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HIGHLIGHTS

e Macro-aggregate and aggregate stability
significantly reduced by combined FT
cycles and MPs.

¢ DW and FT cycles showed an obvious
increase in sediment properties.

e The aromaticity and humification de-
gree of DOM were significantly
decreased in 10% MPs-treated sediment.

e DW and FT cycles slightly increased the
Cd(II) adsorption onto 0.1% and 1%
MPs-treated sediments.

e There was a relationship between
aggregate stability and sediment organic
carbon.
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ABSTRACT

Microplastics (MPs) accumulation in sediments has posed a huge threat to freshwater ecosystems. However, it is
still unclear the effect of MPs on riparian sediment structures and contaminant adsorption under different hy-
drological processes. In this study, three concentrations of polyamide (PA) MPs-treated sediments (0.1%, 1%, and
10%, w/w) were subjected to natural (NA) exposure, dry-wet (DW) cycles, and freeze-thaw (FT) cycles. The
results indicated that PA MPs-added sediment increased the micro-aggregates by 10.1%—18.6% after FT cycles,
leading to a decrease in aggregate stability. The pH, OM, and DOC of sediments were significantly increased in
DW and FT treatments. In addition, the increasing concentration of PA MPs showed an obvious decrease in
aromaticity, humification, and molecular weight of sediment DOM in FT treatments. Also, high level of MPs was
more likely to inhibit the formation of humic-like substances and tryptophan-like proteins. For DW and FT cycles,
0.1% and 1% PA MPs-treated sediments slightly increased the adsorption capacity of Cd(II), which may be
ascribed to the aging of MPs. Further correlation analysis found that DW and FT altered the link between DOM
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indicators, and aggregate stability was directly related to the changes in sediment organic carbon. Our findings
revealed the ecological risk of MPs accumulating in riparian sediments under typical hydrological processes.

1. Introduction

Microplastics (MPs, plastic particles <5 mm in diameter) are of great
interest as emerging pollutants and have been found in land, river,
ocean, and atmospheric environments [1]. Particularly, more than 90%
of MPs will ultimately sink into sediments after entering the river
environment, which may be related to microbial colonization, hetero-
geneous aggregation, and gravity-driven deposition [2]. The riparian
ecosystem usually serves as a buffer zone to receive various pollutants
including heavy metals, antibiotics, and MPs [3]. Among them,
municipal sewage and stormwater runoff input large amounts of MPs
into the riparian sediment. Owing to recalcitrant to degradation and
stability under poor light and anoxic conditions, MPs would inevitably
participate in sediment processes and interfere with sediment structure
[4]. Therefore, studying the potential effects of MPs in riparian sedi-
ments is conducive to better understanding the environmental behavior
of MPs.

The riparian zones are generally considered to be highly dynamic
ecosystems under the influence of seasonal weather conditions [5].
Dry-wet (DW) cycles and freeze-thaw (FT) cycles are the typical features
of riparian sediments [6,7]. Additionally, the sediment aggregates of the
riparian zone generally determine sediment structure and properties and
potentially impact sediment ecosystem functions. DW and FT cycles are
both significantly interfered with the stability of sediment aggregates.
Wang et al. [8] found that FT cycles promoted the breakage of soil
macroaggregates into microaggregates, leading to an increase in soil
specific surface area. Nsabimana et al. [9] reported that continuous DW
cycles improved the soil aggregate stability and increased the mean
volume diameter by 14.25%. At the same time, the variations in sedi-
ment aggregates would indirectly affect the internal properties (e.g., pH,
organic matter). However, considering the large number of MPs detec-
ted in riparian sediments worldwide, few studies are exploring the ef-
fects of MPs on riparian sediment structure under different hydrological
processes.

Dissolved organic matter (DOM) is the most active substrate of
sediment, which affects the biogeochemical cycle and ecological func-
tion of river ecosystems [10]. Moreover, DOM is also critical for regu-
lating sediment carbon balance and contaminant behavior [11].
However, plastic polymers are mainly composed of carbon-based chains,
they may potentially leach DOM into the aquatic environment, thus
forming a new carbon source and altering the existing carbon cycle
process [12]. Our previous study found that low level of MPs addition
(0.05% and 0.5%, w/w) significantly decreased the dissolved organic
carbon (DOC) concentration and facilitated DOM decomposition [13].
Sun et al. [14] reported that polyethylene (PE) and polystyrene (PS) MPs
(1% w/w) had no effect on the DOC content but promoted the formation
of aromatic-like compounds in soil DOM. Considering the high diversity
and heterogeneity of DOM in riparian sediment, the structural charac-
teristics of DOM are also often affected by changes in hydrological
processes. For instance, the DW process could promote the degradation
of labile fractions and retain aromaticity and molecular weight fractions
of DOM [15]. Therefore, the response of sediment DOM to MPs under
different hydrological processes is still worthy of further exploration.

The variations in soil structure affected by the MPs will interfere with
the adsorption of contamination in soils. In particular, heavy metals are
considered to be the common contamination in soil and sediment [16,
17]. Lietal. [18] found that the adsorption capacity of MPs to Pb(II) was
decreased with increasing concentration of MPs, which may be attrib-
uted to the occupation of adsorption sites by MPs in sediments. Addi-
tionally, Chen et al. [19] also concluded that the presence of MPs (0.5 wt
%) in soil decreased Pb(II) sorption. The possible reason is that the MPs

addition reduced the proportion of macroaggregates and the stability of
aggregates. At the same time, DW and FT processes may influence the
environmental behavior of heavy metals by altering the soil properties.
It has been reported that the adsorption amount of Cd(II) to freeze-thaw
treated soils was significantly decreased [20]. However, under the
background of a specific hydrological process, changes in the adsorption
performance and mechanism of heavy metals in sediments induced by
MPs have not been studied.

Polyamide (PA), which is mainly used as ropes for seine nets and
fishing, is one of the most highly detected types of MPs in sediments
[21]. Sun et al. [22] reported that the PA MPs promoted the abundance
of genes related to the C and N cycle, which affected the soil microbial
diversity. Therefore, in this study, we aim to explore the effect of three
riparian hydrological processes on sediment properties and Cd(II)
adsorption in the presence of PA MPs. Therefore, under the conditions of
natural exposure, dry-wet cycles, and freeze-thaw cycles, the objectives
of this study were as follows: (1) to investigate the impact of different
concentrations of PA MPs on the variation of sediment basic properties
and aggregate stability; (2) to probe the effects of MPs addition on the
composition and structure of sediment DOM; (3) to compare the
adsorption capacity and mechanism of Cd(II) onto sediment spiked with
MPs; (4) to clarify the link between sediment structures under different
hydrological processes. This study will provide new insights for evalu-
ating the ecological risks of MPs in riparian sediments subjected to
different hydrological processes.

2. Materials and methods
2.1. Sediment and microplastic

The sediment used in this study was sampled from the riparian zone
of Xiangjiang River (one of the important tributaries of the Yangtze
River), Hunan Province, China. Sediment samples were air-dried, and
then ground to pass through a 2 mm mesh sieve. The basic properties of
the sediment were exhibited in Table S1 in the Supporting Information.

The virgin PA MP (density: 1.15 g/cm®, size: 150 um) was brought
from Zhongcheng Plastic Co. Ltd, China. The microstructure and
element distribution of PA MP were observed using Scanning Electron
Microscopy (SEM, Sigma 300, Germany) and Energy Dispersive Spec-
troscopy (EDS, Smartedx, Germany) (Fig. S1a). The surface of functional
groups of PA MP was determined using Fourier transform infrared
spectrometry (FTIR, Thermo Scientific Nicolet iN10, USA) (Fig. S1b).

2.2. Incubation experiments

The microcosm experimental design of this study contained adding
0.1%, 1%, and 10% PA MP to sediment in MPs-spiked groups. The
control group was performed without adding MPs. Fuller and Gautam
[23] reported that the amount of MPs detected in soils ranged from
0.03%— 6.7% (w/w). Also, the 0.1% and 1% MPs concentrations were
based on MPs doses commonly used in previous studies, which were
considered to be relevant to real sediment environments. Besides,
considering the variability of the actual sediment environment and
better comparison of the effects of different concentrations of MPs on
sediment properties, we selected 10% concentration to simulate the
extreme conditions in heavily polluted areas [13]. In addition, a total of
100 g riparian sediment amended with MPs was placed in the 500 mL
beaker. Each group was kept at 70% of water holding capacity (WHC)
and exposed for 7d to activate the microbial communities [15]. Next,
simulation of natural (NA) exposure, DW cycles, and FT cycles was
conducted in this study. The NA exposure as compared was set and



S. Liu et al.

incubated for 30 d in the climatic incubator with dark and room tem-
perature (25 °C), and sediment samples were kept the humidity at 70%
(v/w). For each DW cycle, sediment samples were incubated with two
conditions involved wetting (topsoil kept 2 cm water layer for 12 h) and
drying (dried at 40 °C in an oven for 12 h) [24]. For each FT cycle,
sediment samples with 70% WHC were frozen at — 20 °C in a refriger-
ator for 12 h and then thawed at 25 °C for 12 h [25]. The DW and FT
cycles were repeated 30 times. In total, 36 treatment groups were
designed with three replicates per group.

2.3. Physicochemical analysis of sediment

The size distribution of sediment aggregates was determined by the
wet-sieving method [26], including large macro-aggregates (LMA,
>2000 pm), small macro-aggregates (SMA, 2000-250 um),
micro-aggregates (MI, 250-53 pym), and silt + clay fractions (SC, <53
um). The sieving procedures were displayed in Text S1. Additionally, the
aggregate index of mean weight diameter (MWD) for each group was
calculated as follows:

MWD = Zn:xi)’i (€8]

i=1

where Xx; is the average diameter of the aggregate size (mm), and y; is the
weight proportion of aggregate size i.

The pH of sediment-water slurry (1:5, w/v) was measured using a pH
meter (ST2100, Ohaus, Changzhou, China). Sediment cation exchange
capacity (CEC) was determined after extraction with barium chloride
solution. Sediment organic matter (OM) was analyzed based on the
potassium dichromate volumetric method. Sediment DOM concentra-
tion was expressed as the DOC concentration, which was assayed with
the total organic carbon (TOC) analyzer (TOC-V CPH, Shimadzu, Japan).

2.4. Spectral analysis

The ultraviolet-visible (UV-Vis) spectra of DOM samples were
determined by the UV-Vis spectrophotometer (UV-2550, Shimadzu,
Japan) with a 10 mm quartz cuvette. The wavelength was scanned in the
range of 200-700 nm with a scan interval of 1 nm. The specific absor-
bance at 254 and 280 nm divided by the DOC concentration of the
sample (SUVAys4 and SUVAyg)) was defined as the indicators of
aromaticity and humification of DOM, respectively [27]. Moreover, the
Ey/E3 was calculated as absorbance at 254 nm divided by absorbance at
365 nm, which was generally negatively correlated with the molecular
weight of DOM [28].

The fluorescence excitation-emission matrix (EEM) spectra of the
DOM samples were measured using a fluorescence spectrometer (F-
7000, Hitachi, Japan). The excitation (Ex) and emission (Em) wave-
lengths were set to 200-500 nm (5 nm increments) and 250-600 nm
(5 nm increments), respectively. The scan speed for the spectra was
12,000 nm/min. In addition, fluorescence regional integration (FRI)
was used to quantitatively analyze fluorescence intensities in the
wavelength region of EEM spectra [29]. The components and relative
fluorescence intensities of DOM samples were also analyzed coupled
with parallel factor analysis (PARAFAC) modeling using MATLAB2020b
(Math Works, MA, USA). More details were shown in Text S2.

2.5. Adsorption experiments

The adsorption isotherms of Cd(II) by CK and MPs-treated sediment
samples were conducted. In brief, the stock solution of Cd(II)
(100 mg LY was prepared by dissolving Cd(NO3), in Milli-Q water.
The diluted solutions containing different initial concentrations of Cd(II)
(10, 20, 30, 40, 50, and 60 mg L~1) were carried out by 8¢g L7! of ad-
sorbents. The background solution contained 0.1 M CaCl, to maintain
ionic strength. The solution pH was adjusted to 6 using 0.1 M NaOH or
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0.1 M HNOs. Then, the mixed solutions were shaken at 150 rpm in a
thermostatic shaker with dark and 25 °C for 24 h. The solutions were
collected and filtered through 0.45 um membrane filter. The Cd(II)
concentration was measured by Flame Atomic Absorption Spectropho-
tometer (FAAS, PinAAcle900F, China). Also, the FTIR spectra after
adsorption and site energy distribution analysis were performed to
further clarify the adsorption mechanism of Cd(II) onto sediments. The
detailed adsorption models and site energy distribution theory were
depicted in Text S3.

3. Results and discussion
3.1. Changes in sediment aggregate size distribution and stability

As shown in Table 1, the proportion of SMA was dominant among
sediment aggregates accounting for 48.33%— 69.54% in all treatments,
while the proportion of LMA was almost negligible. In NA exposure
treatments, the addition of 0.1% and 1% PA MPs reduced the MI by
13.3% and 20.8%, while the proportion of SMA and SC correspondingly
increased. In contrast, higher contents of MI and SC were found in the
10% PA MPs treatment (32.08% and 5.86%, respectively). Once MPs
enter the sediment surface, they will incorporate into the sediment
matrix and interfere with the sediment aggregate structure [19]. The
above results indicated that low level of PA MPs as an extra binding
agent favored the association of the existing aggregates with soil com-
ponents (e.g., minerals) to produce new small macro-aggregates or
smaller aggregates [30]. However, higher levels of PA MPs exhibited
strong hydrophobicity and reduced soil bulk density, thus leading to the
formation of micro-aggregates (< 250 um) and a decrease in aggregate
stability [31]. Another possible reason is that higher concentrations of
PA MPs introduced more fracture points during the aging process, which
may prevent smaller aggregates from integrating into macro-aggregates
[32]. Similarly, de Souza Machado et al. [31] found that the soil
aggregate stability decreased with increasing MPs concentration.

Meanwhile, the DW and FT cycles during incubation without adding
MPs significantly increased the percentage of SC. And the MWD value
decreased by 3.9% and 11.4%, respectively, which indicated that DW
and FT cycles destabilized the riparian sediment aggregates. In general,
repeated DW and FT cycles may generate differential swelling and
shrinking forces within the aggregates, resulting in the weakening of the
binding force among particles inside the aggregates [33,34]. The addi-
tion of PA MPs showed no significant influence on sediment aggregates’
size distribution and stability after DW cycles. The possible reason is that
MPs may incorporate into aggregates and promote the formation of the
new reorganized aggregate, thus improving the resistance of particles
inside the aggregates to the DW cycles [35]. However, the FT cycles
significantly increase the proportion of MI and SC in the MPs-treated
sediment. Specifically, the addition of 0.1%, 1%, and 10% PA MPs
increased the micro-aggregates (<250 um) by 10.1%, 12.2%, and
18.6%, respectively, which may be related to the variation of soil water
content at FT cycles [36]. de Souza Machado et al. [31] found that the
increasing concentration of MPs enhanced the water holding capacity of
soil. When the water content was higher, the expansion force of ice
crystals inside the aggregate increased, thus aggravating the destruction
of the sediment aggregates [37].

3.2. Changes in physicochemical properties of sediment

As shown in Fig. 1a, the sediment pH affected by 0.1% and 1% PA
MPs exhibited an evident increase in the NA exposure, while signifi-
cantly decreased in 10% PA MPs-treated sediments. This can be
explained by the aging and degradation of PA MPs, leading to the release
of chemical compounds into the sediment and thus affecting sediment
pH [38]. In addition, the released chemical compounds may indirectly
affect sediment pH by altering sediment bacterial communities. Zhang
et al. [39] found that the presence of 1% MPs increased soil pH, which
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Table 1
Changes in size distribution and stability of aggregates.
Treatments MPs concentration LMA (%) SMA (%) MI (%) SC (%) MWD (mm)
NA 0 0.58 + 0.155 bc 65.16 + 3.53 ab 29.66 + 0.90 bed 4.60 + 1.38¢ 0.79 £+ 0.041 ab
0.1% 0.64 + 0.202 ab 68.36 +£ 5.24 a 25.71 + 2.66 cd 5.29 £ 0.33c 0.82 £ 0.059 a
1% 0.34 + 0.043c 69.54 + 4.18 a 23.50 +1.29d 6.61 + 0.30 be 0.83 £0.044 a
10% 0.42 £ 0.091 bc 61.64 + 3.66 ab 32.08 + 2.10 abed 5.86 + 1.36 bc 0.75 £+ 0.037 ab
DW 0 0.90 + 0.267 a 62.10 + 0.62 ab 26.68 + 2.48 cd 10.32 +1.36 ab 0.76 4+ 0.073 ab
0.1% 0.31 £0.113c 62.37 + 4.19 ab 28.60 + 3.31 bed 8.71 + 1.83 abc 0.76 £ 0.045 ab
1% 0.58 + 0.002 bc 63.77 £ 0.13 ab 27.61 + 0.31 bed 7.04 £+ 0.44 bc 0.77 0.002 ab
10% 0.39 &+ 0.001 be 61.45 + 0.50 ab 30.74 + 1.42 bed 7.42 £+ 0.49 abc 0.75 + 0.003 ab
FT 0 0.30 + 0.002c 56.61 + 0.64 bc 35.00 + 2.04 abc 8.10 + 1.41 abc 0.70 £ 0.005 bc
0.1% 0.48 + 0.078 bc 52.08 + 2.31c 36.78 +1.92 ab 10.66 + 0.32 ab 0.66 £+ 0.021c
1% 0.49 + 0.048 be 51.16 + 4.07c 36.17 + 2.55 ab 1218 £1.35a 0.65 £ 0.042c
10% 0.57 + 0.056 bc 48.33 +£ 0.18c 40.92 + 0.86 a 10.18 + 0.99 ab 0.62 + 0.002c

Note: LMA (large macroaggregates, > 2 mm); SMA (small macroaggregates, 0.25 ~ 2 mm); MI (microaggregates, 0.053 ~ 0.25 mm); SC (silt + clay, < 0.053 mm);
MWD (mean weight diameter). Different lowercase letters show significant differences (p < 0.05).
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Fig. 1. pH (a), cation exchange capacity (CEC, b), organic matter (OM, c), dissolved organic matter (DOC, d) of sediments from different treatments. Different

lowercase letters mean significant differences (p < 0.05) among treatments.

may be attributed to the changes in microbial activity. After DW and FT
cycles, the pH significantly increased in sediments without adding MPs,
which may be attributed to the consumption of protons due to the
enhanced microbial activity [40]. However, the pH was closer to the
control group in the presence of PA MPs in DW and FT treatments. This

may be because DW and FT cycles could alleviate the effects of chemical
compounds released by MPs on sediment pH. Moreover, the MPs
significantly reduced the sediment CEC by 11.2%— 12.4% after NA
exposure (Fig. 1b). The original aggregate structure was disrupted by the
addition of MPs, thus resulting in the decrease of sediment colloid to
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adsorb cations [41]. The CEC of all treatments showed a significant in-
crease after DW cycles, whereas the MPs did not exert any apparent
variation on CEC. In contrast, for the FT cycles, adding different con-
centrations of MPs elevated the CEC of sediment. One possible reason is
that FT cycles cause water redistribution of sediment and MPs incor-
porated into aggregates provide a reactive surface to alter cation ex-
change [42].

Compared to the NA exposure group, the content of sediment OM
and DOC were both significantly increased in the DW and FT groups
(Fig. 1c, d). Especially in the absence of MPs, the concentration of OM
and DOC in sediments after DW cycles increased by 1.42 and 1.65 times,
respectively. The possible explanation is that the destruction and reor-
ganization of the sediment aggregates caused by DW and FT cycles
facilitated the release of organic matter [43]. In all treatments, the
addition of 1% and 10% PA MPs resulted in 1.7-4.6 times increase in
sediment OM content, while there was no significant effect in 0.1%
MPs-treated sediment. On the one hand, MPs will be directly imported
into sediments as a main carbon source. Also, natural sediment OM was
adsorbed by the porous structure of MPs [44]. On the other hand, MPs
would stimulate specific microbial metabolism and enzyme activity,
which may promote the decomposition and transformation of sediment
OM [45]. Noteworthy, DOM was more sensitive to the variation in
sediment conditions than OM [46]. For the NA exposure, adding 0.1%
and 1% PA MPs decreased the DOC content by 8.9% and 11.9%,
respectively, and the 10% MPs addition instead increased it by 9.4%.
The results were consistent with the findings of our previous study [13].
However, only the 10% PA MPs-treated group showed a significant in-
crease in DOC content after DW and FT cycles, indicating that high levels
of MPs are more likely to bind to aggregates and release dissolved
organic carbon during DW and FT cycles.

3.3. Impact on DOM characteristics of sediment

3.3.1. Changes in DOM chemical properties of sediment

The chemical properties of sediment DOM were shown in Table 2. In
the NA exposure, the SUVA354 and SUVAyg were obviously increased by
the addition of 0.1% and 1% MPs, while 10% MPs addition slightly
decreased. The possible reason is that low level of MPs increased the
condensation degree of DOM structure, thus promoting the formation of
aromatic compounds [47]. The decrease of Ey/E3 ratio was observed in
MPs-treated sediment, which may be attributed to the small molecular
weight of DOM was more conducive to the conversion into large one
affected by MPs [47]. Additionally, the level of SUVA354 and SUVAgg
after DW and FT cycles were increased without adding MPs, suggesting
that the aromatic and hydrophobic fractions of DOM could be preserved
and formed under the DW and FT conditions. However, the increasing
concentration of PA MPs reduced the value of SUVAys4 and SUVAsgg
after DW and FT cycles. Specifically, 10% MPs addition significantly
decreased the SUVAjs4 and SUVAygy by 34.8% and 54.2% in DW
treatments, and by 36.4% and 56.6% in FT treatments, respectively. It
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might be because the presence of MPs facilitated sediment microbes to
utilize refractory DOM and transform it into labile DOM under the action
of external forces [15]. Furthermore, the Ey/E3 ratio was significantly
increased by 1.4-1.9 times with increasing concentration of MPs after FT
cycles. Decreased in aromaticity, humification, and molecular weight of
DOM in FT treatments may result from the biodegradation of DOM
induced by MPs and FT [48].

3.3.2. Changes in DOM fluorescence components of sediment

Fluorescence EEMs of DOM in sediment were compared for different
PA MP concentrations (Fig. 2). A strong fluorescence peak was observed
at region III in all treatments, which was related to fulvic acid-like
matter. The fluorescence intensity of this peak varied with the concen-
tration of PA MPs. For the NA exposure and DW cycles, the intensity
enhanced with the addition of 0.1% and 1% PA MPs, while decreased in
the 10% MPs-treated sediment. In addition, the intensity decreased with
increasing MPs concentration after FT cycles. Also, FT cycles resulted in
a peak with higher fluorescence intensity in region IV, which was related
to microbial by-product analogs. Area integration was employed to
obtain the percentage of the volume of five regions (Fig. S2). Clearly, the
highest contribution proportion in the sediment DOM was tryptophan-
like protein (region II) and fulvic-like compounds (region III) in all
treatments. The effect of PA MPs concentration exhibited no significant
differences in the relative abundance of five regions. Interestingly, FT
cycles significantly increased the relative abundance in region II,
whereas it decreased in region III. It indicated that FT cycles facilitated
the release of tryptophan-like protein and the immobilization of fulvic-
like compounds [49,50].

Furthermore, the HIX, BIX, and FI were calculated based on fluo-
rescence EEM spectra (Table 2). The HIX values after FT cycles were
lower than that in other treatments, which was consistence with the
changes of SUVAgs4 and SUVAygg. In addition, FT and DW cycles
significantly decreased the HIX in sediments amended with 10% PA
MPs, suggesting that high level of MPs inhibited the humification of the
sediment DOM. Compared to NA exposure, DW cycles significantly
decreased the BIX value, which revealed that the biodegradation of
DOM in DW treatments was at low level [51]. However, the BIX values
were higher than 1 after FT cycles, which may be attributed to an
increased contribution of microbial-derived organics. While for FI, the
values in all treatments were higher than 1.9, indicating that the
dominant source of DOM was microbial metabolism [52]. Besides, the
addition of MPs showed no negligible change in BIX and FI values. It
may mean microbial activity is relatively stable in response to MPs dose.

The sediment DOM in all treatments was divided into four fluores-
cent components based on the PARAFAC model (Fig. 3). Component 1
(C1) and Component 2 (C2) were identified as the humic-like com-
pounds. C1 showed Ex/Em at 235/405 nm, which was derived from
biological or microbial activity [53]. C2 was attributed to terrestrial
humic-like components with Ex/Em at 255/495 nm [54]. Component 3
(C3, Ex/Em = 240/350) and Component 4 (C4, Ex/Em = 275/305) were

Table 2
Changes in UV-Vis spectra and fluorescent indexes of DOM in riparian sediment.
Treatments MPs concentration SUVA,s4 (L’l-mg~m’1) SUVA2g0 (L’l-mg-m’l) Eo/Es3 HIX BIX FI
NA 0 2.22 £ 0.23 abc 1.66 + 0.19 abc 5.82 £+ 1.00c 0.72 £+ 0.02 ab 0.97 £ 0.02 b 2.16 £+ 0.05 ab
0.1% 2.64 £+ 0.45 ab 2.03 + 0.41 ab 4.46 + 0.59c¢ 0.70 £ 0.02 abc 1.00 £+ 0.02 ab 2.14+0.12 ab
1% 2.87+1.00a 2.24 +£0.86 a 4.41 £+ 0.92¢ 0.70 £ 0.02 abc 0.97 £ 0.03 b 2.07 £ 0.01 ab
10% 1.97 +0.59 bc 1.55 4 0.50 abc 5.00 £+ 1.51c 0.69 + 0.03 abc 0.96 + 0.04 b 2.14 + 0.03 ab
DW 0 2.56 £+ 0.57 ab 1.98 £ 0.11 ab 4.29 £+ 0.74c 0.72 £+ 0.01 ab 0.89 £ 0.05¢ 2.09 £+ 0.06 ab
0.1% 2.47 £+ 0.22 abc 1.90 £ 0.19 abc 4.85 + 0.16¢ 0.73+£0.02a 0.86 + 0.05¢ 2.05 £+ 0.09 b
1% 2.32 4 0.19 abc 1.75 4 0.16 abc 4.87 + 0.41c 0.73 £0.02 a 0.88 4 0.01c 2.07 + 0.05 ab
10% 1.67 £+ 0.05 cd 1.26 £+ 0.05 cd 4.38 £+ 0.38¢ 0.67 £ 0.02c 0.89 £ 0.06¢ 2.13 £ 0.06 ab
FT 0 2.40 £ 0.25 abc 1.82 + 0.20 abc 5.53 £ 0.76¢ 0.69 + 0.02 abc 1.04 £0.02a 2.16 +£0.10 ab
0.1% 2.18 £ 0.11 abc 1.62 £ 0.11 abc 7.95+1.81b 0.68 + 0.02 be 1.01 £+ 0.02 ab 2.19 +0.02 ab
1% 2.01 £ 0.09 be 1.49 4 0.08 bc 8.32+1.52b 0.69 + 0.02 abc 1.00 £ 0.02 ab 2.10 + 0.03 ab
10% 1.10+0.24d 0.79 £ 0.24d 10.50 £ 2.36 a 0.66 + 0.02c 0.90 £ 0.03c 2.20+0.14a

Note: Different lowercase letters show significant differences (p < 0.05) among treatments.



S. Liu et al.

S S+0.1% MPs

Ex (nm)

T

Journal of Hazardous Materials 466 (2024) 133589

S+1% MPs

S+10% MPs

Dl

T T
600 250 300 350 400 450 500 550
Em (nm)

A\
I

T
250 300 350 400 450 500 550
Em (nm)

Ex (nm)

tael

f
600 250 300 350 400 450 500 550
Em (nm)

400 450 500 550
Em (nm)

Ex (nm)

_—
2P~ 9

250 300 350 400 450 500 550
Em (nm)

T
600 250 300 350 400 450 500 550

Em (nm)

T
600 250 300 350 400 450 500 550
Em (nm)

600 250 300 350 400 450 500 550

T
600 250 300 350

g
1! R s

T T T T
600 250 300 350 400 450 500 550 600

)

T
600 250 300 400 450

Em (nm) Em (nm)

W

500 550 600 250 300 350 400 450 500 550 600

Em (nm) Em (nm)

Fig. 2. Three-dimensional fluorescence spectra of sediment DOM in different treatments (NA exposure: a-d; DW cycles: e-h; FT cycles: i-1). Each 3D-EEM of sediment
DOM was divided into five regions (region I: tyrosine-like protein; region II: tryptophan-like protein; region III: fulvic-like compounds; region IV: microbial by-

product analogs; region V: humic acid substances).

characterized as tryptophan-like and tyrosine-like proteins, respectively
[55,56]. Among them, the humic-like compounds accounted for higher
amount in all treatments. Compared to the NA exposure, DW cycles
significantly decreased the relative abundance of C1-C3. For example,
humic-like fractions (C1 and C2) were reduced by 25.8% and 20.5%,
and tryptophan-like protein was decreased by 35.5% without adding
MPs, respectively. The results suggested that DW cycles could structur-
ally disrupt the DOM organic carbon, thus facilitating the degradation of
humic-like compounds and labile fractions in DOM. After FT cycles, the
relative abundance of C2 in added 0.1% and 1% treatments significantly
decreased, while C3 showed conversely trends. Due to the adaptation of
cold-tolerant microorganisms to environmental changes, the low level of
MPs may stimulate microbial activity to increase the proportion of labile
DOM [7]. Besides, the relative abundances of C1 and C2 in 10% PA
MPs-treated sediments were significantly decreased. Similarly, the
relative abundance of C3 was also statistically lower in the 10% MPs
addition. A possible explanation is that high level of MPs induced a
ligand exchange with DOM, resulting in the fluorescence substances of
DOM being covered [57]. Notably, the relative intensity of C4 was
decreased after DW and FT cycles with the increasing concentration of
MPs. On the one hand, tyrosine-like substances were usually derived
from autochthonous production, and DW and FT cycles may alter the
existing pattern [58]. On the other hand, MPs pollution inhibited

microbial degradation to produce the aromatic protein [6].

3.4. Changes of Cd(ID) adsorption in sediments

As shown in Fig. 4a-c, as well as the fitted data in Table S2, the
adsorption isotherm of Cd(II) with all treatments were better fitted by
the Freundlich model (R? > 0.96). This indicated that Cd(IT) sorption
onto sediments was a multilayer and heterogeneous adsorption process
[59,60]. The adsorption amount of Cd(II) was lower in DW and FT
treatments than that in the NA exposure, which may be ascribed to the
destruction of sediment aggregates. As mentioned above, the
micro-aggregates were increased after DW and FT cycles. However, the
mineral components that play a key role in the adsorption of heavy
metals mainly accumulate in macro-aggregates, thus leading to a
decrease in the adsorption of heavy metals [60,61]. Besides, the
adsorption amount of Cd(II) was decreased with increasing concentra-
tion of PA MPs after NA exposure. It could be observed that the Ky value
was lower in the sediment-MPs mixture, suggesting that the presence of
MPs could reduce the Cd-adsorbent interaction. PA MPs could be
adsorbed on sediments through hydrophobic and electrostatic in-
teractions. These interactions would occupy the adsorption sites of the
sediments, thus reducing the adsorption of Cd(II) by the sediments [62].
A similar phenomenon was also observed in our previous study [13].
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After DW and FT cycles, the adsorption capacity of the sediments for Cd
(II) slightly increased in the addition of 0.1% and 1% PA MPs, while
decreased in 10% MPs-treated sediments. The reason may be that the
surface properties of MPs were more prone to change when exposed to
the DW and FT cycles, resulting in the enhanced adsorption capacity of
Cd(II) by MPs [63]. However, the stronger disrupt effect on aggregates
was observed in sediments amended with 10% PA MPs, which may lead
to the decrease in Cd(II) adsorption by organic matter in sediment
aggregates.

To further clarify the adsorption mechanisms of Cd(II) onto sedi-
ments, the FTIR spectrum and site energy distribution were employed.
The 1% MPs-treated sediments were selected for FTIR analysis before
and after adsorption (Fig. 5). Also, the variation of characteristic peaks
was shown in Table S3. It was observed that DW and FT cycles did not
change the adsorption peaks of the sediments, verifying that the physical
disruption mainly occurred during this process. Besides, the character-
istic adsorption peaks also had no obvious change after Cd(II) adsorp-
tion, except for the peaks located at 3697, 3620, 3439, and 1636 em L.
The peaks at 3697 and 3620 cm™' showed a slight shifting after
adsorption, which was related to the O—H stretching vibration of
kaolinite [64]. Similarly, a slight shift of the peak at 1636 cm™* was
responsible for the C=0 stretching of the carboxyl group [65]. These
findings suggested that the oxygen-containing functional groups play a
significant role in the Cd(II) adsorption process.

As shown in Fig. S3, site energy (E*) decreased gradually in all
treatments as the amount of Cd(II) adsorbed onto sediments increased,
verifying that the high-energy sorption sites were occupied by Cd ions
firstly, followed by the low-energy sorption sites [66]. In the NA expo-
sure, the average site energy (u(E*)) decreased with the increasing

concentration of PA MPs (Fig. 4d). This indicated that the presence of
MPs would reduce the adsorption affinity between Cd(II) and sediments.
The values of u(E*) slightly increased after DW and FT cycles, revealing
that the distribution range of adsorption sites expanded to the region
with high energy (Fig. 4e, f). Also, due to the variations in sediment
structures (e.g., sediment aggregate and OM as mentioned above), the
surface site energy heterogeneity (c;) of sediments showed an increase.
Generally, when the concentration of Cd(II) was high, the adsorption
capacity of the sediment was stronger, and the adsorption process
mainly occurred in the low-energy region [67]. The shift of the site
distribution to the high-energy region further indicates that Cd ions
were more mobile on the sediment surface. Noteworthy, it was observed
that the values of u(E*) and o of the treatments after FT cycles were
close. This may be because the internal adsorption sites of sediments
were exposed and occupied by the MPs.

3.5. Correlation and analysis of the sediment properties

PCA was used to elucidate the DOM characteristics between the MPs-
treated and control groups in different hydrological processes. As shown
in Fig. 6a-c, the major principal components (PC1 and PC2) explained
89.5%, 95.8%, and 97.8% of the total variance, respectively. PC1 was
highly positively correlated with C1, C2, C3, C4, SUVAjs4, and SUVA3g,
and negatively correlated with FI in different treatments. PC1 can be
inferred as a factor related to the humic-like aromatic compounds and
enrichment of proteins in samples [68]. 10% MPs addition exhibited
relatively high negative PC1 scores in the three hydrological processes,
which may be related to the strong effects of high levels of MPs on mi-
crobial metabolic activity. In the NA exposure, PC2 showed obvious
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positive loadings of HIX, and occurred higher scores in sediments
without adding MPs, indicating that the addition of MPs could inhibit
the sediment DOM humification. Additionally, DW and FT cycles
reshaped the characteristics of DOM. After DW cycles, PC2 was associ-
ated with the high molecular weight substances and was related to the
autochthonous DOM, as revealed by the positive loading of BIX and the
negative loadings of E/Es. Specially, MPs addition showed negative
PC2 scores, possibly suggesting that MPs facilitated the biodegradation
of the high molecular weight of DOM. In contrast, after FT cycles, FI was
placed in the positive direction of PC2, while HIX was negatively paced

on PC2. Noteworthy, 1% of MPs-treated sediment was located in regions
with high negative PC2 scores, which may be ascribed to the increase of
refractory substances in DOM [69].

The Pearson correlation further revealed the relationship between
sediment properties and DOM parameters varied with the hydrological
processes (Fig. 6d-e). For the NA exposure, the MWD was significantly
correlated with the pH, SUVAgs4, C2, and C3 positively and DOC con-
centration negatively. On the one hand, the presence of MPs may alter
the intermolecular interaction of soil colloids which are sensitive to the
pH changes, thus influencing the aggregation between sediment parti-
cles. On the other hand, disrupted sediment structure affected by MPs
promoted the exposure of organic matter associated with minerals,
which may change the release of DOC and the DOM humification pro-
cess [47]. After DW cycles, it was observed that DOC was significantly
positively correlated with FI and OM, while significantly negatively
correlated with HIX, C1, C2, and C3. Due to the continuous alternating
anoxic-oxic conditions change, microbial activity was boosted with the
increasing concentration of organic carbon, thereby facilitating the
decomposition of aromatic carbon into simple labile fractions [15].
However, other parameters had low prediction potency for MWD,
indicating that the MPs addition acted as a physical protector of sedi-
ment organic carbon by resisting DW cycles damage to the sediment
aggregates [70]. Additionally, the higher linear dependence between
fluorescent components and optical indicators (i.e., SUVAgs4, SUVA2g0,
HIX, and BIX) after FT cycles, which was consistent with the PCA result
(Fig. 6¢). Moreover, DOC showed a significant negative correlation with
fluorescent components, SUVAy54, SUVAgg), and BIX. Because of the
high-frequency FT cycles induced microorganisms to decompose sedi-
ment DOM and produce metabolites continuously, thus altering the
humic structure of DOM [7]. Notably, a significant negative correlation
was found between MWD and E,/Egs. This result implied that sediment
aggregates were broken into more micro-aggregates under the syner-
gistic effect of FT and MPs, accompanied by the formation of more small
molecular weight DOM.
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rameters (d-f). Note that: a,c: NA exposure; b,e: DW cycle; c, f: FT cycle.

4. Conclusion

In this study, we conducted a laboratory incubation to investigate the
differences in the effects of different concentrations of PA MPs on
sediment aggregate stability, sediment properties, and Cd(II) adsorption
capacity under three hydrological processes. The results indicated that
high levels of PA MPs decreased macro-aggregates and aggregate sta-
bility, and FT cycles significantly exacerbated sediment aggregate
disruption. In addition, the pH, CEC, OM, and DOC of sediments were
higher after DW and FT cycles, while MPs addition exhibited different
effects on sediment properties. UV-vis and EEM results demonstrated
that the changes in sediment DOM structures varied with PA MPs con-
centration and hydrological processes. Specifically, higher levels of MPs
showed an obvious decrease in aromaticity and humification of sedi-
ment DOM in DW and FT treatments. Also, 10% MPs addition signifi-
cantly altered sediment DOM composition by decreasing humic-like
substances and tryptophan-like proteins. Furthermore, the adsorption
capacity of Cd(II) onto sediment was affected by the DW and FT cycles.
However, due to the competition of sediment adsorption sites, 10% of
MPs-treated sediments of all treatments significantly reduced the Cd(II)
adsorption. Simultaneous physical and chemical adsorption mecha-
nisms dominated the adsorption of Cd(II) onto sediments. Principal
component analysis indicated that MPs and sediment conditions showed
synergetic effects on DOM characteristics. The correlation between the
variations in MWD of sediment aggregates and DOM structure was also
observed. In conclusion, this study will be beneficial for better under-
standing the impact of MPs accumulation on riparian sediment structure
and contaminant transport under different hydrological processes. The
impact of different MPs (types and degrees of aging) on the structure
(water content and soil bulk density) and functions (carbon cycle and
microbial community structure) of riparian sediments under different
hydrological conditions requires further research.
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Environmental Implication

The riparian zone, a highly dynamic ecosystem, is the transitional
region between land and river. Microplastics accumulation in riparian
sediments has posed a potential ecosystem risk. However, the impact of
MPs on riparian sediment structures and contaminant adsorption is still
unclear. This study revealed that the sediment aggregate stability and
DOM characteristics mediated by MPs were altered under different hy-
drological processes. Meanwhile, the adsorption of Cd(Il) in sediments
varied with microplastic concentrations and hydrological processes. Our
results contribute to a better understanding of the ecological risks of MPs
under different natural environments.
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