adsorption by microplastics was the
result of a complex set of physicochemical interactions.
Hydrogen bonding, n-n conjugation, ion exchange, and
electrostatic interactions controlled the adsorption mech-
anism. These findings shed light on the mechanism of
interaction between microplastics and antibiotics in water,
as well as the ability of microplastic plastics in water to
adsorb and transport CIP, providing the data required for
ecological and environmental risk assessment of micro-
plastic-antibiotic complex contamination.
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