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Heavy metal cations are a typical type of inorganic pollutant that has persistent distribution characteristics in
aquatic environments and are easily adsorbed on carriers, posing serious threats to ecological safety and
human health. Some studies have shown that the coexistence of dissolved organic matter (DOM) and
microplastics (MPs) promotes the adsorption of heavy metal cations, but the mechanism of promoting
the adsorption process has not been thoroughly studied. In this study, the effect of polystyrene
microplastics (PSMPs) on the binding properties of Pb** onto humic acid (HA) in aquatic environments
was investigated by spectral analysis and two-dimensional correlation (2D-COS) analysis. When PSMPs
co-existed with HA, the adsorption capacity of Pb?* increased. On the one hand, Pb?* is directly
adsorbed on HA through the mechanism of complexation reaction, ion exchange and electrostatic
interaction. On the other hand, Pb?* is first adsorbed on PSMPs by electrostatic action and indirectly
adsorbed on HA in the form of PSMPs—Pb?" owing to the interaction between HA and PSMPs, which
increases the adsorption amount of Pb?* on HA. This study is significant for studying the migration and
regression of heavy metal cation contaminants when PSMPs co-exist with DOM in an aqueous

rsc.li/rsc-advances environment.

1 Introduction

Heavy metals are of great concern in aquatic environments
because of the features of trace quantities and permanence
properties in the environment; heavy metals have seriously
threatened ecological security and human health.** For
example, copper, lead, nickel, chromium, and mercury may be
lethal threats to multiple organisms even at a very low exposure
dose.>* Among them, lead (Pb) is one of the most widely used
and distributed categories in the environment.*” However,
when the blood Pb level of children is above 10 pg dL ™, it can
cause irreversible damage to intelligent development.® There-
fore, it is particularly important to investigate the environ-
mental behavior of heavy metals owing to their accumulation
potential and toxicity in sediments and organisms.

Dissolved organic matter (DOM) is ubiquitous in natural
waters and is composed of multiple organic components and
functional groups.”™* Previous studies have revealed that owing
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to the presence of functional groups, such as hydroxylic,
carboxylic and alcohol hydroxylic groups, DOM can interact
with metal ions in several ways, including complexation, ion
exchange and reduction, which indicates that DOM is believed
to have important effects on heavy metal speciation, transport,
and bioavailability.”*** However, in reality, in environments
other than heavy metals and DOM, other inorganic/organic
pollutants are also present; inevitable interactions result in
more complex environmental behaviors. For example, sediment
resuspension in lake water significantly decreases the heavy
metal binding affinity of DOM, which might be attributed to
binding competition from inorganic colloids.” Clay minerals
and iron-bearing minerals in rocks significantly affect the
binding characteristics of colloidal organic matter (COM),
which are important parts of DOM, and metal ions under water-
rock interaction."®

Among the numerous coexisting pollutants, microplastics
(MPs) undoubtedly deserve more attention because of their
inherent harmfulness and interactions with others, as well as
a potential cluster for contaminates.'”*®* MPs could be stable in
aquatic environments for a long time owing to special charac-
teristics (light weight, small particle sizes, strong hydropho-
bicity, variable density and large specific surface area).'*>
Moreover, owing to these unique properties, MPs can sorb
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numerous pollutants (e.g.,, heavy metals*®*>* and organic
pollutants®*®) from the surrounding aquatic environments and
act as carriers owing to their long-term transport in aquatic
ecosystems, thereby resulting in even more significant hazards
to organisms.”” MPs in actual environments experience aging
under the influence of various factors, such as light and
microorganisms, which may change the morphology and
structure of MPs, thus affecting their environmental behaviors
and interactions with pollutants.”®**° According to previous
studies, the occurrence of MPs in soil increased the adsorption
capacity for 17B-estradiol (E2), and the additional amount and
aging of MPs enhanced the promotion effect.>® However, the
addition of MPs significantly decreased the overall sorption of
diazepam on the soil at 10% and increased the sorption of
phenanthrene at 1%, while the effects were negligible at other
addition rates.** Although there have been many reports on the
effect of MPs on adsorption, no systematic study exists on how
MPs affect the binding characteristics of DOM with heavy
metals.

In this study, humic acid (HA), a representative dissolved
organic matter (DOM), was selected for the reactions. Moreover,
polystyrene microplastics (PSMPs) were selected as representa-
tive MPs to explore the effect of MP occurrence on the adsorp-
tion of Pb>" in HA by batch experiments. 3D-excitation emission
matrix (3D-EEM) fluorescence spectroscopy, synchronous fluo-
rescence (SF) spectroscopy, and Fourier transform infrared
(FTIR) spectroscopy analyses were used to track the structural
changes in HA in its interaction process with Pb>*. Moreover,
two-dimensional correlation spectroscopy (2D-COS) analysis®*=®
was used to provide detailed information on the binding
interactions between Pb*>" and HA under the influence of PSMPs
by enhancing the spectral resolution and integrating comple-
mentary information, which solved the problem of spectral
peak overlap. This study provides insight into the mechanism of
Pb>" adsorption in the coexistence of PSMPs and HA. The
results of this study are significant for understanding the
environmental behavior of heavy metal ions in aqueous
environments.

2 Materials and methods

2.1. Reagents and materials

PSMPs and HA were purchased from Sigma-Aldrich (St. Louis,
MO, USA). Lead nitrate (Pb(NOj3),), nitric acid (HNO;) and
sodium hydroxide (NaOH) were obtained from Guangzhou
Chemical Reagent Co., Ltd. (Guangzhou, China). All chemicals
were of A.R. grade.

2.2. Aging of PSMPs and characteristic analysis

Aging experiments of PSMPs were performed by exposing them
approximately in a simulated environment in a UV-lamp
weathering test chamber (ymax = 254 nm). In detail, the
PSMPs were washed with deionized water and dried as
pretreatment. Subsequently, the PSMPs were aged in the air,
and the conditions of photo-aging were described as follows:
temperature = 60 °C; humidity = 70%; and light irradiance =
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1200 W m 2. The UV radiation time of PSMPs in this experiment
ranged from 1 day to 7 days. PSMPs with an aging time of 5 days
were selected as the model PSMPs.

To better explore the changes in surface structure, specific
surface area and functional groups of MPs in the UV aging
process, PSMPs at a specific time point were characterized in
the experiment. The surface morphologies of PSMPs subjected
to different ultraviolet radiation times were analyzed by scan-
ning electron microscopy (SEM, Hitachi S-4800) at 5.0 kV. To
calculate the specific surface area of the experimental MP
samples, a nitrogen adsorption-desorption analytical method
was adopted to obtain accurate data using an ASAP2020
instrument (Micromeritics, USA) at 77 K. Surface charge
changes in PSMPs during the aging process were measured by
applying a Malvern Zetasizer instrument (Nano ZS, UK). Fourier
transform infrared spectroscopy (FT-IR, Nicolet iS50, Thermo
Electron Corp., USA) was employed to determine the changes in
the surface functional groups of the pristine and aged PSMPs.

2.3. Adsorption experiment

In the experiment, HA solutions with different concentrations
were obtained by dilution of the stock solution (250 mg C per L).
Pb>" stock solution (500 mg L™ ') was obtained by dissolving
Pb(NO3;), in distilled water, and the pH was adjusted to 5.0 with
0.10 mol L' HNO; or 0.10 mol L™* NaOH.

They were conducted in a conical flask with PSMPs as well as
20 mL of a mixed solution of HA and Pb?*, where the concen-
tration of HA was maintained at 10 mg C per L and the
concentration of PSMPs was adjusted to different levels (0, 0.50,
1.0, 2.0, 5.0, 10 and 100 mg C per L) based on previous relevant
studies. For the sorption isotherms, the initial concentrations
of Pb*" were 0, 0.50, 1.0, 2.0, 5.0, 10 and 20 mg L™ . The conical
flasks were shaken in a shaker under a constant temperature of
298 K at 150 rpm. After reaching adsorption equilibrium, these
mixed solutions were filtered through 0.45 pm aqueous
membrane filters. A 5 mL filtrate of each sample was used for
the fluorescence spectroscopy analysis. The rest of the filtrate
was freeze-dried for further FTIR spectroscopy analysis. All
samples were subjected to three parallel experiments.

2.4. Procedures and instrumental parameters of
measurements

The 3D-EEM spectrum of the filtrate solutions was determined
by employing a Cary Eclipse spectrometer (Shimadzu Co.,
Japan). The parameters of fluorescence measurement were set
as follows: emission (Em) wavelengths were in the range of 300-
600 nm, excitation (Ex) wavelengths were in the range of 220-
550 nm, slit width was 5 nm, scan rate = 2400 nm min~*, and
voltage = 600 V. Ultrapure Milli-Q water was used as a blank.
The SF spectra of the filtrate solutions were obtained by
averaging the spectrums of the three scans using a lumines-
cence spectrometer (Shimadzu Co., Japan). The Ex and Em slits
were both set at 5 nm, and the excitation wavelength range was
300-600 nm with 1 nm increments. The scan rate was 2000
nm min ", and the offset AA (Agm — Ap) Was set constant at

© 2023 The Author(s). Published by the Royal Society of Chemistry
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80 nm to provide moderate fluorescence intensity and better
resolution, as described in a previous study.

The powder was obtained by freeze-drying the filtrate solu-
tions, and the structural and chemical characteristics were
analyzed using FTIR spectra. FTIR spectra from 3600 to
400 cm ™! were generated using a PerkinElmer Spectrum One
FTIR spectrometer (PerkinElmer, USA).

3 Results and discussion

3.1. Characterizations of PSMPs and HA

The SEM images of aged PSMP particles indicate that cracks
and pits were formed during the aging process (Fig. 1a). Cracks
and pits gradually increased on the surfaces of the micro-
plastics as the aging time increased. The BET data (Table S17)
indicate that aging increases the surface areas of the PSMPs
significantly (surface area of aged PSMP 13.6-54.8 m> g~
compared to 3.68 m* g " for pristine PSMP). The zeta potentials
of the original and aged PSMPs under the condition of different
pH values are shown in Fig. S1.t It could be found that both the
zeta potentials of PSMPs were negatively charged, and the |{| of
aged PSMPs clearly increased with the aging time, which could
be explained by the carbonyl group formed on the surface of the
PSMPs after the photo-oxidation process.

Fig. 1b and S21 show that the FT-IR absorption peaks of
PSMPs before and after aging were basically similar, with only
some absorption peaks differing slightly. The peaks at 3400-
3600 cm " related to the O-H stretching vibration and charac-
teristic peaks of C=0 at 1731 cm ™ can be observed in the FTIR
spectra of aged PSMPs, but they cannot be found in that of
virgin PSMPs. These results are the same as those of previous
studies in which the aging process increases the oxygen-
containing functional groups of PSMPs.***°

The characteristics of HA (Fig. S31) have been described in
previous studies.*” In the FTIR of HA, a significant peak at
3343 cm ™' represents the O-H stretching of carboxylic acids,
phenols, or alcohols; 1620, 1340, and 1573 cm ™' represent the
carboxylate C=O stretching vibration, the C-O stretching
vibration of esters, ethers, or phenols, and the C=C stretching

1-APSMPs

Fig. 1 SEM (a) and FTIR (b) of pristine PSMPs and aged PSMPs.

© 2023 The Author(s). Published by the Royal Society of Chemistry
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vibration of aromatic rings, respectively. These results indicate
that HA is rich in oxygen-containing functional groups and
aromatic rings.***

3.2. Effect of PSMPs on the fluorescence spectroscopic
responses of HA to Pb>* binding

Fig. S3at shows that three peaks were observed in HA: Peak A
(Ex/Em = 310/480 nm) represents fulvic-like fractions, and Peak
B (Ex/Em = 465/525 nm) and Peak C (Ex/Em = 385/490 nm)
represent humic-like fractions.”*' In the HA-Pb>" system
(Fig. S471), with the addition of Pb®", Peaks B and C gradually
disappeared, and the excitation wavelength of Peak A showed
an obvious blue shift, indicating a decreasing content of
aromaticity and polycondensation of humic substances.?” In the
HA-PSMPs system (Fig. S57), with the addition of PSMPs, Peaks
A, B and C all have only a small reduction. In the HA-PSMPs-
Pb** system (Fig. S6), Peaks A, B and C reduced rapidly with
increasing concentrations of Pb when the PSMP concentration
was fixed, and the quenching of HA was stronger than that in
the binary system.

The changes in synchronous fluorescence spectra of HA with
Pb*" binding in the presence and absence of PSMPs are dis-
played in Fig. 2a-c. According to the literature,***® three fluo-
rescence regions corresponding to the wavelength ranges of
280-360 nm, 360-440 nm, and 440-600 nm could be roughly
assigned to protein-like, fulvic-like, and humic-like fluorophore
fractions, respectively. It was observed that there were two
strong fluorescence peaks at Em = 430 nm and Em = 490 nm in
the samples, which were representative of the fulvic-like and
humic-like fractions in HA, respectively. There is a possible
difference in the complexation of HA components with Pb** or
PSMPs. Therefore, the modified Stern-Volmer equation was
used to calculate the complexation ability of different fractions
in HA with Pb®* or PSMPs (Fig. 2d-f), and the modeling results
are presented in Table 1.

In the HA-Pb** system, specifically, strong quenching effects
were observed in both humic-like and fulvic-like components
with the addition of Pb>". The conditional stability constants
log K, and the fractions of the initial fluorescence f of the fulvic-
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Fig. 2 SF of HA in HA—Pb?" system (a), HA—PSMPs system (b), and HA—-PSMPs—Pb?" system (c); variation of SF of HA fitted by modified Stern—
Volmer equation model in the HA-Pb?* system (d), HA-PSMPs system (e), and HA—PSMPs—Pb?* system (f).

like fractions were 3.33 and 0.305, respectively, which were
slightly lower than those of 3.38 and 0.734 for the humic-like
fractions, suggesting that these two components were both
involved in Pb*" binding to HA.

However, in the HA-PSMP system, less significant quench-
ing effects were observed in the fulvic-like fraction of HA with
the addition of PSMPs compared to the humic-like fraction,
revealing much stronger adsorption of humic-like components
on PSMPs. These results are the same as those of previous
studies*” because of the high content of phenolic and aromatic

24204 | RSC Adv, 2023, 13, 24201-24210

carboxylic groups of the humic-like fraction, which could bind
PSMPs through m- interactions and hydrophobic interactions.

In the HA-PSMP-Pb>" system, the decrease in the relative
intensity of humic-like fractions was more significant than
that of the fulvic-like fractions after adsorption. Compared to
the HA without PSMPs, the log K, and f values for HA with
PSMPs were higher. In addition, an increase in PSMP dose led
to higher values of log K, and f values. These results suggest
that PSMPs and Pb>" both could bind to the humic-like frac-
tion of HA.

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Table 1 Modified Stern—Volmer equation model parameters

Peak (Em = 430 nm)

Peak (Em = 490 nm)
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Overall, compared with the HA without PSMPs added, the
adsorption capacity of HA to Pb>* was significantly increased by
adding PSMPs, which was the same as the results of previous
studies.’” Because previous studies®” found a relatively high

g System f LogKm R f LogKm R adsorption capacity of PSMPs for Pb*", the addition of PSMPs to
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Fig. 3 2D-SF-COS diagram of HA in the HA—Pb?* system (a and b), HA—PSMPs system (c and d), and HA—PSMPs—Pb?* system (e and f).
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Fig. 4 FTIR and 2D-FTIR-COS of HA in the HA—Pb?" system (a), HA—PSMPs system (b), and HA—PSMPs—Pb?* system (c).

HA-PSMPs-Pb** was illustrated in Fig. 3. The synchronous map
of HA-Pb>" gave two positive auto-peaks at 430 and 490 nm with
the peak intensity of corr. = 9304 (430 nm) = corr. = 9060 (490
nm), which indicated that Pb** resulted in different electronic
structural changes in the two fluorescence fractions through
forming complexes with HA. In the asynchronous map, four
positive cross-peaks (498/378, 498/388, 498/412 and 590/412
nm) were identified in the upper-left corner. According to
Noda's rules, the sequential order for the peak change was 498
— 590 — 388 — 378 — 412 nm, indicating that Pb®>* bound to
HA in the following order: humic-like fractions — fulvic-like
fractions, which is consistent with the modified Stern-Volmer
equation modeling results.

Five positive cross-peaks can be found at 445, 472, 490, 500
and 520 nm of the HA-PSMP system in the synchronous map. It
can be observed from comparing the peak intensities that the
humic-like fractions are more susceptible to changes in the
concentration of PSMPs. This may be due to the high content of
phenolic and aromatic carboxylic groups of the humic-like
fraction, which could bind PSMPs through w-m interactions
and hydrophobic interactions. Based on the asynchronous

24206 | RSC Adv, 2023, 13, 24201-24210

maps, 410 — 502 — 490 — 370 — 410 — 390 — 364 nm
showed that the fluorescent structure variation sequence was
humic-like fraction — fulvic-like fraction.

In the HA-PSMP-Pb*" system, two auto-correlation peaks
centered at 430 and 490 nm with a peak intensity of 490 nm =
430 nm were found in the synchronous maps, indicating that
the sensitivities of the external perturbation of humic-like
fractions and fulvic-like fractions were similar. The intensities
of the two autocorrelation peaks of HA in the HA-PSMP-Pb>"
system were much higher than those in the HA-PSMP system
but slightly higher than those in the HA-Pb*" system. These
results suggest that the binding capacity of the components of
HA increased in the presence of PSMPs. In the asynchronous
maps, the fluorescent structure variation sequences were all
humic-like fractions — fulvic-like fractions although the spot
positions of the cross-peaks were different.

Overall, the sequential order for the binding affinity of Pb**
onto each fraction of HA did not change significantly in the
presence or absence of PSMPs. However, the binding sites for
the same fluorescence fraction within HA differed among the
different adsorption systems.*”®* Thus, even in the same

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Fig. 5 Diagram of binding mechanism in different systems.

fluorescent component of HA, the binding sites might be non-
uniformly distributed,* i.e., the binding affinities within the
same fluorescent component were different.

3.4. Binding characterized by 2D-FTIR-COS

To clarify the dominant functional groups of HA participating
in binding, FTIR spectroscopy for the complexation of HA with
Pb or PSMPs was performed (Fig. 4).

In HA-Pb*" system (Fig. 4c), six auto-correlation peaks were
observed in the synchronous map: 3343 ecm™ " (corr. = 111) >
1620 cm™* (corr. = 8.32) > 1340 cm ™ * (corr. = 5.35) > 1573 cm !
(corr. = 4.01) = 1041 cm ™" (corr. = 3.99) = 1103 cm " (corr. =
3.80). The peak at 3343 cm ' deceased the most with the
increase in Pb** concentration, which represents the O-H
stretching of carboxylic acids, phenols or alcohols, followed by
FTIR band intensity attenuation at 1620, 1340 and 1573 cm ™",
which represent the stretching vibration of carboxyl C=0, the
C-O stretching of esters, ethers or phenols and the C=C
stretching vibration of aromatic rings, respectively. In the
asynchronous map, there are positive and negative cross peaks.
According to the sequential order rules, the sequential order for
the peak change was 3343 — 1620 — 1340 —1041 — 1103 —
1573 em ™, indicating that the structural change in HA upon
Pb>* binding followed the order of carboxylic acids O-H —
carboxyl C=0 — esters, ethers or phenols C-O — alcohol C-O
— alkene C-H — aromatic rings C=C. These results indicate
that carboxyl and phenolic hydroxyl groups are the main
binding sites during Pb*>* binding by HA, which means that they
depend mainly on acidity and aromaticity,’” in agreement with
the results of the fluorescence spectroscopy analysis.

In the HA-PSMP system (Fig. 4b), the effects of pristine and
aged PSMPs on the FTIR of HA were similar; six auto-correlation

© 2023 The Author(s). Published by the Royal Society of Chemistry
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peaks centered at 3343, 1620, 1573, 1340, 1103, and 1040 cm "

were observed in the synchronous map. The results suggest that
the sensitivity of each group in HA to PSMP external perturba-
tion followed the order of carboxylic acids O-H > esters, ethers
or phenols C-O > carboxyl C=0 > aromatic rings C=C > alcohol
C-O > alkene C-H. In the asynchronous map, the sequential
order for the peak change was 1620 — 1573 — 1340 —
3343 ¢cm ™', which suggests that the unsaturated bonds and
aromatic compounds in HA preferentially bonded to PSMPs
owing to the increase in oxygen-containing functional groups in
PSMPs after aging.*>*¢

The 2D-FTIR-COS of four HA-PSMP-Pb*" systems is shown in
Fig. 4c. The auto-peaks mainly existing at 3343, 1620, 1573, 1340,
1103, and 1040 cm ™" in the synchronous map were very similar
to the results of HA-Pb>* system, which suggests a similar
complexation mechanism between Pb®>" and HA when PSMPs
were present and absent. The most susceptive functional group
of HA was the peaks at 3343 cm ™", followed by 1340, 1620 and
1573 ecm™ ", Thus, carboxylic acid and aromatic rings of HA may
be the components with the strongest complexing ability in all
three systems. However, differences were observed in the
susceptibility and binding sequences of the corresponding
spectral region. Compared with the HA-Pb>" system and the HA-
PSMP system, the intensity of the peaks at the same positions in
the HA-PSMP-Pb”>" system increased, which means that the
binding ability of the functional group of HA was stronger in the
ternary system. By analyzing the signs of cross-peaks in
synchronous and asynchronous maps, the sequential order for
peak change was 1620 — 1573 — 1340 — 3343 cm ', sug-
gesting that the rank for the bonding of functional groups in HA
was carboxylic acids O-H — carboxyl C=0 — aromatic rings
C=C — esters, ethers or phenols C-O. In addition, as shown in
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Fig. 2, the amount of PSMPs added also affects the binding
degree and binding order of the functional groups of HA.

4 Conclusions

The influence mechanism of PSMPs on the adsorption of Pb**
by HA was analyzed by spectral analysis. The results are shown
in Fig. 5. When HA adsorbed Pb**, it was mainly the carboxyl
and hydroxyl groups of HA that bonded with Pb*". In the
binding process of HA and PSMPs, humic-like binding is mainly
involved, and the binding ability is higher than that of fulvic-
like binding. Because of the high content of the aromatic ring
in HA's humic-like, PSMPs are bound by -7 conjugation and
hydrophobic interaction. When PSMPs co-existed with HA, the
adsorption capacity of Pb>" onto HA increased. On the one
hand, Pb*" is directly adsorbed on HA through the mechanism
of complexation reaction, ion exchange and electrostatic inter-
action. On the other hand, Pb”" is first adsorbed on PSMPs by
electrostatic action and indirectly adsorbed on HA in the form
of PSMPs-Pb?" due to the interaction between HA and PSMPs,
which increases the adsorption amount of Pb®>" on HA. This
study is significant for investigating the migration and regres-
sion of heavy metal cation contaminants when DOMs and
PSMPs coexist in aqueous environments.
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