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Abstract

Purpose: There is a debate whether microplastic particles released into soils can modify phosphorus bioavailability by alter-
ing the soil surface properties. Here, we aim to explore the impact of polyethylene microplastics (PE-MPs) on the adsorp-
tion—desorption of inorganic phosphate anions (P) on a volcanic ash soil (VAS). Methods: Batch P adsorption-desorption
experiments were conducted in a Chilean VAS with and without 1% (w/w) PE-MPs addition taking P concentrations (KH,PO,
dissolved in 0.01 mol L~! NaCl background solution) 0.02—6.47 mmol L', solid (g):liquid (mL) ratio 1:40, and at a pH range
of 4.5 to 10.5 at 20 + 1 °C temperature. The VAS and VAS/PE-MPs systems were characterized and kinetic and isotherm
adsorption data were modelled to predict mechanisms. Results: The Elovich model described the kinetics P adsorption data
on VAS with and without 1% PE-MPs (r* > 0.985 and x> < 12). Adsorption isotherms fitted well to the Freundlich model
(r? > 0.994 and X2 < 6.39), indicating a high heterogeneous surface for both systems. The Freundlich model indicated an
increase in P adsorption capacity from 49.55 (mmol kg™!) (L mmol™ )" for VAS to 54.66 (mmol kg =1 (L mmol ~!)1/n for
VAS + 1% PE-MPs. Desorption of P was higher in the VAS + 1% PE-MPs system compared to VAS alone. For both systems,
solution pH showed no significant changes in P adsorption on VAS. Scanning electron microscopy—energy dispersive X-ray
spectroscopy and Fourier transform infrared spectroscopy results showed that P was bound to PE-MPs through a weak van
der Waals force and/or pore—filling mechanism. Conclusion: This study demonstrated that PE-MPs in VAS could modify
surfaces available for P adsorption and act as a carrier to enhance P mobility.
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1 Introduction

Over 320 million tons of plastics are produced worldwide
annually, mostly ending up in the environment (Cressey
2016). Once in the environment, plastic debris, due to
weathering and degradation processes via solar radiation,
high temperature, wind, dispersion in water, and grind-
ing with sand and gravels, break down into microplastics
(MPs) (Andrady 2011; Duan et al. 2021). According to
the National Oceanic and Atmospheric Administration
(NOAA), MPs are plastic particles with sizes/diameters
<5 mm (Malla-Pradhan et al. 2022) that exhibit a high
specific surface area, amorphous structure, hydrophobic-
ity, and high porosity (Wang et al. 2020). The amount of
MPs in soils is currently between 4 and 23 times higher
than in oceans (Horton et al. 2017). Coming in contact
with soil, MPs can accumulate and modify the chemical,
physical, and biological properties of the soil, including
the water retention capacity, aggregation behavior, pH, and
microbial and enzymatic activities (Pinto-Poblete et al.
2022; Vithanage et al. 2021; Zhang et al. 2021; Zhao et al.
2021). MPs can also affect the transport of nutrients/pol-
lutants and organic compounds from soil to surface water
and groundwater, and cause changes in nutrient/pollutant
bioavailability (Dong et al. 2020). Accordingly, the need
to understand the behavior of MPs in the soil in relation to
nutrient and pollutant bioavailability is immense.

Adsorption—desorption interactions with soil particle
surfaces significantly govern the bioavailability of nutri-
ents/pollutants in the soil (Jing et al. 2024). Therefore,
many studies explored the phenomena of nutrient/pollutant
bioavailability in the soil to determine the environmen-
tal risk of MPs (Hu et al. 2020; Li et al. 2020; Ma et al.
2022). Furthermore, the bioavailable fraction of nutrients
and pollutants in the terrestrial system depends not only
on the total amount of elements present in the environ-
ment but also on their solubility, which is affected by the
physicochemical properties of the soil (Sarkar et al. 2021;
Zhang et al. 2020a). In particular, the adsorption of nutri-
ents and pollutants on MPs and subsequent desorption can
alter nutrient/pollutant bioavailability, resulting in risks
for the microbiota, plants, and other environmental recep-
tors (Wang et al. 2022).

Previous studies have evaluated the effect of MPs on the
adsorption of organic and inorganic cationic pollutants in
soils with comparatively less emphasis on anionic pollut-
ants (Li et al. 2023; Wang et al. 2020; Zhang et al. 2020a).
The surface charge, hydrophobicity, and surface area val-
ues of MPs could directly influence the adsorption—des-
orption of nutrients and pollutants in soils. For example,
Zhang et al. (2020a) determined that in an Alfisol, cat-
ions such as Cd** could be adsorbed on the surface of

polyethylene (PE) MPs. This was mainly associated with
MPs having a negative surface charge, favoring an elec-
trostatic attraction with the cationic form of the element.
On the other hand, only a few studies have investigated the
effect of MPs on the adsorption—desorption processes of
anionic nutrients/pollutants such as borate, selenate, sul-
fate, nitrate, nitrite, and phosphate (P) in soils. The inter-
action between MPs and anionic elemental species in soils
is largely unknown (Abbasi 2024). Particularly, volcanic
ash soils (VAS; e.g., Andisol and Ultisol) cover an area of
0.84% of the world’s land surface, and VAS are essential
to support the global food demand (Dahlgren et al. 2004).
VAS are present in countries such as Chile, Colombia,
Indonesia, Taiwan, New Zealand, and Japan (Minasny
et al. 2021). VAS have low bioavailability of P, which is
due to the high fixation capacity of P on amorphous min-
eral components of these soils (Borie et al. 2019; Escu-
dey et al 2001). The P accumulated in VAS mostly exists
in organic forms through the formation of Fe/Al-organic
matter-P complexes (Borie and Zunino 1983). A recent
study by Riveros et al. (2024) reported that a dose of 3%
low-density polyethylene and polyamide MPs adversely
affected the chemical and biological properties, including
P availability, nitrate (NO;™) and nitrite (NO, ™) concentra-
tions, and acid phosphatase and B-glucosidase activities,
in a VAS, which could impact the nutrient cycling process
of the soil. P is an essential macronutrient which is needed
for an optimal plant growth. Therefore, studies concern-
ing P-MP-VAS interactions are critical to evaluate the
effect of the emerging MP pollutants on the functionality
and health of soil, which ultimately determines the soil’s
productivity.

To date, only a limited number of studies have evaluated
the interaction of MPs—P anions in soils, and these studies
reported that P was adsorbed on MPs through a weak van
der Waals force (Li et al. 2021), which was responsible
for the increase in P bioavailability in the soil (Li and Liu
2022). However, no research on MPs was carried out to
investigate MP-modified P bioavailability in VAS. This
gap in the literature underscores the novelty of the present
study. This study particularly aims to: 1) evaluate the impact
of PE-MPs on the interaction of P as dihydrogen phosphate
(H,PO,") anions and surface reaction of VAS, and ii) pro-
vide evidence about the impact of MPs on P bioavailabil-
ity in VAS agroecosystems. It was hypothesized that the
presence of PE-MPs would change P bioavailability in a
VAS by changing the physico—chemical characteristics of
the soil, such as solution pH, specific surface area, ele-
mental composition and/or surface functional groups. This
research is important to ensure soil health, and especially
that of VAS, because the findings could enable a deeper
understanding of the impact of MPs on the biogeochemical
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cycles of nutrients, and help to devolop future strategies to
minimize the adverse environmental impact of MPs.

2 Materials and Methods
2.1 Chemicals

All reagents (KH,PO,, NaOH, HCI, and NaCl) used in this
study were of analytical grade (Merck). All the chemicals
were used as received, and aqueous stock solutions of chemi-
cals were prepared in double—distilled water (conductivity
<1uS cm_l).

2.2 Soil Sample

A VAS belonging to the Santa Barbara series located in
southern Chile (36° 50" S; 113 71° 55" W) was collected
at 0-20 cm depth, naturally air-dried at room temperature
for 72 h and sieved (< 2 mm). This VAS was previously
described by Suazo-Hernandez et al. (2021).

2.3 Polyethylene-MP Sample

Polyethylene (PE) pellets were acquired from BO Packaging
company, Chile. PE-MPs were prepared using the PE pellets
by freezing in liquid nitrogen followed by crushing in a grain
crusher. The crushed material was sieved into a particle size
range of 100-250 um using a Standard ISO-3310.1 sieve
(Cisa Cedaceria Industrial, Spain). The density of PE-MPs

measured with a pycnometer was 0.85 g cm™.

2.4 Characterization of VAS and MP Samples

Soil pH was determined in 1:2.5 soil:double—distilled water
ratio. Organic matter (OM) content was determined after wet
digestion of sample using a modified Walkley—Black proce-
dure. Total P was extracted from the soil sample by alkaline
oxidation with NaBrO (Tabatabai and Bremner 1970) and
the supernatant was filtered and subsequently the concen-
tration of total P was determined using a Rayleigh — 2601
UV spectrophotometer (BRAIC Co. Ltd., Beijing, China) at
880 nm wavelength. The total nitrogen (TN) content of VAS
was measured using an elemental analyser (Euro EA3000,
EuroVector, Italy). Cation exchange capacity (CEC) of the
soil was estimated by extracting the exchangeable cations
(Na, K, Mg, and Ca) using NH,CH;CO, (1 M, pH 7.0). The
cation concentrations in clear filtrate were measured using
atomic absorption spectroscopy (AAS, Thermo Fisher ICE-
3500 AAS, USA) (Sadzawka et al. 2006). Exchangeable Al
was extracted with KCI1 (1 M) and measured using AAS.
Effective cation exchange capacity (ECEC) was calculated
as the sum of exchangeable Al plus the CEC.

@ Springer

The zeta potential (ZP) of PE-MPs and VAS was deter-
mined as a suspension of 20 mg particles in 10 mL NaCl solu-
tion (0.01 mol L™!) using a Nano ZS apparatus (Malvern
Instruments, Worcestershire, UK) at 20 °C. The isoelectric
point (IEP) was obtained from the graph of ZP versus pH.
The specific surface area of VAS, PE-MPs, and VAS + 1%
+ PE-MPs were obtained using the Brunauer, Emmett,
and Teller nitrogen adsorption/desorption technique with a
Quantachrome Nova 1000e physisorption analyzer (Boynton
Beach, FL, USA). The Barrett—Joyner—Halenda model was
used to determine the average pore volume and size.

The morphological characteristics of the surface of pristine
PE-MPs were acquired by a scanning transmission electron
microscope (STEM) using a STEM SU-3500 instrument
(Hitachi, Tokyo, Japan). The scanning electron microscope
(SEM) images obtained were analyzed to calculate the average
length of the particles using the ImageJ program (version 1.50i,
National Institute of Health, Bethesda, MD, USA). The elemen-
tal composition of PE-MPs was analyzed by SEM coupled to
an energy dispersive X—ray (SEM-EDX) spectrometer before
and after the adsorption of P in VAS + 1% PE-MP system
using a QUANTAX 100 Advanced BRUKER EDX microa-
nalysis detector (Bruker Corporation, USA). The PE-MPs
were isolated from the VAS + 1% PE-MPs adsorption isotherm
system having the highest initial P concentration (6.47 mmol
L) by centrifugation at 12,000 rpm for 10 min. The PE-MP
samples isolated from the soil were deposited onto formvar/
carbon—coated grids and inspected under a high vacuum mode.

The PE-MPs were characterized by X—ray diffraction
(XRD) before and after isolation from the soil following P
adsorption in VAS + 1% PE-MP system. The XRD meas-
urement was taken using a Shimadzu XRD-6000 powder
diffractometer (Columbia, Maryland, USA) at 1.5418 A with
CuKao radiation in the 20 region from 10 to 80°.

The Fourier transform infrared (FT-IR) spectra of VAS
and PE-MPs were recorded before P adsorption and for
PE-MPs after their isolation from the soil following P
adsorption in the VAS + 1% PE-MP system. FT-IR analy-
sis of samples was performed with a Cary 630 spectrometer
(Agilent Technologies, Santa Clara, CA, USA). The trans-
mission spectra were realized with 4 cm™! resolution, and
the operating wavelength ranged from 4,000 to 600 cm™! at
atmospheric pressure and 20 °C temperature.

2.5 Batch Adsorption-Desorption Studies

Batch adsorption studies were conducted to investigate the
removal capacity of P by adsorption onto VAS and VAS
+ 1% PE-MP systems in centrifuge tubes at 20 °C following
the methodology suggested by Shirkhorshidi et al. (2023). It
involved an air-drying of the soil at room temperatura for 72
h before the adsorption tests. The experimental adsorption
conditions used in these studies are summarized in Table 1.
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Table 1 Pg.rameter s Parameters Weight MPs Initial pH Kinetics Isotherms
evaluated in the batch
adsorption experiments Agitation time (min) 1,440 1,440 0-1,440 1,440
MPs dose (%) 0-2 1 1 1
Adsorbent dose (g) 0.5 0.5 0.5 0.5
Initial P concentration (mmol L) 6.47 6.47 6.47 0.02-6.47
NaCl concentration (mol L") 0.01 0.01 0.01 0.01
pH solution 55+0.2 4.5-10.5 +0.2 5.5+02 55+02
Volume of adsorbate (mL) 20 20 20 20
Shaking speed (rpm) 200 200 200 200

The samples from experiments examining the effect of
MPs doses, initial solution pH, adsorption kinetics, and
adsorption isotherm were centrifuged at 12,000 rpm for 10
min and filtered through 0.22 pm pore size syringe filters.
When studying the effect of initial solution pH (pHy,;;;,) on
P adsorption, the final solution pH (pHg;,,) Was also deter-
mined after P adsorption.

The P concentration in the filtered solution was deter-
mined using the molybdate—blue method (Murphy and Riley
1962) with a Rayleigh-2601 UV spectrophotometer. The P
amount adsorbed (q,, mmol kg™') was determined by Eq. 1.

g = L (M

m
where, C, and C, are the initial and time t, or the equilibrium
concentrations of P (mmol L_l), respectively, m is the mass
of VAS used (kg), and V is the volume (L).

At the completion of the adsorption isotherm experi-
ments, desorption were conducted immediately by taking the
P-adsorbed solids with the highest initial P concentration.
The desorption of P from the VAS and VAS + 1% PE-MP
systems was carried out by applying four successive extrac-
tions with 20 mL of double—distilled water into the tubes and
shaking at 200 rpm for 1440 min at 20 + 1 °C. After shaking,
the solution was filtered through a 0.22 pm pore size syringe
filter to determine the P concentration. The P desorption (%)
was determined from the adsorbed concentration of P on
soil systems, and the concentration of P desorbed into the
aqueous solution, using Eq. 2.

_ P desorbed

D ti =———xl
esorption (%) P adsorbed ™ 00% 2)

2.6 Adsorption Kinetics and Isotherm Models
and Data Analysis

The adsorption kinetic and isotherm models used in this
study are summarized in Supplementary Information
(Tables 1S and 2S). The Elovich, pseudo—second—order

Table 2 Selected properties of the volcanic ash soil used in this study

Parameter Volcanic ash soil
pH (in H,0) 5.40 +0.02
Organic matter (%) 14.1 £0.07
Total N (%) 0.74 +£0.03
Total P (mg kg™") 1,76641 £27.01
K (cmol, kg™ 0.89 +0.04

Na (cmol,,, kg™") 0.09 +0.01

Ca (cmol,, kg™ 6.45 +0.33

Mg (cmol,,, kg™") 1.34 +0.09

Al (cmol,, kg™") 0.08 +0.01
ECEC (cmol,, kg™")* 8.85 +0.48
Isoelectric point (IEP) 3.2

“Efective cation exchange capacity

(PSO), and pseudo-first-order (PFO) kinetic models, and
Langmuir and Freundlich isotherm models were tested
through non-linear fitting. Additionally, the intraparticle
diffusion (IPD) kinetic model was tested in a step—wise
linear form. These models provide different adsorption
perspectives and are complementary regarding the P
adsorption process in VAS, allowing to predict the key
underlying mechanisms (Dunne et al. 2021). It is however
important to recognize that no single model can describe
the complexity of the interaction between P in VAS and
VAS-MP systems.

All experiments were performed in triplicate in this study.
A blank sample without the VAS was also included. Results
presented in the paper are the means =+ standard error. The
data obtained from both kinetic and isotherm studies were
evaluated through the chi—squared (Xz) and coefficient of
determination (r?) parameters. To evaluate the effect of
PE-MPs on the P adsorption—desorption processes in VAS,
a Student's t-test was applied when statistical assumptions
were met (normal distribution and homoscedasticity). The
statistical analysis of the adsorption data was realized to
express the difference between mean values. Figures were
drawn with the Origin 2019b software (OriginLab, USA).

@ Springer
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3 Results
3.1 Characterization of Volcanic Ash Soil

The VAS presented an OM content of around 14%, a moder-
ate acidity (pH =5.40) and high levels of Ca and Mg, and
low Al K, and Na levels (Table 2). Furthermore, VAS exhib-
ited an average concentration of total P (1,766 mg kg™') and
total N (0.74%), and an IEP value of 3.2. The mineral com-
position of the VAS was dominated by allophane, kaolinite
and vermiculite (Escudey et al. 2001).

120 4

100 .’—-/./i’_ﬁli#ﬁ—ifi‘lfﬁ

o]
o
1

IN
o
1

Phosphate adsorbed (mmol kg™)
N (2]
o o

T T T T T T T T T T T
00 02 04 06 08 10 12 14 16 18 20
Doses of PE-MPs (%)

Fig.1 Effect of polyethylene microplastics (PE-MPs) on the
adsorption of phosphate anions on a volcanic ash soil at an initial
phosphate concentration of 6.47 mmol L™! in 0.01 mol L™! NaCl;
initial pH 5.5 +£0.2; reaction volume 20 mL. Error bars indicate
standard error; n=3

3.2 Effect of PE-MP Doses on P Adsorption

Figure 1 shows the effect of increasing PE-MP doses
from O to 2% on the adsorption of P (initial P concentra-
tion =6.47 mmol L™!) on VAS. The increase in the dose of
PE-MPs resulted in a slight increase in the adsorption of P
on the VAS sample. In particular, the VAS without PE-MPs
showed an adsorption of P equivalent to 88.73 mmol kg~!
(initial P concentration =258.8 mmol kg~!, 34.82%). When
the PE-MP dose increased to 2%, the adsorption of P was
95.19 mmol kg~! (37%). We chose a dose of 1% PE-MPs
from the above results for subsequent adsorption—desorp-
tion studies.

3.3 Effect of Initial Solution pH on P Adsorption

The pH had a direct effect on the ionization of surface func-
tional groups of the VAS and VAS + 1% PE-MP systems,
and on the speciation of P, which consequently would play
a vital role in the P adsorption behavior. Figure 2a shows
that as the pH value was increased, there was a decrease in
P adsorption on VAS and VAS + 1% PE-MP systems. The
presence of 1% PE-MPs increased the adsorption of P by
VAS in the entire pH range under the study. In addition,
at higher pH, the difference in P adsorption between VAS
and VAS + 1% PE-MPs decreased because the interaction
between PE-MPs and P became less favorable due to the
increasing negative surface charge of both PE-MPs and
VAS (Fig. 2a). The release of OH™ groups into the solu-
tion (i.e., increase in solution pH or positive ApH) following
P adsorption were higher for VAS alone system than VAS
+ 1% PE-MP system (Fig. 2b), which could be attributed to
an increased OH™ ligand exchange mechanism for P adsorp-
tion occurring in the former system compared to the latter.

Fig. 2 a) Effect of initial solu- 110
tion pH on the adsorption of a)
phosphate anions in the absence
and presence of 1% polyethyl-
ene microplastics (PE-MPs)

on a volcanic ash soil (VAS),
and b) variation of pH (ApH:
PHEinaPHiyisiay) before and

after adsorption of P at different
initial pH values and at initial P
concentration 6.47 mmol L™! in
0.01 mol L~! NaCl, and reaction
volume 20 mL. Error bars indi-
cate standard error; n=3

o o ~ [ ©
S S o S oS
1 1 1 1 1

Phosphate adsorbed (mmol kg™)
IS
\

—=—VAS 34b)
100 —o—VAS + 1% PE-MPs

—s—VAS
—o—VAS + 1% PE-MPs
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3.4 P Adsorption Kinetic Studies

The kinetic adsorption of P on VAS and VAS + 1% PE-MP
systems were realized at 20 °C at an initial solution pH of
5.5 over 0 to 1,440 min (Figs. 3a). The P adsorption effi-
ciency during the first 10 min was very low, reaching around
57.34 mmol kg~! (22.20%), and 63.43 mmol kg~! (24.55%)
for VAS and VAS + 1% PE-MPs, respectively. The curves
became linear after 60 min, resulting in a P adsorption of
74.44 mmol kg‘1 (28.81%) and 76.23 mmol kg_1 (29.51%)
for VAS and VAS + 1% PE-MP system, respectively. Mean-
while, at 720 min, the adsorption reached 90.59 mmol kg‘1
(35.41%) and 92.66 mmol kg™! (35.86%) for VAS and VAS
+ 1% PE-MP system, respectively. This showed that a long
contact time significantly influenced the adsorption of P in
VAS. After 720 min, no significant difference was observed
in P adsorption, indicating that both the VAS and VAS
+ 1% PE-MP systems reached an adsorption equilibrium
at around 720 min.

Experimental data were fitted to the PFO, PSO, Elovich,
and IPD kinetic models (Figs. 3b—d). The kinetic model
parameters obtained are provided in Table 3. The models
allowed us to predict the kinetic rates and mechanisms of P
adsorption on the studied systems. Based on high values of
2 and low values of X2 obtained, the Elovich model (r2 >
0.985 and X2 < 12) provided a better fitting of the experi-
mental data for VAS and VAS + 1% PE-MPs than the PFO

and PSO models (Table 3). The IPD model (Weber—Mor-
ris) was also applied to analyze the transport mechanism
of P using the experimental data. The IPD model describes
the penetration of adsorbate into the interior of a substrate
(Rusmin et al. 2015). The values of the IPD model param-
eters, k;,, and C, were obtained from the slope and intercept
of the graph g, versus t'’2. According to the graph shown in
Fig. 3d, the adsorption of P on VAS and VAS + 1% PE-MPs
occurred in three steps. The first part of the curve, with very
high r? values (> 0.966), represented a uniform distribution
of P on the external surface of the soil (film diffusion). The
second step was dominated by IPD, which suggested that
the P gradually diffused into the aggregates (intraparticle
diffusion), and the last part of the curve (equilibrium phase
or interaction) reflected the adsorption equilibrium, where
the adsorption slowed down due to the saturation of adsorp-
tion sites of VAS.

3.5 P Adsorption Isotherm Studies

The isotherm adsorption of P on the VAS and VAS + 1%
PE-MPs systems are shown in Fig. 4a. In every case, the
adsorption isotherm was L—type, indicating that the VAS
in the presence or absence of 1% PE-MPs had a high affin-
ity for P. In particular, the curves for both systems did not
reach a plateau. The experimental data were fitted non-lin-
early to the Langmuir and Freundlich models (Fig. 4b—c,

Fig.3 a) Phosphate adsorp- 120 120 0
tion kinetics at initial pH 5.5 ~ 1 P
. - . T [
+0.2in 0.01 mol L™! NaCl in ‘9100 100
the absence and presence of g E %’”'//'/l'
1% polyethylene microplastics £ E (7
(PE-MPs) on a volcanic ash soil 3 3 |
(VAS), b) phosphate adsorption g g 60
kinetics on a VAS modelled by g g
pseudo—first—order, pseudo—sec- o g 404
. ©
ond-order and Elovich model, < -§ = VAS
c) phosphate adsorption kinetics § 20 o 207 Pseudo-first-order
on a VAS in the presence of 1% & - zz: 1% PEMP = — :f:‘{gz‘secmd‘”der
—— | E— Vi
PE-MPs modelled by pseudo— ow . . . o VASTIATES R , . . , ; . .
first-order, pseudo—second— 0 200 400 600 800 1000 1200 1400 1600 0 200 400 600 800 1000 1200 1400 1600
order and Elovich models, and Contact time (min) Contact time (min)
d) phosphate adsorption kinetics 120 120 "
on a VAS in the absence and P c) 1104
presence of 1% PE-MPs ‘91004 2
. . . L ] —
modelled by intraparticle diffu- E M S 100
sion model. Error bars indicate g 80 £ e —
standard error; n= 3 = g %1
, £ o0 2 '-;";i
o m O 80
e 3
B ©
% 40 § 704
) " VAS +1% PE-MPs s ]
8 201 Pseudo-first-order e = VAS
T —— Pseudo-second-order | & ® VAS +1% PE-MPs
0 —— Elovich 501 Intraparticle diffusion
R T T T T T
0 200 400 600 800 1000 1200 1400 1600 0 10 20 30 40

Contact time (min)

Contact time®® (min®%)
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Table 3 Parameters of pseudo—first-order, pseudo—second-order,
Elovich and intraparticle diffusion models obtained from adsorption
kinetics of phosphate (+ standard error) on volcanic ash soil (VAS) in
the absence and presence 1% polyethylene microplastics (PE-MPs) a
pH5.5+0.1

and Table 4). According to the high values of r* and low
values of X2 obtained, the Freundlich model (r2 >0.994 and
x? < 6.39) better described the P adsorption data on VAS
and VAS + 1% PE-MP systems than the Langmuir model.

3.6 P Desorption Studies

The degree of desorption varied with the binding strength
between the adsorbent and the adsorbate. Figure 5 shows the
P desorption results of VAS systems after being extracted
four times (successively) with double—distilled water. The
P desorption (%) from VAS was 70.83%, and on VAS + 1%
PE-MPs system was 72.40% after four successive cycles.
In other words, VAS + 1% PE-MPs desorbed 1.02 times
greater amount of P than the VAS alone.

3.7 SEM-EDX Analysis

SEM-EDX results revealed that the pristine PE-MPs were
mainly dominated by C (Fig. 6a). After the adsorption of P
on VAS + 1% PE-MP system, the signal of C in the isolated
PE-MP sample was maintained alongside the appearance
of new signals for Na, O, Si, K, Cl and P (Fig. 6b). These
results indicated that a certain amount of P remained bound
to the PE-MPs following the adsorption experiments.

3.8 XRD Analysis

The XRD patterns of the PE-MPs pre— and after the P
adsorption showed the characteristic reflections of the
PE-MPs, which were observed at 20 values of 21.1° and
23.4° (Fig. S1) (Randhawa 2023). After the adsorption of
P, the PE-MPs isolated from the soil showed XRD reflec-
tions at similar 20 values stated above. Therefore, the XRD
results suggested that the crystallinity of PE-MPs did not
change before and after P adsorption in the soil.

Kinetic parameters VAS VAS + 1% PE-MPs
Qexp (mmol kg™") 91.88 +5.40 94.35 +6.42
Qexp (%) 35.57 37.32
Pseudo—first—order
e (mmol kg™ 81.94 +4.02 84.16 +3.54
k; (x 107> min™!) 27.41 £10.48 38.91 +13.33
? 0.823 0.858
x> 143 203
Pseudo—second-order
e (mmol kg™ 85.78 £3.17 87.53 +2.84
k, (x 102 kg 3.80 +1.34 5.38 +1.83
mmol™' min~")
h (mmol kg™! min™!)  27.96 +0.01 41.22 +0.01
2 0.912 0.926
x> 71 62
Elovich
o (mmol kg~! min~") 2,987.67 +£265.24 15,814.12 +697.55
B (x 102 kg mmol™))  13.91 +1.06 15.54 +£1.00
? 0.985 0.991
x> 12 7
Intraparticle diffusion
K, (mmol 3.70 +0.40 3.10 £0.24
kg—l min‘o‘s)
C, (mmol kg1 44.69 +2.00 52.35 £1.20
? 0.966 0.983
K, (mmol 0.47 £0.12 0.39 +0.04
kg™! min~?)
C, (mmol kg™h) 78.64 +1.82 82.00 +0.69
2 0.884 0.944
K,z (mmol 87.52 +0.84 88.49 +1.21
kg™! min~?)
C, (mmol kg1 0.12 +0.02 0.15 +0.04
2 0.910 0.886
100 a) 100 b)

20+

—m—VAS
—e— VAS + 1% PE-MPs

Phosphate adsorbed (mmol kg™")
5
I
Phosphate adsorbed (mmol kg™")

0

T T T T 0+

204

Phosphate adsorbed (mmol kg™")

1 2 3 4 5 T T

= VAS = VAS + 1% PE-MPs
Freundlich Freundlich
—— Langmuir 0 Langmuir
T T T T T T T
0 1 3 4 5 0 1 2 3 4 5

Phosphate concentration in the equilibrium (mmol L")

Fig.4 a) Phosphate adsorption isotherms at initial pH 5.5 +0.2 in
0.01 mmol L™' NaCl in the absence and presence of 1% polyethylene
microplastics (PE-MPs) on a volcanic ash soil (VAS), b) phosphate
adsorption isotherms on a VAS modelled by the Langmuir and Freun-
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Phosphate concentration in the equilibrium (mmol L")

Phosphate concentration in the equilibrium (mmol L)

dlich models, and c) phosphate adsorption isotherm on a VAS in the
presence of 1% PE-MPs modelled by the Langmuir and Freundlich
models. Error bars indicate standard error; n=3
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Table 4 .Langmuir and System Langmuir Freundlich
Freundlich parameters (+
standar(.i err'or) for phosphate K, Qs 2 x> K¢ n 2 x>
adsorption isotherms at pH (Lmmol™)  (mmol kg™ (mmol kg™)
5.5 +£0.2 in the absence and (L mmol ~Hn
presence of 1% polyethylene VAS 170 £0.80  85.41 £10.68 0943 6174 49.55+128  3.09+0.19 099 6.39
microplastics (PE-MPs) on a
volcanic ash soil (VAS) VAS +1% 2.02+0.86 89.71+9.77 0952 58.79 54.66 +1.11 323 +£0.17 0.996 5.45
PE-MPs
B VAS 4 Discussion

1007 B VAS + 1% PE-MPs

Phosphate desoprtion (%)

1 2 3 4

Number cycle

Fig.5 Phosphate desorption (%) obtained from volcanic ash soil
(VAS) soil in the absence and presence of 1% polyethylene micro-
plastics (PE-MPs) using 20 mL of double—distilled water, and shak-
ing at 200 rpm for 1,440 min at 20 +1 °C. Error bars indicate stand-
ard error; n=13

3.9 FT-IR Analysis

FT-IR spectroscopy was used to characterize functional
group changes on PE-MPs surfaces pre— and after P
adsorption (Fig. 7). The FT-IR spectra of the pristine
PE-MPs showed two bands at 2,919 cm™! and 2,851
cm™!, which indicated an asymmetric and symmet-
ric vibration of CH,, respectively (Kovacs et al. 2021;
Zhang et al. 2020b). The FT-IR spectra also showed two
absorption bands at 1,463 cm~! and 721 em™!, corre-
sponding to the C—H bending deformation and C—C rock-
ing vibration, respectively (Kovacs et al. 2021; Zhang
et al. 2020b). After the adsorption of P, the FT-IR spec-
tra of the PE-MPs isolated from VAS showed the above
adsorption bands and a new band at 962 cm™!, which did
not appear in the FT-IR spectra of VAS (Fig. S2). The
new band corresponded to a symmetric bending vibration
of P—O bonds (Gu et al. 2021).

We evaluated the influence of PE-MPs on P adsorption—des-
orption processes on a typical VAS (Table 1) (Cartes et al.
2009), which is of importance since P is one of the most
limiting nutrients for agricultural activities in this type of
soils (Pizarro et al. 2017; Vistoso et al. 2012). We found that
1% PE-MPs slightly increased the P adsorption capacity of
the soil (Fig. 4) and also increased P desorption (Fig. 5).
Anion adsorption on VAS was studied extensively in the past
(Gonzalez-Rodriguez and Fernandez-Marcos 2021; Vistoso
et al. 2012) but not often in the presence of MPs. This study
obtained a maximum P adsorption value in the VAS (85.41
mmol kg™!) similar to those already reported (Vistoso et al.
2012, 2009). PE-MPs were also shown to adsorb anions
such as H,PO,~ (Khan and Hodson 2024), Cr,0,*~ (Zhang
et al. 2020b), and HAsO,~ and AsO,™ (Nguyen et al. 2023).
Soil comprises various inorganic and organic components,
including minerals (e.g., silicates, aluminosilicates, iron
oxides, and aluminium oxides) and OM. In particular, VAS
contains amorphous minerals such as allophane, imogo-
lite, and ferrihydrite, which have a strong anion adsorption
capacity, especially P anions (Escudey et al. 2004; Pizarro
et al. 2017). The main mechanism proposed for P adsorption
on VAS has been ligand exchange via OH™ groups that are
exposed at the colloidal amorphous mineral surface in this
type of soils (Vistoso et al. 2012).

The PE-MPs we used had a highly hydrophobic sur-
face, an irregular morphology (size between 250 ym and
50 um; with an average length of 145.39 um) (Fig. S3a and
S3b), a high specific surface area (4.81 m? g™!), high poros-
ity (0.005 cm? g_l) (Table 3S) and a net negative surface
charge at pH 5.5 (Fig. S4) at which the adsorption studies
were performed. These characteristics might partly explain
why the P adsorption capacity of VAS was altered in the
presence of 1% PE-MPs. We found a slight but insignificant
(p>0.05) influence of the PE-MP dose on the P adsorp-
tion by VAS. Particularly, the increase in PE-MP dose
led to a slightly upward trend in the P adsorption capac-
ity of the soil. The addition of 2% PE-MPs provided the
most notable increase in P adsorption. This increase might
be associated with the affinity of PE-MPs for P anions.
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cps/eV

cps/eV
50

Fig.6 SEM-EDX spectra of polyethylene microplastics isolated from a volcanic ash soil; a) without phosphate, and b) after adsorption of phos-
phate, at initial pH 5.5 £0.2 in 0.01 mol L™! NaCl, and reaction volume 20 mL

160

140

2 1201
Q
(2]
c
©
=]
£
7]
c
(1]
=
1463
721
60 - 2851
2919 —— PE-MPs +P
—— PE-MPs
40

T T T T T T T T T T T T T
4000 3500 3000 2500 2000 1500 1000

Wavenumbers (cm™")

Fig.7 FT-IR spectra of polyethylene microplastics (PE-MPs) before
and after the adsorption procedure in 6.47 mmol L™! phosphate (P) at
initial pH 5.5 0.2 in 0.01 mol L~ NaCl, and reaction volume 20 mL

Similar to our results, Shi et al. (2022) reported an increased
adsorption of P on soil collected from sweet potato field
in Ezhou, China, following an addition of 1% and 5% of
PE-MPs. The pH of the solution could exert a noticeable
influence on the adsorption of oxyanions on VAS and VAS
+ 1% PE-MP systems (Caceres-Jensen et al. 2009; Céceres
et al. 2010; Hiradate and Uchida 2004; Pigna and Violante
2003). Ligand exchange reaction between the adsorbent’s

@ Springer

surface functional groups and H,PO,™ could be promoted
at an acidic solution pH (Suazo-Hernandez et al. 2021). In
contrast, P adsorption could decrease at an alkaline pH due
to electrostatic repulsion followed by a decreased ligand
exchange (Suazo-Hernandez et al. 2021). Our study found
that P adsorption was slightly higher on VAS + 1% PE-MP
than VAS alone at acidic pH, and the adsorption did not
remarkably change at alkaline pH. The small difference in
P adsorption capacity observed at acidic pH between the
VAS and VAS + 1% PE-MP systems could be attributed to
the favorable electrostatic interaction between P anions and
PE-MPs, possibly due to the presence of MPs agglomer-
ates at the soil surface (Khan and Hodson 2024; Luo et al.
2024). At very high pH values, the surface of PE-MPs was
negatively charged, and the interaction between PE-MPs
and P anions could be hampered by electrostatic repulsion
force (Zhang et al. 2020b). High pH values could cause elec-
trostatic repulsion between MP particles, increasing their
dispersion. This would decrease the presence of PE-MPs in
soil agglomerates, and consequently decrease the amount
of adsorption sites for P (Luo et al. 2024). At acidic pH, a
positive and higher value of ApH was obtained for P adsorp-
tion on VAS + 1% PE-MP than on VAS alone, suggesting
that ligand exchange reaction was more favorable for the
interaction of H,PO,~ with surface functional groups of VAS
than between H,PO,” and VAS + 1% PE-MPs. At an alka-
line pH, negative and similar values of ApH in both VAS
and VAS + 1% PE-MP systems were obtained, probably
due to a decreasing trend of ligand exchange mechanism
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between H,PO,™ and VAS as a consequence of the presense
of PE-MPs (Chen et al. 2024).

The kinetic data of P adsorption on VAS and VAS + 1%
PE-MPs were fitted to the PFO, PSO, IPD and Elovich
models. The Elovich model describes a chemisorption
process (strong binding force) on a heterogeneous sur-
face and establishes no interaction among the adsorbed
species (Fizir et al. 2024; Suazo-Hernandez et al. 2022).
The fitness of the experimental data of this study to the
Elovich model suggested that the dominant P adsorption
mechanism on VAS and VAS + 1% PE-MPs was through
the formation of a chemical bond between P and binding
sites of the adsorbents.

The values of the Elovich model parameters o and
varied as a function of the presence of PE-MPs (Table 3).
The value of f increased from 13.91 x 102 kg mmol~! for
VAS to 15.54 x 1072 kg mmol~! for VAS + 1% PE-MP
system, indicating that PE-MPs added some P adsorp-
tion sites in the VAS matrix. At the same time, the pres-
ence of PE-MPs caused an increase in the value of a from
2,987.67 to 15,814.12 mmol kg~ min~' for VAS and VAS
+ 1% PE-MPs, respectively. Irrespective of the presence
and absence of PE-MPs, the values of a were higher than
B, suggesting a greater feasibility of the P adsorption pro-
cess than desorption (Suazo-Herndndez et al. 2021). A
good fitness of the Elovich model for P adsorption on VAS
was also reported in previous studies (Suazo-Hernandez
et al. 2023; Suazo-Hernandez et al. 2021; Vistoso et al.
2009). The Elovich model, however, was unable to identify
the diffusion mechanism, which was elucidated by using
the IPD model. If the adsorption rate is controlled by intra-
particle diffusion, the graph in Fig. 3d must be straight
and pass through the origin (0,0) (Caceres Jensen et al.
2019). Otherwise, the adsorption would be controlled by
multiple processes (Caceres Jensen et al. 2019; Mezenner
and Bensmaili 2009). In the current study, the graph did
not pass through the origin; therefore, IPD was not the
only rate controlling step in P adsorption on VAS and VAS
+ 1% PE-MPs (Caceres Jensen et al. 2019). From the IPD
model, three stages were distinguished for P adsorption
in both systems.

The values of K;,, for VAS and VAS + 1% PE-MPs
showed a tendency of K, ;3> K, ;> K., (Table 3). This
might be due to P adsorption occurring rapidly on the sur-
face, favoring a saturation of the adsorption sites. This satu-
ration would cause P to penetrate into the adsorbent’s sur-
face, rapidly entering the pores and leaving free sites on the
surface of the adsorbent (Zhao et al. 2022). Nevertheless,
the film diffusion rate constant (K;,,) for the VAS system
was 1.19 times higher than for the VAS + 1% PE-MP sys-
tem (Table 3). This indicated that P transport through the
liquid film was slower in the presence of PE-MPs. The low
slopes of the intraparticle diffusion segments (k;,,) in both

systems, 0.47 mmol kg~! min~%° for VAS and 0.39 mmol
kg~™! min~3 for VAS + 1% PE-MPs, indicated a slow diffu-
sion rate in the adsorbent pores, regardless of the presence
of PE-MPs (Costigan et al. 2022).

Previous studies found that the Langmuir and Freundlich
isotherm models could describe P adsorption behaviors in
volcanic soils (Suazo-Hernandez et al. 2023; Suazo-Hernéan-
dez et al. 2021). The present study showed that without and
with 1% PE-MPs, the Freundlich isotherm model fitted bet-
ter to the experimental data for P adsorption on VAS than
the Langmuir model (Table 4). This meant that the adsorp-
tion of P on VAS without and with 1% PE-MPs occurred in
multilayers on a heterogeneous surface (Kalam et al. 2021).
These results are consistent with those obtained from the
good fitting of the kinetic adsorption data to the Elovich
model. Similar findings were reported by Khan and Hodson
(2024) for P adsorption in some arable soils in the UK with-
out and with PE-MPs.

The P adsorption isotherm for VAS and VAS + 1%
PE-MPs yielded high values of the adsorption intensity (n
=3.09 and 3.23, respectively) when fitting to the Freundlich
model (Table 4). The P adsorption capacity, as expressed
by the K values, was 54.65 (mmol kg™') (L mmol~")!" for
VAS + 1% PE-MPs versus 49.55 (mmol kg~") (L mmol 1)V
" for VAS. In other words, the relative P adsorption capacity
was 1.10 times higher for VAS + 1% PE-MPs than VAS.
In addition, this study showed that although the addition of
1% PE-MPs decreased the specific surface area and pore
volume of VAS (Table S3), the VAS + 1% PE-MP system
practically had the same adsorption capacity to P than VAS
alone.

The slightly increased adsorption of P on VAS could pri-
marily be related to the specific surface area, porosity, and
—CH, groups of PE-MPs (Table S3), because P (H2P042‘)
could be adsorbed on this material through pore filling mech-
anism and van der Waals forces (Brennecke et al. 2016). This
hypothesis was also supported in an earlier study by Chen
et al. (2019), who reported that tri-n—butyl phosphate and
tris(2—chloroethyl) phosphate were adsorbed on PE-MPs by
pore—filling mechanism. Shao et al. (2023) reported that the
adsorption of Cr,0,?~ on PE-MPs also occurred through the
micropore filling effect and van der Waals forces.

The SEM-EDX (Fig. 6) and FT-IR (Fig. 7) results con-
firmed the presence of P on the surface of PE-MPs isolated
from the soil after adsorption of P on VAS + 1% PE-MPs
system, indicating that the effect of PE-MPs was not just
a simple dilution effect, but a direct interaction of the sur-
face of MPs with P anions. On the contrary, no changes
were observed in the XRD pattern of PE-MPs before and
after P adsorption on VAS + 1% PE-MPs system (Fig. 15),
which indicated that the adsorption of a small amount of P
over a short period of time did not affect the crystallinity of
PE-MPs. These results indicated that a weak binding force
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between PE-MPs and P anions could have also contributed
to P adsorption in the VAS + 1% PE MPs system. There-
fore, chemical adsorption was not the only mechanism of P
adsorption on VAS + 1% PE-MPs. It could be speculated
that pore—filling and/or physical interaction mechanisms
might have dominated the adsorption of P by PE-MPs. In
contrast, a chemical adsorption mechanism dominated for P
adsorption to original VAS particles.

Another notable result of this study was that the percent-
age of P desorption from VAS increased, but insignificantly
(p>0.05), when 1% PE-MPs were added to the system.
These results indicated that P adsorbed on PE-MPs was
washed away when H,O was used as the desorbing agent.
The results revealed that MPs occupied the specific adsorp-
tion sites of VAS for P (Mai et al. 2023), and again sug-
gested that P was bound weakly to VAS + 1% PE-MPs than
VAS without PE-MPs. Similar to the results of the current
study, Li et al. (2021) reported that P adsorption on PE-MPs
occurred through van der Waals forces (physical interaction).
Khan and Hodson (2024) also found a high level of P des-
orption from high—density (HD) PE-MPs and HDPE-MPs
+ soil systems, which the authors attributed to a weak van
der Waals interaction force between HDPE-MPs and P.

Several studies showed that MPs could modify the chemical
and physical properties of soils (e.g., aggregate stability, bulk
density, porosity, water holding capacity, and pH) (de Souza
MacHado et al. 2018; Ding et al. 2022; Jiang et al. 2017), and
the availability of elements (Ma et al. 2022; Zhou et al. 2020).
However, studies on VAS, which are characterized by having a
high water—holding capacity, and OM content, acidic pH, non-
crystalline minerals (allophane, ferrihydrite, and imogolite),
and Al-humus complexes, are minimal (Cook et al. 2022; Cor-
radini et al. 2021). One of the very few studies conducted on
Chilean terrestrial systems reported that the most common MPs
are PE, polypropylene, acrylates, polyurethane, varnish, nitrile
rubber, and polystyrene, which can reach soils mainly through
the disposal of sewage sludge (Corradini et al. 2019). On that
basis, we used a PE type MPs to approximate its effect of P
adsorption—desorption in VAS, with the limitation of laboratory
studies, what could occur in the real system. The results of the
adsorption—desorption studies, for the first time, confirmed that
the addition of 1% PE-MPs slightly increased P adsorption on
VAS and P desorption capacity from the soil too, increasing
the release of P into the soil solution. This consequently could
increase the mobility of P towards groundwater, posing addi-
tional problems for the environment. This also means that when
PE-MPs and P coexist in a VAS, P availability for plants and
soil biota could increase slightly. The results of this study thus
may have long-reaching implications for agriculture, particu-
larly in VAS, where nutrient management is crucial to maintain
the soil quality and health. Considering the exponential increase
of MPs concentrations in agroecosystems and their possible
impacts on soil functions (Baeza et al. 2020), future studies
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must focus on determining the influence of PE-MPs as well
as other types of MPs on the environmental behavior of plant
nutrients such as K, Cu, Zn, N, S, Mo, and Se, and to unravel
the fate and transformation of MPs in VAS.

5 Conclusions

Experimental results in the batch systems showed that
increasing the polyethylene microplastics (PE-MPs) dose
slightly increased the adsorption of phosphate (P) on
the volcanic ash soil (VAS). The addition of 1% PE-MPs
to VAS slightly increased P desorption too with respect
to VAS alone. The results of the spectroscopic analyses
showed that P might bind to PE-MPs through physical
interaction (van der Waals forces) and/or pore—filling
mechanisms. The overall results revealed that 1% PE-MPs
could potentially increase the P bioavailability in the VAS.
In addition, 1% PE-MPs changed the soil physical proper-
ties, which could alter the soil health and hydraulic con-
ductivity, and these warrant further investigations. This
study forms the basis for researching how MPs could affect
nutrient bioavailability in VAS in Chile and other coun-
tries and deliver useful information to assess the impact of
MPs in the functionality of terrestrial systems.
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