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1 Introduction

Nowadays, plastics and plastic products have been widely
used in various industries and human daily life. However,
because of their overuse and mismanagement, nearly 5000
million metric tons plastic wastes generated between 1950
and 2015 were discharged into landfills or natural
environments (Geyer et al., 2017; Huang et al., 2021).
These plastic debris were difficult to degrade, and probably
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H I G H L I G H T S

• PP-MPs reduced the adsorption capacity of the
bulk soil for Cd in aqueous medium.

•The responses of the POM, OMC and mineral
fractions to PP-MPs were different.

• PP-MPs reduced the adsorption of POM and
OMC fractions to Cd.

• PP-MPs increased the adsorption of mineral
fraction to Cd.

• Effect of MPs on soil adsorption may be
controlled by proportion of POM, OMC and
mineral fractions.
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G R A P H I C A B S T R A C T

A B S T R A C T

Microplastics (MPs) are widely present in a variety of environmental media and have attracted more
and more attention worldwide. However, the effect of MPs on the interaction between heavy metals
and soil, especially in soil solid fraction level, is not well understood. In this study, batch experiments
were performed to investigate the adsorption characteristics of Cd in bulk soil and three soil solid
fractions (i.e. particulate organo matter (POM), organic-mineral compounds (OMC), and mineral) with
or without polypropylene (PP) MPs. The results showed that the addition of PP-MPs reduced the Cd
adsorption capacity of the bulk soil in aqueous solution, and the effects varied with PP-MPs dose and
aging degree. Whereas, the responses of the three fractions to PP-MPs were different. In presence of
PP-MPs, the POM and OMC fractions showed negative adsorption effects, while the mineral fraction
showed positive adsorption. For the bulk soil, POM and OMC fractions, the adsorption isotherm fitted
to the Langmuir model better than the Freundlich model, whereas, the Freundlich isotherm model was
more fitted for the mineral fraction. Combined with the comprehensive analysis of the partitioning
coefficients, XRD and FTIR results, it was found that OMC fraction extremely likely play a leading
role in the bulk soil adsorption of Cd in this study. Overall, the effect of MPs on adsorption capacity of
the bulk soil for Cd may be determined by the proportion of POM, OMC, and mineral fractions in the
soil, but further confirmation is needed.
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to be the most long-lasting anthropogenic pollution in our
earth (Khalid et al., 2020). What is more, plastics particles
that< 5 mm in size are often overlooked (Hartmann et al.,
2019), these small particles called microplastics (MPs) are
sourced widely from the uses of manufactured plastic
particles (primary MPs), including personal care products,
agricultural fertilizers, detergents and cleaning products, as
well as paints, and from fragmentation of large plastics into
smaller particles (secondary MPs) via ultraviolet radiation,
high temperature, weathering and physical abrasion
processes (Gewert et al., 2015; Jambeck et al., 2015;
Scudo et al., 2017; Kabir et al., 2021; Sun et al., 2022).
MPs have been reported in soils on a global scale,

including Asia, Europe, North America, Africa, and
Oceania (Yang et al., 2021), and their abundances vary
from 870 particles/kg in home garden soil (Huerta Lwanga
et al., 2017) to 42960 particles/kg in cropped areas (Zhang
and Liu, 2018). The vast majority of MPs in soil were
polyethylene (PE) and polypropylene (PP) (Liu et al.,
2018; Deng et al., 2020; Zhou et al., 2019). The
persistence, ubiquity, variety, and abundance of MPs are
a serious environmental risk to the soil (Khalid et al.,
2020). Plenty of evidence revealed that, accumulation of
different types of MPs may influence soil physical
properties, including soil bulk density, soil aggregation,
pore size distribution, hydraulic conductivity, water
holding capacity, soil water evaporation, evapotranspira-
tion and desiccation (de Souza Machado et al., 2018; 2019;
Wan et al., 2019; Mbachu et al., 2021). Besides, they was
reported to affect the geochemical environments of the soil
through altering pH and dissolved organic matter (DOM)
(Rillig, 2018; Yang et al., 2018; Zhou et al., 2021), the
influence was reported to vary with concentration, size,
type and shape of the plastic particles (Boots et al., 2019;
Qi et al., 2020; Yu et al., 2020; Zhou et al., 2021).
Meanwhile, heavy metal pollution has been considered

as another soil pollutants for long time (Cabrera et al.,
1998; Sari and Tuzen, 2014; Altunay et al., 2021), in which
the proportion of cadmium (Cd) pollution increases most
significantly (Shang et al., 2018). Cd concentration was
reported to exceed the standard by 19.4% in China, with
the largest influence range (Zhuang, 2015). In general, the
adsorption behavior of heavy metals was affected by soil
properties, such as pH, soil organic matter content (SOM),
cation exchange capacity (CEC), clay minerals and iron
and manganese oxides (Lair et al., 2007; Park et al., 2011;
Bolan et al., 2014; Zhou et al., 2018; Yang et al., 2020).
Among them, soil solid fractions including SOM and soil
minerals are the major adsorbent controlling the partition-
ing of heavy metals between soil solid and solution (Shi
et al., 2018; Komy et al., 2014; Qu et al., 2019), which
affect the immobilization of heavy metal in soils. Soil solid
organic matter is usually divided into two fractions via
physical fractionation of soil particle sizes, i.e. particulate
organic matter (POM) and organo-mineral complexes
(OMC). Previous studies have shown POM fraction has

high enrichment capacity for heavy metals via directly
complexation and chelation with them in soil (Balabane
and van Oort, 2002; Zhang and Ke, 2004; Labanowski
et al., 2007). For instance, in lightly polluted arable soils,
concentration of Cu, Zn, Pb and Cd in POM fraction was 3-
8, 1-7 and 5-11 times as much as bulk soil (Balabane and
van Oort, 2002). Besides, OMC fraction can also impact
the mobility and bioavailability of heavy metals in soils by
surface adsorption and precipitation (Qu et al., 2019).
MPs such as PE or PP are mostly composed of Carbon

(Zhou et al., 2021), once incorporated in soil, MPs may
gradually be immobilized, binding with soil minerals or
organic compounds through biotic and abiotic processes
(Zhou et al., 2021). Studies have shown that the presence
of MPs not only affect soil microenvironments, but also
affect the metal mobility and availability in soils (Yu et al.,
2020). In a recent study, high-density PE-MPs decreased
soil adsorption capacity but increased desorption of Cd
(Zhang et al., 2020). Nevertheless, in another study, MPs
was declared to reduce bioavailability of heavy metals
from available mobile fractions to stable organic forms (Yu
et al., 2020). By far, the possible mechanism are ascribed to
the interaction between MPs and heavy metals, as well as
the changed physical and chemical properties of the soil
induced by MPs (Yu et al., 2020; Zhang et al., 2020). Few
studies have considered how the interaction changed
between soil solid fraction and heavy metals caused by
the presence of MPs.
This study, therefore, was set up to assess the adsorption

between soil solid fraction and Cd in the absence/presence
of MPs. We separated the bulk soil into three fractions:
POM, OMC and mineral, and chose PP-MPs as research
object. Batch experiments were employed to test the
hypotheses that the addition of MPs to soil solid fraction
would alter their adsorption to Cd, and further influence the
adsorption capacity of bulk soil. We also investigated the
influences of MPs dosage and aging degree of MPs on Cd
adsorption. We tried to study the effects of MPs on soil
adsorption of heavy metals from the perspective of soil
solid fraction, in order to further understand how MPs
change soil adsorption capacity.

2 Materials and methods

2.1 MPs and reagents

PP-MPs were purchased from the Zhangmutou Tesulang
Chemical Co., Ltd. (Dongguan, China), with size less than
100 µm. The aged PP-MPs were prepared via virgin PP-
MPs exposed to both natural light (8:00–20:00 in the
daytime, Beijing times) and ultraviolet lamp (20:00–8:00
in the evening, Beijing times, UVA-365-400 nm band) for
3 months. All MPs samples were cleaned with ultra-pure
water, dried in oven at 50°C, and then stored for use.
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Cd(NO3)2$4H2O (Sinopharm Chemical Reagent Co.
Ltd., China, analytical grade) was used to prepare stock
solution with 100 mg/L Cd. Work solutions with desired
Cd concentrations were prepared by diluting the stock
solution with distilled water.

2.2 Soil collection and preparation

The forest surface soil (0–20 cm) was sampled from
Wuhan, Hubei Province. After removal of large roots,
residues and gravel, the soil sample was homogenized, air-
dried, passed through 2 mm sieves and stored prior to use.
100 g soil sample was dispersed in a 500 mL beaker with

300 ml of distilled water in the presence of glass beads
(Labanowski et al., 2007). After oscillating at 25�1°C for
24 h (240 r/min), the suspension was screened through a
53 μm sieve and divided into two particle size fractions,
namely 2000-53 μm and< 53 μm. The< 53 μm OMC
were obtained by centrifugation. The light POM and dense
mineral fractions were separated from the 2000–53 μm
fraction by the method of repeated suspension with
distilled water (Zhou et al., 2018). POM fraction was
obtained through repeatedly supernatant filtration and the
precipitate was mineral fraction. Then the separated soil
fractions were dried below 45°C, weighed and ground. The
corresponding weight of POM, mineral and OMC fractions
in bulk soil were 81.9, 289.9, and 550.5 g/kg, respectively.

2.3 Adsorption experiments

For kinetics experiments, 25 g bulk soil and corresponding
proportions of soil fractions (POM, OMC and mineral)
with virgin PP-MPs (0%, 10%, w/w) were placed into a
series of 500 mL conical flasks with an initial Cd
concentration of 20 mg/L. 0.005 mol/L KNO3 was used
as the background electrolyte. All samples were performed
at room temperature (25�1°C) on a hermostatic oscillator
at 160 r/min. The contact time is an important factor in
determining the adsorption process (Awual et al., 2019b),
to obtain the reaction equilibrium time, the solution was
sampled and filtered at 5, 30, 60, 120, 240, 360, 540 and
1440 min, respectively. The concentration of Cd was
determined by the atomic adsorption spectrometry (AAS,
ZEEnit-700P, Analytik Jena AG, Germany).
In the adsorption isotherm experiments, the initial

concentrations of Cd were 5, 10, 20, 30 and 50 mg/L,
respectively, other procedures were the same with the
kinetics experiment. The adsorption isotherm experiment
time was set for 360 min to reach equilibrium.
To investigate the adsorption capacity of soil solid

fractions for Cd in different MPs dosage and aging degree,
2 g bulk soil and corresponding proportions of soil
fractions (POM, OMC and mineral) were added into
50 mL centrifuge tube. Concentration gradient of 0%, 2%
and 10%, as well as virgin and aged MPs were chosen,

respectively. KNO3 of 0.005 mol/L was used as the
background electrolyte, and 40 mL Cd(NO3)2 solution
(20 mg/L) was added into tubes. Other procedures were the
same with adsorption isotherm experiments.

2.4 Characterization of MPs

Diffraction intensity data and the crystal structure of the
MPs samples were obtained using X-ray diffraction (XRD)
(Model: D8 ADVANCE, Make: BRUCKNER, Germany)
over a 2θ range of 5°–50° at a scan rate of 2 °/min. The X-
ray beam was at a voltage of 40 kVand a current of 40 mA.
The functional groups on the surface of the MPs were

identified by Fourier-transform infrared spectroscopy
(FTIR) (Model: Nexus470, Make: Thermo Nicolet Cor-
poration, America), which recorded the spectra between
4000 cm–1 and 400 cm–1 with a resolution of 4 cm–1 in
transmission mode. Each sample was mixed with KBr
powder, ground, pressed, and put into FTIR instrument for
determination. The spectrogram was the average of 30
scans.
The scanning electron microscopy (SEM, Model:

Hitachi S-4800, Make: Hitachi, Japan) was use to
determine the surface morphology and structure of the
virgin and aged MPs.

2.5 Data analysis and quality control

Adsorption capacity was expressed by calculating the
adsorption amount of Cd by MPs unit mass at time t (Qt,
mg/g) and at equilibrium (Qe, mg/g). The adsorption
kinetics were modeled by the pseudo-first order model, the
pseudo-second order model, as well as the Elovich model.
To reveal the adsorption mechanism, Langmuir and
Freundlich isotherm models were used to fit the adsorption
data. In addition, the partitioning coefficients (Kd) was also
calculated.
To ensure the quality and accuracy of data, blank tests

and standard solutions were included with each batch
experiment. All adsorption experiments were conducted in
triplicate and results were reported as mean with standard
deviations. The charts and data were generated using
OriginPro 2018.

3 Results

3.1 Adsorption kinetics

For the adsorption process, the amount of Cd2+ absorbed
by soil samples at a certain moment (Qt) is calculated as
follows:

Qt ¼
ðC0 –CtÞ � V0

m
, (1)

Xianying Ma et al. PP-MPs alter the Cd adsorption capacity on different soil solid fractions 3



where Qt is the amount of Cd2+ absorbed by soil fractions
at a certain moment (mg/g); C0 is the initial concentration
of Cd2+ in the solution (mg/L); Ct is the concentration of
Cd2+ at a certain moment in the solution (mg/L); V0 is the
initial added solution volume (L); m is the weight of the
dried soil or soil fractions (g).
Both bulk soil and three soil fractions showed rapid

increased adsorption capacity on Cd at the beginning of the
reaction. After 30 min, Cd concentration increased slowly
with time until equilibrium at around 360 min (Fig. 1).
Therefore, in order to ensure the adsorption balance, the
subsequent adsorption time was set at 360 min. The
process of Cd adsorption by soil and MPs was divided into
two stages: fast adsorption stage and slow adsorption
stage. The adsorption rate of Cd in soil fractions reached
about 80% of the equilibrium adsorption capacity during
the first 0.5 h. The equilibrium adsorption capacity of bulk
soil, POM, OMC and mineral fractions without the added
MPs were 0.199, 3.207, 0.286 and 0.248 mg/g, respec-
tively, followed the order of POM>OMC>mineral>bulk
soil. However, when exposed to 10% PP-MPs, the
adsorption capacity of bulk soil, POM and OMC fractions
on Cd decreased. Among them, the influence of MPs
on POM is the most significant, followed by OMC
(Figs. 1 (a)–1(c)). By contrast, MPs slightly increased
the adsorption capacity of mineral fraction on Cd

(Fig. 1 (d)).
To describe the Cd adsorption process in different soil

samples, the pseudo-first order model (Eq. (2)), the
pseudo-second order model (Eq. (3)), and the Elovich
model (Eq. (4)) were used to analyze the adsorption
process.

Qt ¼ Qeð1 – e –K1tÞ, (2)

Qt ¼
K2Q

2
e t

1þ K2Qet
, (3)

Qt ¼
1

β
lnð1þ αβtÞ ¼ Aþ Ktlnt, (4)

where Qe is the adsorption amount of solid phase at
adsorption equilibrium (mg/g); K1 (min–1) and K2 (min–1)
are the pseudo-first and the pseudo-second order equili-
brium rate constants, respectively; t is the contact time
(min); A is the reaction initial diffusion rate constant
(mg/g); Kt is the reaction rate constant (mg$g/min0.5); α and
β are the Elovich model parameters.
Both the pseudo-first order model and the pseudo-

second order model cannot simulate the experimental data.
The Elovich model was the optimum. The related
parameters are listed in Table 1, where A is the diffusion

Fig. 1 The experimental kinetics data for Cd adsorption onto bulk soil and three soil fractions [(a) bulk soil; (b) POM; (c) OMC; and
(d) mineral].

4 Front. Environ. Sci. Eng. 2022, 16(1): 3



rate constant, reflecting the initial rate of the reaction. Kt is
the reaction rate constant, which is positively correlated
with the reaction rate. For bulk soil, POM and OMC
fractions, both A and Kt decreased after addition of MPs,
indicating that the presence of MPs reduced the initial
reaction rate and overall adsorption rate of the soil to Cd.
Moreover, POM fraction showed the highest A and Kt,
while OMC fraction had the closest Kt to the bulk soil and
mineral fraction had the closest A to the bulk soil.
The average adsorption rate (Vaverage), fast adsorption

rate (Vfast) and slow adsorption rate (Vslow) of Cd were
calculated based on the adsorption curve of fast and slow
adsorption stages for bulk soil and three soil fractions,
in the absence/presence of MPs (Zhang et al., 2000)
(Table 2). Coexistence of MPs reduced the Vaverage, Vfast,
and Vslow of bulk soil and soil fractions, except mineral
fraction. Besides, the Vaverage and Vfast of OMC fraction
decreased significently when MPs were present.

3.2 Adsorption equilibrium

3.2.1 Adsorption isotherms

Two most commonly used adsorption isotherm equations,
Langmuir and Freundlich isotherm models were applied to
fit the experimental data. Their mathematical expressions
are written as follows:
Langmuir isotherm model:

Qe ¼
Qm � Ce

1

b
þ Ce

: (5)

Freundlich isotherm model:

Qe ¼ KF � C
1
n
e , (6)

where Qe is the adsorption amount of solid phase at
adsorption equilibrium (mg/g); Ce is the concentration of
adsorbate in the liquid phase at adsorption equilibrium
(mg/L); Qm is the maximum adsorption capacity of
different soil fractions (mg/g); b is the Langmuir
parameter; KF and n are the Freundlich equation
characteristic parameters.
Figure 2 and Table 3 illustrates the fitting results of the

equilibrium data of Cd adsorption on bulk soil and three
soil fractions in the absence/presence of PP-MPs. For bulk
soil, POM and OMC fractions, the Langmuir isotherm
model (R2>0.91) fitted better than the Freundlich isotherm
model. However, for mineral fraction, the Freundlich
model was the best fitted (R2>0.93). It can be seen that, the
addition of PP-MPs reduced the adsorption capacity of Cd
by bulk soil and soil fractions, except for mineral fraction.
Besides, the Qm value of POM fraction was always the
highest whether PP-MPs existed or not, likewise, the
influence of PP-MPs on POM was the most significant
among all soil samples. Additionally, the values of b were
lower than 1, which indicated that the adsorption of Cd on
all soil samples were due to preferential adsorption (Zhang
et al., 2000). Finally, according to the parameters of
Freundlich equation, the 1/n values of the bulk soil and
OMC fraction were very similar before and after the
addition of MPs, suggesting the important role of OMC
fraction in the process of Cd adsorbed by soil.

3.2.2 The partitioning coefficients

The partitioning coefficients (Kd) were calculated by
Eq. (7):

Kd ¼
Cads

Ce
¼

Mtotal�MMPS

m
Ce

, (7)

Table 1 Kinetic parameters of Cd adsorption by the bulk soil and three soil fractions obtained from the Elovich model before and after adding MPs

Parameter
Bulk soil POM OMC Mineral

‒ + ‒ + ‒ + ‒ +

α 27.31 10.05 7.12 6.42 0.31 0.05 8.80 10.45

β 70.85 75.33 2.89 4.15 29.08 40.02 48.87 42.61

A 0.107 0.088 1.047 0.791 0.075 0.020 0.124 0.143

Kt 0.014 0.013 0.346 0.241 0.034 0.025 0.020 0.023

R2 0.923 0.910 0.867 0.886 0.848 0.866 0.863 0.941

Note: +, ‒ represent with MPs and without MPs, respectively.

Table 2 The average, fast and slow reaction rate [mg/(L$min)] of Cd

adsorption by the bulk soil and three soil fractions before and after

adding MPs

Soil fraction Vaverage Vfast Vslow

Bulk soil 0.032 0.293 0.009

Bulk soil+ 10% MPs 0.029 0.290 0.006

POM 0.032 0.296 0.009

POM+ 10% MPs 0.031 0.276 0.008

OMC 0.021 0.202 0.008

OMC+ 10% MPs 0.012 0.189 0.007

Mineral 0.010 0.098 0.002

Mineral+ 10% MPs 0.018 0.163 0.005
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where Cads and Ce are the metal amount adsorbed per unit
mass of soil (mg/g) and the final concentration of solutions
(mg/L); Mtotal is the total adsorption quantity of soil
fractions and MPs at adsorption equilibrium (mg);MMPs is
the adsorption quantity of MPs at adsorption equilibrium
(mg); m is the mass of soil fractions (g).
Kd can represent the capacity of soil to adsorb and retain

heavy metal ions. The higher the Kd value, the greater the
affinity of heavy metal ions to soil solid phase. Kd values of
bulk soil and three soil fractions under different initial Cd
concentration are presented in Table 4. The addition of
MPs reduced the adsorption of Cd in bulk soil, POM and
OMC fraction systems, except for mineral, which is in
accordance with the result from adsorption isotherms.
Moreover, the Kd values of bulk soil and OMC were close
whether MPs were added or not.

3.3 Characterization

3.3.1 SEM analysis

The surface of virgin and aged PP-MPs was characterized

by SEM technique (Fig. 3). Virgin MPs particles were
uniform in size around 50 μm, with relatively smooth
surface. By contrast, aged PP-MPs appeared to be irregular
pellets or clumps, and bonding and agglomeration
occurred among plastic particles, resulting in uneven and
rough bulges.

3.3.2 XRD analysis

To determine the influences of PP-MPs crystallinity on the
adsorption behavior of Cd by bulk soil and three soil
fractions (POM, OMC, and mineral), the XRD patterns of
PP-MPs before and after adsorption were measured
(Fig. 4). The diffraction peaks of pure PP are at 2θ =
14.06°, 16.92°, 18.64° and 21.94° (Li et al., 2015). The
virgin PP-MPs in this study also has the same diffraction
peaks. The XRD results showed a similar diffraction peak
position and shape between PP-MPs in mineral fraction
system and virgin PP-MPs. However, the diffraction peaks
of PP-MPs in POM fraction system showed lower intensity
compared with the virgin PP-MPs. The PP-MPs in OMC
fraction and bulk soil systems exhibited similar XRD

Fig. 2 The isotherm models of of Cd on bulk soil and three soil fractions (POM, OMC, and mineral) before (a) and after (b) adding PP-
MPs. (bulk soil, POM and OMC fractions fit by the Langmuir isotherm model; mineral fration fit by Freundlich isotherm model; The left
Y-axis are bulk soil, OMC, and mineral fraction; The right Y axis is POM).

Table 3 The Langmuir and Freundlich isotherm models parameter values of Cd adsorption by the bulk soil and three soil fractions before and after

adding MPs

Soil fraction
Langmuir model Freundlich model

Qm (mg/g) b (L/mg) R2 KF 1/n R2

Bulk soil 0.545 0.087 0.916 0.073 0.503 0.826

Bulk soil+ 10% MPs 0.527 0.075 0.927 0.062 0.523 0.850

POM 4.190 0.216 0.973 1.212 0.326 0.852

POM+ 10% MPs 3.566 0.246 0.986 1.137 0.301 0.869

OMC 1.040 0.046 0.975 0.075 0.616 0.934

OMC+ 10% MPs 0.680 0.062 0.917 0.073 0.526 0.869

Mineral 0.427 0.225 0.859 0.139 0.290 0.943

Mineral+ 10% MPs 0.546 0.160 0.907 0.142 0.338 0.927

Note: Qm and b were derived from the plot of Ce/Qe against Ce (Awual et al., 2019a).
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characteristics, their diffraction peaks at 2θ of 21.94° and
23.84° that belonged to the paraffin [(CH2)x] were stronger
than the virgin PP-MPs.

3.3.3 FTIR analysis

The FTIR spectra of virgin PP-MPs (before and after
adsorption in bulk soil and three soil fractions) and aged
PP-MPs are presented in Fig. 5. FTIR spectrum of the
virgin PP-MPs revealed strong adsorption in the range
2840–3000 cm–1 due to -CH3 stretching, along with strong
bands near 1460 and 1376 cm–1 due to bending adsorptions
of -CH2 and -CH3 groups, respectively, which are
characteristics of PP (Li et al., 2019). There were main
changes occurred in the regions of FTIR spectrum of
aged PP-MPs characteristic of carbonyl, (1850–1654 cm–1)
and hydroxyl, and/or hydroperoxide (3250–3750 cm–1)
groups (Chen et al., 2021). For other PP-MPs samples, the

Table 4 Partitioning coefficients Kd (L/g) of Cd in different solid fractions under different initial concentrations

Cd initial concentration
C0 (mg/L)

Kd (L/g)

Bulk soil POM OMC Mineral

‒ + ‒ + ‒ + ‒ +

5 0.021 0.017 0.616 0.512 0.029 0.017 0.068 0.048

10 0.031 0.022 0.462 0.413 0.032 0.03 0.041 0.033

20 0.028 0.021 0.345 0.248 0.034 0.015 0.018 0.017

30 0.027 0.022 0.197 0.160 0.030 0.023 0.015 0.019

50 0.012 0.010 0.097 0.076 0.018 0.012 0.009 0.011

Note: + , – represent with MPs and without MPs, respectively.

Fig. 3 SEM images of PP-MPs [virgin PP-MPs: (a) magnification: 100�, (b) magnification: 400�; aged PP-MPs: (c) magnification:
100�, (d) magnification: 400�].

Fig. 4 XRD patterns of virgin PP-MPs (before and after
adsorption in bulk soil, POM, OMC and mineral systems) [pdf-
paraffin [(CH2)x] in the figure is the standard card of paraffin
(JCPDS No.40-1995)].
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shape and location of adsorption peaks were similar to
virgin PP-MPs.

3.4 Effect of experimental conditions

3.4.1 Effect of MPs dosage

Three doses (0%, 2% and 10%, w/w) of MPs and 20 mg/L
Cd solution were designed to test the effect of MPs dosage
on Cd adsorption. As depicted in Fig. 6, the Qe of Cd in
bulk soil, POM and OMC systems decreased gradually
with increasing MPs dose. POM adsorption cupacity
showed a significant decrease from 3.21 to 1.77 mg/g as
the dosage of MPs increased from 0 to 10%. Nevertheless,
the mineral fraction showed opposite trend.

3.4.2 Effect of aging degree

As exhibited in Fig. 7, whether virgin or aged, the addition
of MPs affected the adsorption capacity of bulk soil and
three soil fractions. Among them, the effect of MPs on bulk
soil, POM and OMC fractions was negative, while the
effect on mineral fraction was positive. The POM fraction
was affected largely, followed by OMC fraction. More-
over, the effect of virgin MPs on Qe was stronger than that
of aged ones.

4 Discussion

Our study indicated that PP-MPs may decrease the
adsorption capacity of Cd by soil in aqueous medium,

which is partly in agreement with the result of Zhang et al.
(2020). In their study, the existence of HDPE resulted in
the soil adsorption for Cd decreased from 0.99 to 0.985
mg/g, and similar decreased trend from 0.37 to 0.35 mg/g
was observed in our work. Previous studies suggested that
MPs have the ability to adsorb heavy metals (Rios et al.,
2007; Holmes et al., 2012; Brennecke et al., 2016),
however, their adsorption amount is commonly lower than
that of soil (Hodson et al., 2017; Wang et al., 2017;
Dobaradaran et al., 2018; Wang et al., 2019; Zhou et al.,
2019). A possible explanation is that the soil particulate
matter may provide a greater specific surface area than MP
particles (Holmes et al., 2012; Holmes et al., 2014; Zhou
et al., 2019). Another possible explanation is that soil
contains a variety of hydrous oxide minerals and organic
matter (Bradl, 2004), these substances possess surface
hydroxyl groups (Samiey et al., 2014), which may improve
soil adsorption for heavy metals. By contrast, the
composition and surface structure of MPs are relatively

Fig. 5 FTIR spectra of virgin PP-MPs (before and after
adsorption in bulk soil, POM, OMC and mineral systems) and
aged PP-MPs.

Fig. 6 The effect of MPs dosage on Cd adsorption to bulk soil
and three soil fractions (POM, OMC, and mineral).

Fig. 7 The effect of virgin and aged PP-MPs on Cd adsorption to
bulk soil and three soil fractions (POM, OMC, and mineral).
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simple, its hydrophobic property also limits its adsorption
of heavy metals in solution (Hodson et al., 2017).
Our findings further demonstrated differential responses

from the adsorption capacity of three soil solid fractions to
Cd. POM fraction has the highest equilibrium adsorption
capacity for Cd regardless of the presence of MPs, and
OMC fraction has a stronger adsorption capacity for Cd
than mineral fraction without the added MPs. Here, POM
are known to be labile organic components with a rapid
turnover (Sebastia et al., 2008). Previous study demon-
strated that, due to its functional groups such as -COOH
and -OH, POM fractions can be metal enriched in both
metal-contaminated and uncontaminated soils through ion
exchange and complexation (Guo et al., 2006; Sebastia
et al., 2008; Luo et al., 2019). OMC are formed by organic
matter combined with minerals in the soil (Quan et al.,
2020), which are considered to be long-term soil organic
carbon storage (Wen et al., 2019). A recent study revealed
that the carboxylic carbon and iron oxides of the OMC
served as the binding sites of Cu2+ (Tian et al., 2021).
However, the adsorption capacity of both POM and OMC
fractions to Cd decreased when exposed to MPs, whereas
an opposite trend was observed for mineral fraction.
Firstly, it can be seen from XRD pattern that there was no
significant difference between PP-MPs in POM fraction
system and virgin PP-MPs, which indicated that PP-MPs
and POM may not bind in aqueous solution, and MPs may
reduce the adsorption capacity of POM for Cd by affecting
the diffusion of Cd ion in solution (Fig. 4). Secondly, OMC
fraction mainly reduced the intensity of PP-MPs diffraction
peak and enhanced the diffraction peak representing
paraffin [(CH2)x] (Fig. 4), which suggested that the organic
matter of OMC fraction adhered to the surface of PP-MPs,
thus hindered the adsorption of Cd. Thirdly, PP-MPs in
mineral fraction system showed similar XRD pattern and
FTIR spectra with virgin PP-MPs, indicating that there was
no obvious reaction between mineral fraction and PP-MPs.
The adsorption of MPs on minerals is mainly physical
adsorption and pore filling (Wu et al., 2015), and MPs can
enhance the electronegativity of mineral surface (Yan et al.,
2020), which may enhance the adsorption for Cd.
We speculate that the influence of MPs on bulk soil

might be controlled by the proportion of POM, OMC and
mineral in soils. Although the strong enrichment ability of
POM fraction for heavy metals (e.g., Cu, Zn, Pb and Cd)
has been confirmed by different studies (Balabane and van
Oort, 2002; Zhang, 2006; Besnard et al., 1996), the ratio of
POM, OMC and mineral in this study was 1:6.7:3.5,
obviously, the OMC fraction was the majority. Addition-
ally, the Cd adsorption amount in POM and OMC fractions
had dropped by 0.88 and 2.13 mg, respectively, indicating
that the OMC fraction may be responsible for the reduction
of soil adsorption capacity byMPs. OMC fraction has been
reported the key fraction that determined Cu(II) adsorption
in the red soil, where the POM and OMC fractions in soil
were 4.39% and 95.6%, respectively (Tian et al., 2021).

Furthermore, the experiments with different MPs content
and aging degree showed similar variation trend between
OMC and bulk soil (Fig. 6 and Fig. 7).
Zhang et al. (2020) demonstrated MPs dose-dependent

effect on soil adsorption. Similar phenomenon was also
observed in our study. Compared with 2% dosage, 10%
dosage significantly reduced the adsorption of Cd by soil
(Fig. 6). The possible reason was ascribed to the
agglomeration caused by the accumulation of MPs (Fu
et al., 2019), resulting in diffusion inhibition for metal ion.
In addition, aged MPs also play key role in metal
adsorption. The maximum adsorption capacity of Cd, Pb,
Cu, and Zn ions onto the aged MPs was predicted 1–5
times higher than that of the virgin ones in aqueous system
(Guo and Wang, 2021). In our study, the addition of MPs
decreased soil adsorption, and the effect of aged MPs on
soil adsorption of Cd was less than that of virgin MPs. As
can be seen from the SEM photograph (Fig. 3), after aging,
the MPs particles melt and re-aggregate, forming a large
number of bulges on the surface and significantly
increasing the roughness, which greatly improved the
specific surface area and porosity of aged PP-MPs.
Moreover, some oxygen-containing functional groups
such as carbonyl, hydroxyl and hydroperoxide groups
were observed obviously in the FTIR spectra of aged PP-
MPs, which can improve the adsorption capacity for Cd
(Mao et al., 2020) (Fig. 5). Therefore, with higher specific
surface area and roughness, as well as new oxygen-
containing functional groups, the Cd adsorption capacity
of aged MPs may be improved relative to virgin MPs.
All experiments in this study were conducted in a

solution system, and results showed that the addition of
PP-MPs decreased the adsorption capacity of Cd to soil
solid fractions. This is in accordance with Zhang et al.
(2020) and Li et al. (2021). Nevertheless, in a study from
Yu et al. (2020), PE-MPs was declared had decreased the
bioavailability of Cu, Cr, and Ni in soil by promoting the
transformation of heavy metal speciation from bioavailable
to organic bound. This may be partly due to the distinct
reaction systems, i.e. in aqueous system or in soil system.
Soil contains a variety of inorganic and organic fractions
including minerals and organic matters (Bradl, 2004),
these fractions may interact with each other. Moreover, the
presence of MPs can change soil structure and properties
(de Souza Machado et al., 2018), which makes the reaction
of MPs and heavy metals in the soil more complicated.
Besides, the types, dosage and sizes of MPs, as well as soil
types used in these studies also varied, resulting in different
performance in soil adsorption.

5 Conclusions

In this study, we investigated the impact of PP-MPs on
adsorption behaviors of Cd in soil (bulk soil and soil solid
fractions) in aqueous medium. The presence of MPs in soil

Xianying Ma et al. PP-MPs alter the Cd adsorption capacity on different soil solid fractions 9



reduced the adsorption capacity of the bulk soil for Cd.
According to our research, the adsorption capacity of three
soil fractions were in the order of POM>OMC>mineral
before adding MPs. However, after exposed to MPs, the
adsorption ability of POM and OMC fractions decreased,
while that of mineral fraction increased. Additionally, the
effect of MPs on the adsorption of Cd by soil was related
more to the dosage of MPs rather than aging. In
conclusion, the effect of MPs on bulk soil might be
determined by the proportion of POM, OMC and mineral
fractions in soil. Our work provide a further perception
regarding the impacts of MPs on adsorption behaviors of
Cd in soil. However, only one type of soil was employed in
the current study, with stable POM, OMC, and mineral
fractions ratio, more research is needed to further figure out
the influence of fraction proportion and soil types.
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