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H I G H L I G H T S  G R A P H I C A L  A B S T R A C T  

• PSNPs− NH2 transport was hindered in 
GT and GT-DEHP-coated columns. 

• GT and GT-DEHP decelerated the 
transport of PSNPs− COOH more than 
that of PSNPs. 

• Deposition of PSNPs− NH2 was largely 
due to its sensitivity to chemical 
heterogeneity. 

• Quantum chemical computation was 
applied to study NPs transport for the 
first time. 

• Ligand exchange caused greater deposi
tion of PSNPs− COOH than that of 
PSNPs.  
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A B S T R A C T   

The production and degradation of plastic remains can result in nanoplastics (NPs) formation. However, insuf
ficient information regarding the environmental behaviors of NPs impedes comprehensive assessment of their 
significant threats. In this study, the transport behavior of unmodified NPs (PSNPs), carboxyl-modified NPs 
(PSNPs− COOH), and amino-modified NPs (PSNPs− NH2) was investigated using column experiments in the 
presence and absence of goethite (GT) and diethylhexyl phthalate (DEHP). Quantum chemical computation was 
performed to reveal the transport mechanisms. The results showed that GT decreased the transport of NPs and 
the presence of DEHP decreased it further. Van der Waals forces and small electrostatic interactions coexisted 
between the PSNPs and GT and caused deposition. Ligand exchange caused greater deposition of PSNPs− COOH 
on GT-coated sand than that of PSNPs. Although hydrogen bonding existed between the DEHP and NPs with 
functional groups, an increase in the positive charge and chemical heterogeneity of the collector was the main 
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reason for DEHP promoting the deposition of NPs. Because of low absolute negative zeta potential values, 
PSNPs− NH2 was sensitive to chemical heterogeneity, and thus fully deposited (over 96.9%) in GT and GT-DEHP- 
coated columns. Generally, the deposition of NPs due to chemical heterogeneity was more significant than that 
due to the formation of chemical bonds and van der Waals, electrostatic, and hydrogen interactions. Our results 
highlight that the surface charge and functional groups significantly influence the transport behaviors of NPs and 
elucidate the fate of NPs in the terrestrial environment.   

1. Introduction 

Among the various plastic contaminants, microplastics (MPs) have 
been investigated extensively (Wright et al., 2013; Davranche et al., 
2019). Germany, Australia, Mexico, Slovenia, and Switzerland have 
confirmed the severity of MPs in soils, with concentrations of up to 6.7% 
(Hohenblum et al., 2015; Huerta Lwanga et al., 2016, 2017a; Bläsing 
and Amelung, 2018; Scheurer and Bigalke, 2018). However, the exis
tence of nanoplastics (NPs) has recently been found (Gigault et al., 
2018). The breakdown of larger plastic debris and aged MPs causes NPs 
to enter soil/agro-ecosystems (Rillig, 2012; Duis and Coors, 2016). The 
application of sewage sludge or biosolids from municipal wastewater 
treatment plants to farmlands could represent a major source of MPs in 
agricultural soils (Hurley and Nizzetto, 2018), with other notable inputs 
including plastic mulch films, greenhouse materials, soil conditioners 
(Duis and Coors, 2016; Horton et al., 2017), landfill leachate (Alimi 
et al., 2018), and irrigation activities (Bläsing and Amelung, 2018). 
Nanoplastics form after MPs are weathered through various mechanisms 
(environmental conditions), such as photochemical and physical 
degradation (Davranche et al., 2019), mechanical abrasion, and bio
logical digestion (Lambert and Wagner, 2016; Dawson et al., 2018). 
Natural aging processes, although slow, transform plastic debris into 
scattered micro-to-nano-scale fragments; thus, farmlands are a major 
environmental reservoir of NPs (Song et al., 2019). As emerging pol
lutants, NPs have led to growing concern and pose potential threats to 
soil biota (Wu et al., 2020). For example, plastic particles significantly 
affect the growth rate of the earthworm Lumbricus terrestris (Huerta 
Lwanga et al., 2016), and can even enter the terrestrial food chain 
(Huerta Lwanga et al., 2017b) resulting in possible health risks to 
humans (Sharma and Chatterjee, 2017). The number of studies on the 
environmental behavior, fate, and toxicity of NPs has increased expo
nentially as they have become a significant environmental concern. 

Phthalic acid esters (PAEs) are essential plasticizers used during 
plastic manufacturing (10–60% by weight (Zeng et al., 2009)) to in
crease the flexibility of polymers during processing, as well as that of the 
final product (Rahman and Brazel, 2004). A previous study reported that 
MPs and PAEs found in facility agricultural soil had a common source (Li 
et al., 2021). Therefore, PAEs and NPs might coexist in the environment 
after the weathering of plastic products. DEHP is currently one of the 
most frequently detected pollutants in the environment, particularly in 
soils (Zhou et al., 2020). In Korea and Denmark, DEHP concentrations in 
soil were up to 1.90 and 3.02 mg kg− 1 respectively (NIER, 2006; 
Zorníková et al., 2014). The maximum concentration of DEHP in urban 
soil in Guangzhou was reported as 264 mg kg− 1 (Zeng et al., 2009). 
Owing to its hydrophobic characteristics, DEHP tends to strongly adsorb 
onto soil particles (Steinmetz et al., 2016). The long-term presence of 
DEHP in soil may significantly affect the fate of NPs. Numerous studies 
have reported that the mobility of NPs varies depending on their prop
erties (e.g. particle size and functional groups) (Dong et al., 2018, 2019; 
Li et al., 2019, 2020a; Song et al., 2019), the environmental conditions 
of water-bearing media (e.g., solution chemistry, presence of Fe3O4-
biochar or biofilms, and the freeze-thaw environment) (Dong et al., 
2018, 2019; He et al., 2020; Li et al., 2020a; Tong et al., 2020a; Alimi 
et al., 2021), and the cotransport of materials (e.g., CeO2 nanoparticles, 
TiO2 nanoparticles, iron oxides, biochar, bacteria, and naphthalene) (He 
et al., 2018; Cai et al., 2019; Li et al., 2019, 2020a; Hu et al., 2020; Tong 
et al., 2020b). However, the influence of DEHP on NPs transport has not 

yet been considered. 
The functional groups of NPs might play a vital role in their trans

port. Most plastics in the terrestrial environment are secondary, and 
aging leads to the formation of plastic fragments with different func
tional groups (Song et al., 2019). Similar to the properties of nano
particles, the surface functional groups of NPs might control their 
reactivity, stability, and mobility (Hüffer et al., 2017; Shaniv et al., 
2021). Nanoplastics usually consist of a plastic core and variable func
tional groups that determine their effective surface charge (Nowack and 
Bucheli, 2007). Almost all recent studies on the aggregation and depo
sition of MPs/NPs have focused on spherical polystyrene (PS) particles 
modified with sulfate, amine, or carboxyl groups (Alimi et al., 2018). For 
example, carboxyl-modified NPs rapidly form 1700 nm aggregates, 
whereas amino-modified NPs aggregates remain stable at a smaller size 
of approximately 90 nm (Della Torre et al., 2014). Amino groups facil
itate the adsorption of dissolved organic matter (OM) on the particle and 
inhibit the adsorption of Ca2+ and suspended OM, whereas the carboxyl 
group facilitates the adsorption of both (Song et al., 2019). A relatively 
low humic acid concentration promotes the heteroaggregation of 
NH2-modified NPs to a greater extent than NPs with other functional 
groups, owing to the decreased electrostatic hindrance (Li et al., 2020a). 
Similarly, the homoaggregation of NH2-modified NPs has been observed 
under a salinity of 35 PSU, and results in a decrease in its transport 
(Dong et al., 2019). These results suggest that the surface chemical 
properties of NPs affect their stability and mobility. 

Soil minerals, particularly iron minerals, represent the fundamental 
soil properties, determining the transport of polystyrene NPs (PSNPs) 
due to their coupled effects on surface charges that affect the electro
static interactions between soils and PSNPs (Wu et al., 2020). Owing to 
its high stability, goethite (GT) is the most widespread, highly reactive 
iron oxide in natural environments. GT and its colloids can strongly 
affect the environmental behavior of contaminants (Chen et al., 2019). 
In a previous study, the presence of GT did not influence the transport of 
20 nm NPs; however, it could hinder the transport of large NPs (Li et al., 
2019). The presence of iron minerals must be considered when inves
tigating the migration of NPs in aqueous media. 

The number of studies examining the transport, aggregation, reten
tion, and transformation of various NPs in environmental systems is 
growing rapidly, and some information regarding the transport of NPs 
with different surface functional groups in saturated media has been 
reported. However, our knowledge of NPs-GT-DEHP interactions is 
limited. In this study, we hypothesized that the effects of GT and DEHP 
on the functionalization of NPs will vary. The transport of three types of 
NPs with different functional groups, including PSNPs, carboxyl- 
modified NPs (PSNPs− COOH), and amino-modified NPs 
(PSNPs− NH2), was investigated in controlled laboratory column ex
periments using breakthrough curves (BTCs) and nanoparticle transport 
models, and the transport mechanism was interpreted using the DLVO 
theory and quantum chemical computations. Our findings provide 
insight into the aggregation behavior of different surface functional 
groups and unmodified NPs in a saturated medium, along with their 
interactions with DEHP, and aid in understanding the distribution and 
accumulation of NPs in soil environments. 

A.M. Yasir et al.                                                                                                                                                                                                                                
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2. Materials and methods 

2.1. Material preparation 

The transport behavior was investigated using three types of 50 nm 
PSNP spheres including PSNPs, PSNPs− COOH, and PSNPs− NH2 (Huge 
Biotechnology Co., Ltd). Approximately 100 mmol g− 1 carboxyl and 
amino groups were introduced to the NP surfaces through reactions with 
acrylic acid and ethylenediamine, respectively. The functional group 
information of NPs produced by this company is provided in a previous 
article (Li et al., 2020a). The concentration of the stock solutions was 
2.5% w/v, and they were diluted to obtain a target concentration of 200 
mg L− 1. The concentrations of the NPs suspensions were determined by 
measuring the extinction at 300 nm using a spectrophotometer 
(UV-2700, Shimadzu), based on the linear calibration curves between 
the absorbencies and standards (Shani et al., 2008). The linear calibra
tion curves for the NPs concentrations are shown in Fig. S1. The settling 
curve showed that the three kinds of NPs were very stable in water at pH 
7.5 (Fig. S2). Goethite was synthesized by the procedure described in 
Schwertmann and Cornell (2008). Briefly, GT was precipitated by 
titrating dissolved Fe (NO3)3⋅9H2O with NaOH to a pH 12. The sus
pension was then aged for 4 d and dialyzed until EC < 10 μS cm− 1. Then 
the GT was then freeze-dried and ground to a fine powder for further 
use. The particle size of GT in water at pH 7.5 was ~304.2 ± 5.8 nm, 
similar to that in our previous study (Ma et al., 2020). Analytically pure 
DEHP was used to simulate the impact of phthalates on NPs transport. 

2.2. Transport experiment 

Column experiments were conducted in glass chromatographic col
umns with a length and inner diameter of 10 and 1.5 cm, respectively. 
Quartz sand with an average size of 337.5 μm was packed in the column 
as the standard porous media, which was first immersed in 6-M HCl for 
at least 24 h for cleaning, and then repeatedly rinsed with Milli-Q water. 
Goethite -coated sand or GT-DEHP-coated sand were prepared by mix
ing. Different amounts of sand, GT, and DEHP were mixed with 10% 
Milli-Q water to make the material adhere to the surface of the sand. The 
filler mixture ratios (mass ratio) are presented in Table 1. Then quartz 
sand or mixed sand was wet-packed into each glass column. The effec
tive porosity and bulk density of the packed columns were 0.45 ± 0.02 
cm3 cm− 3 and 1.43 ± 0.05 g cm− 3, respectively. After packing, the 
columns were pre-conditioned with 15 pore volumes (PVs) of Milli-Q 
water with an IS of 0.1 mM NaCl using a peristaltic pump (BT-100 1F, 
Longer) in the up-flow mode. Following pre-equilibration, 10 PVs of NPs 
with an IS of 0.1 mM NaCl were injected into the columns, followed by 
elution with 5 PVs of Milli-Q water with the corresponding pH and IS at a 
constant Darcy velocity of 0.568 cm min− 1. All column experiments 
were conducted at a pH of 7.5. The NPs concentrations in the effluent 
were measured for each PV using a spectrophotometer. The zeta po
tentials of the NPs and coated sand (after milled) were measured in 
triplicate using a dynamic light-scattering analyzer (Zetasizer Nano ZS, 
Malvern) (Table 1). The zeta potentials of the NPs were similar to those 

determined in a previous study at pH 7.5 (Li et al., 2020a). Then, the 
measured mean zeta potentials were used to calculate the DLVO inter
action energy. Following the completion of the transport experiments, 
the deposition of NPs in the 0–2.5 cm columns was observed using 
scanning electron microscopy (SEM) with a Zeiss Merlin Compact (at 15 
kV) and energy dispersive spectroscopy (EDS) (OxfordX-MAX, Zeiss). 

2.3. Model and data analysis 

2.3.1. Transport model 
Before the NPs transport experiment, a conservative tracer checked 

the longitudinal dispersity of the columns (Qian et al., 2020). A con
servative tracer can check the hydraulic characteristics, including the 
longitudinal dispersity, of the columns before the nanoparticle transport 
experiments. The transport data were simulated by the nanoparticle 
transport model, which included two-site kinetic retention to describe 
nanoparticle transport and retention in the column experiments (Brad
ford et al., 2003). For the first kinetic Site-1, the time-dependent 
retention is taken into account, assuming reversible retention using 
first order retention (k1a) and detachment (k1d) coefficients. For the 
second kinetic Site-2, depth-dependent retention is considered, 
assuming irreversible retention using a first-order retention coefficient 
(k2a). Detailed equations and relative parameters are exhibited in Sup
plementary Material S3. 

2.3.2. DLVO theory 
The Derjaguin-Landau-Verwey-Overbeek (DLVO) theory performs a 

function in calculating the total nanoparticle-sand interaction energy by 
adding Lifshitz-van der Waals (LW) to electrical double layer (EDL) in
teractions. The total calculations of LW and EDL interactions as a sphere- 
plate geometry system (Derjaguin and Landau, 1941; Verwey and 
Overbeek, 1948) were utilized to predict the interactions between NPs 
and quartz sand. Details of the DLVO theory and operative equations are 
presented in Supplementary material S4. 

2.3.3. Quantum chemical computation 
Quantum chemical calculations were used to explain the interaction 

of NPs with GT or DEHP, which play a key role in NPs transport. The 
configurations of the molecules were determined using the Molclus 
program (http://www.keinsci.com/research/molclus.html), molecular 
formulas of NPs monomer, GT, and DEHP are presented in Fig. S3. After 
generating the original configurations, they were each optimized based 
on the all-electron density functional theory (DFT) at the B3LYP/6-311G 
(d) level using the quantum chemistry Gaussian 16 software package 
(Frisch et al., 2016). The optimized configuration with the lowest energy 
was then further optimized at the B3LYP/6-311G(d) level. Grimme’s 
D3BJ dispersion was used to describe intermolecular interactions, and 
the binding energies were calculated using the following equation (1):  

Binding energy = Ecomplex – (Efragment1 + Efragment2)                             (1) 

where Ecomplex is the energy of a complex composed of two molecules, 
and Efragment1 and Efragment2 are the energies of a single molecule cor
responding to different systems. 

To observe the nature of the interaction more clearly, the electro
static potential (ESP) was analyzed using Multiwfn software (Lu and 
Chen, 2012). The complex structures and contour surface of ESP were 
visualized using Visual Molecular Dynamics (VMD) software (Hum
phrey et al., 1996). 

Mayer bond orders (Mayer, 1983, 1984) were calculated based on 
the following equation (2) (Poater et al., 2012): 

MAB = 2
∑

μ∈A

∑

ϑ∈B

[
(PαS)μϑ(P

αS)ϑμ +
(
PβS

)

μϑ

(
PβS

)

ϑμ

]
(2)  

where S is the atomic orbital overlap matrix and Pα and Pβ are the 
density matrices for the α and β electrons, respectively. 

Table 1 
Zeta potential of NPs, sand, and coated sand at pH 7.5  

NPs and sand Zeta potential 

PSNPs − 44.1 ± 1.7 
PSNPs-COOH − 47.8 ± 1.0 
PSNPs-NH2 − 27.7 ± 0.2 

Quartz sand − 45.6 ± 2.3 
Quartz sand-0.2% GT 13.1 ± 1.4 
Quartz sand-0.5% GT 18.0 ± 0.5 
Quartz sand-2% GT 20.6 ± 1.4 
Quartz sand-0.2% GT-0.05% DEHP 27.3 ± 0.9 
Quartz sand-0.5% GT-0.05% DEHP 28.8 ± 0.5 
Quartz sand-0.5% GT-0.2% DEHP 30.5 ± 0.4  
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3. Results and discussion 

3.1. Effect of GT on nanoplastics transport 

The influence of different functional group-associated NPs on their 
transport and deposition in porous media was examined in the presence 
or absence of different concentrations of GT. The observed and simu
lated BTCs of NPs transport are shown in Fig. 1, and the fitted param
eters of the columns are presented in Table 2. Variations in the GT 
content and surface functionality of NPs influenced their transport in the 
columns, as indicated by the changes in the recovery rates of the NPs in 
the effluent, which ranged from 1.6% to 98.7% in different columns. The 
rapid transport of NPs or MPs in quartz sand columns has been widely 
reported (Shen et al., 2011; Dong et al., 2018; Li et al., 2019; Song et al., 
2019; Hu et al., 2020; Tong et al., 2020b). A negative charge and rela
tively smooth surface of sand make it difficult to retard their transport. 
The DLVO theory explains the transport of NPs in the columns, and the 
primary energy barriers (28.5–45.6 kT) were not conducive to NPs 
deposition on the sand (Fig. S4). The NPs and quartz sand were nega
tively charged (Table 1), and the repulsive electrostatic forces between 
the negatively charged NPs and porous sand media caused high k1d/k1a 
values (1.26–3.44) (Table 2) enhancing the transport of NPs (Ma et al., 
2016, 2018; Peng et al., 2017). All three NPs broke through the media, 
with only approximately 1.3–7.5% of the NPs deposited in the columns 
(Fig. 2 and Table 2). 

In all combinations, GT-coated sand (0.2%, 0.5%, and 2%) exhibited 
a positive zeta potential (13.1–20.6 mV) (Table 1), causing attraction 
between the collector and negatively charged NPs. In particular, the 
increase in GT content from 0 to 0.5% changed the electrical properties 
of the sand from negative to positive, thus causing the marked retar
dation of NPs transport. The BTCs of PSNPs and PSNPs–COOH in the 
presence of GT gradually decreased with increasing additive concen
tration. The addition of 0.2% GT in the column analogously immobilized 
PSNPs and PSNPs–COOH by approximately 31.8% and 34.0%, respec
tively. Under the addition of 0.5% GT, the small actual increment of GT 
and their mutual stacking, did not have many additional deposition 
points. Therefore, a breakthrough plateau developed that was smaller 
than that under 0.2% GT, and trapped approximately 8.3% and 11.7% 
more PSNPs and PSNPs–COOH in the column, respectively. The 
maximum deposition of PSNPs (57.5%) and PSNPs–COOH (67.0%) 
occurred in the 2% GT-coated sand column. Moreover, the BTCs of 
PSNPs and PSNPs–COOH decreased as the k1a values increased (Fig. 1a 
and b, and Table 2), indicating that GT had a greater influence on the 
deposition of PSNPs and PSNPs–COOH on the reversible site with 
increasing GT content. However, the low k1d values (0.000–0.003 
min− 1) suggested little release of PSNPs and PSNPs–COOH. The gradu
ally increasing k2a values indicated that irreversible PSNPs–COOH 
deposition also increased with increasing GT content. Similarly, the iron 
oxide-coated quartz sand column blocked most of the transport of TiO2 
nanoparticles (83–95%) (Han et al., 2014). A previous study reported 
that positively charged GT could decrease the transport of MPs by 
changing their sizes, causing heteroaggregation, and enhancing their 

adsorption onto sand (Li et al., 2019). Another previous study reported 
that Fe mineral colloids and NPs can cause hetero-aggregation (Ori
ekhova and Stoll, 2018). However, the influence of GT on NPs was 
minimal. A larger amount of GT was applied in this study, and its in
fluence on the NPs was gradually revealed. The surfaces of heteroge
neously charged granular media present in the natural environment 
typically carry iron oxide patches (Song et al., 1994; Han et al., 2014) 
and often acquire a net positive charge in environmental solutions 
(Wang et al., 2012; Han et al., 2014) due to their high pHPZC. Such 
minerals have been found to enhance the retention of negatively 
charged colloids and nanoparticles (Foppen et al., 2006; Wang et al., 
2012). In this study, the transport of PSNPs and PSNPs–COOH was not 
completely hindered as GT did not fundamentally change the stability 
and aggregation of small-sized NPs with a highly negative zeta potential 
(Li et al., 2019). 

The incorporation of GT at all tested concentrations (0.2–2%) 
completely blocked the transport of PSNPs–NH2, and only small 
amounts were recovered (1.6–2.8%) from the effluent following negli
gible breakthrough (Fig. 1c). The transport ability of the three kinds of 
NPs was similar to those transport in natural porous media (Shaniv et al., 
2021). Moreover, a previous study reported that the effect of ions (Na+, 
K+, and Mg2+) and Suwannee River humic acid decreased the stability 
and mobility of NH2-modified NPs (Dong et al., 2019), showing that the 
stability of NH2-modified NPs is easily affected by environmental con
ditions. PSNPs–NH2 had a comparatively lower negative zeta potential 
(− 27.7 mV) than PSNPs (− 44.1 mV) and PSNPs–COOH (− 47.8 mV). At 
the pH value of the solution in the study, low-negatively-charged 
PSNPs–NH2 were readily electrically neutralized by GT. Similarly, a 
neutral environment facilitated the heteroaggregation of PSNPs–NH2 
and CeO2 NPs (Li et al., 2020a). Previous studies demonstrated that 
surface charge heterogeneity can locally decrease the repulsive energy 
barrier, thereby increasing colloid attachment under unfavorable 
chemical conditions (Zhang et al., 2019; Li et al., 2020b). A previous 
study also found that when MPs coexisted with TiO2 nanoparticles, the 
formation of larger nTiO2-MPs heteroaggregate clusters led to fewer 
repulsive interactions with quartz sand; thus, they could be easily 
retained (Cai et al., 2019). In this study, under hydraulic flushing, a 
small number of GT nanoparticles might drop from the sand surface 
(Chen et al., 2019), and this part of GT also contributed to the NPs 
deposition. 

The surface roughness might also play a crucial role in NPs transport 
in GT-coated sand. Previous studies have reported that a high collector 
surface roughness decreases the repulsive interactions between the 
collector and colloid, such that greater colloid attachment was expected 
in collectors with a higher roughness, and changes in the transport 
behavior of colloids under different solution conditions decreased in 
rougher porous media (Shellenberger and Logan, 2002; Shen et al., 
2011). The DLVO results showed that the primary energy barrier be
tween the GT-coated sand and NPs disappeared (Fig. S4), indicating the 
absence of repulsion. Generally, nanoparticles are not easily transported 
quickly in the absence of a primary barrier (Ma et al., 2016). However, 
PSNPs and PSNPs–COOH maintained relatively rapid transport in this 

Fig. 1. Breakthrough curves of PSNPs, PSNPs–COOH, and PSNPs–NH2 transport in pure sand and GT-coated columns at a pH of 7.5. The symbols and solid lines 
indicate the observed and simulated data, respectively, and the error bars represent the range of replicate experiments (n ≥ 2). 
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study, suggesting that the DLVO theory does not adequately explain the 
experimental phenomenon. Non-DLVO interactions, such as chemical 
bonding, hydrogen forces, and π-π interactions, also participate in the 
attachment and transport of nanoparticles (Kamrani et al., 2018; Tan 
et al., 2019; Abdoul Magid et al., 2021), which will be discussed later. 

3.2. Effect of DEHP on nanoplastics transport 

The influence of DEHP on the transport of NPs with different func
tional groups in the GT-coated sand column was examined. The 
observed and simulated transport BTCs of the NPs are shown in Fig. 2, 
and the fitted parameters of the columns are presented in Table 3. The 
BTCs obtained in the presence of DEHP under most conditions were 
similar to those without DEHP (Figs. 1 and 2). The breakthrough pla
teaus of the PSNPs and PSNPs–COOH in Fig. 2a and b retreated gradu
ally as the GT and DEHP contents increased. The decreasing recoveries 
and increasing k1a values in the presence of DEHP (Table 3) indicated 
that it enhanced the deposition of PSNPs and PSNPs–COOH on the 

reversible site. The higher BTC plateaus and lower k2a values than those 
in the absence of DEHP (Figs. 1b and 2b, and Tables 2 and 3) suggested 
that the deposition of PSNPs–COOH on the irreversible sites decreased. 
Similar to GT-coated columns, the low k1d values (0.000–0.001 min− 1) 
also suggested little release of PSNPs and PSNPs–COOH. As DEHP is 
highly intermiscible with plastic molecules, the retention of NPs is 
substantial, even at a low DEHP content (0.05%). The addition of DEHP 
trapped 2.4–19.2% and 9.1–14.8% more PSNPs and PSNPs–COOH than 
that in the absence of DEHP under the same GT content, respectively 
(Tables 2 and 3), suggesting that the hindering effect of DEHP on the 
transport of PSNPs and PSNPs–COOH was enhanced as the DEHP con
centration increased. Moreover, the effect of a high DEHP content 
(0.2%) on the transport of PSNPs–COOH (14.8%) was smaller than that 
on the transport of PSNPs (19.2%). The differences between PSNPs and 
PSNPs–COOH indicated that the transportation of different NPs depen
ded on their surface functionalities (Fig. 2). No BTCs were produced for 
PSNPs–NH2 (Fig. 2c) and more than 95% of the NPs were retained 
(Table 3). It was difficult to identify the role of DEHP in PSNPs–NH2 

Table 2 
Fitted parameters of transport of PSNPs, PSNPs–COOH, and PSNPs–NH2 in different ratio GT-coated sand columns at pH 7.5.  

NPs Column k1a 
a (min− 1) k1d 

b (min− 1) k2a 
c (min− 1) R2 d Recovery e (%) 

PSNPs Quartz sand 0.033 ± 0.017 0.168 ± 0.162 0.024 ± 0.024 0.995 ± 0.003 98.7 ± 0.1 
Quartz sand-0.2% GT 1.502 ± 0.024 0.001 ± 0.000 0.045 ± 0.014 0.997 ± 0.003 68.2 ± 1.6 
Quartz sand-0.5% GT 1.909 ± 0.738 0.000 ± 0.000 0.115 ± 0.023 0.990 ± 0.003 59.9 ± 2.3 
Quartz sand-2% GT 3.127 ± 0.909 0.000 ± 0.000 0.196 ± 0.022 0.991 ± 0.003 42.5 ± 2.0 

PSNPs-COOH Quartz sand 0.074 ± 0.001 0.094 ± 0.001 0.000 ± 0.000 0.975 ± 0.014 92.5 ± 1.5 
Quartz sand-0.2% GT 1.026 ± 0.197 0.003 ± 0.001 0.142 ± 0.014 0.995 ± 0.003 66.0 ± 0.0 
Quartz sand-0.5% GT 1.408 ± 0.051 0.002 ± 0.002 0.402 ± 0.112 0.985 ± 0.002 54.3 ± 0.6 
Quartz sand-2% GT 1.400 ± 0.123 0.002 ± 0.002 0.525 ± 0.064 0.984 ± 0.000 33.0 ± 0.5 

PSNPs-NH2 Quartz sand 0.255 ± 0.062 0.454 ± 0.425 0.033 ± 0.001 0.996 ± 0.002 98.4 ± 1.2 
Quartz sand-0.2% GT     2.5 ± 0.3 
Quartz sand-0.5% GT     1.6 ± 0.3 
Quartz sand-2% GT     2.8 ± 0.1  

a The first-order retention coefficient on Site-1. 
b The first-order detachment coefficient on Site-1. 
c The first-order retention coefficient on Site-2. 
d Squared Pearson’s correlation coefficient. 
e Recovery of NPs in the effluent. 

Fig. 2. Breakthrough curves of PSNPs, PSNPs–COOH, and PSNPs–NH2 transport in GT-DEHP-coated columns at a pH of 7.5. The symbols and solid lines indicate the 
observed and simulated data, respectively, and the error bars represent the range of replicate experiments (n ≥ 2). 

Table 3 
Fitted parameters of transport of PSNPs, PSNPs–COOH, and PSNPs–NH2 in different ratio GT-DEHP-coated sand columns at pH 7.5  

NPs Column k1a (min− 1) k1d (min− 1) k2a (min− 1) R2 Recovery (%) 

PSNPs Quartz sand-0.2% GT-0.05% DEHP 1.695 ± 0.976 0.001 ± 0.000 0.035 ± 0.032 0.995 ± 0.001 65.8 ± 0.6 
Quartz sand-0.5% GT-0.05% DEHP 2.198 ± 0.406 0.001 ± 0.000 0.034 ± 0.034 0.997 ± 0.002 51.0 ± 3.1 
Quartz sand-0.5% GT-0.2% DEHP 2.988 ± 0.020 0.001 ± 0.000 0.116 ± 0.005 0.998 ± 0.001 40.7 ± 4.5 

PSNPs-COOH Quartz sand-0.2% GT-0.05% DEHP 2.901 ± 1.282 0.001 ± 0.001 0.127 ± 0.091 0.993 ± 0.002 55.8 ± 2.1 
Quartz sand-0.5% GT-0.05% DEHP 1.407 ± 0.025 0.000 ± 0.000 0.122 ± 0.013 0.996 ± 0.002 45.2 ± 1.1 
Quartz sand-0.5% GT-0.2% DEHP 2.081 ± 0.489 0.000 ± 0.000 0.159 ± 0.032 0.997 ± 0.003 39.5 ± 0.9 

PSNPs-NH2 Quartz sand-0.2% GT-0.05% DEHP     3.1 ± 0.6 
Quartz sand-0.5% GT-0.05% DEHP     2.6 ± 0.9  
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transport as it can be completely hindered by GT. 
Iron minerals can adsorb plasticizers, including DEHP (Witthaya

phirom et al., 2020). The zeta potentials of all GT-coated sand media 
increased in the presence of DEHP (Table 1), indicating that they were 
positively charged and that cation bridging might have occurred be
tween the GT and DEHP (Foppen et al., 2006). Increasing the DEHP 
content in conjunction with GT slightly increased the positive zeta po
tentials (Table 1) and roughness of the sand. Moreover, the presence of 
DEHP increased the heterogeneity of the porous media. Thus, the 
interaction between NPs and the collector was significantly attractive, 
particularly at high GT and DEHP contents. 

3.3. Nanoplastics deposition 

The depositional morphology of the NPs was observed using SEM 
(Fig. 3). In accordance with the transport characteristics, the NPs were 
readily deposited adjacent to the column inlet (0–2.5 cm). The SEM 
image is not shown because only a few NPs were deposited onto the pure 
sand. The small spheres highlighted on the rough surfaces in the SEM 
images indicated that more NPs were deposited on the GT-DEHP-coated 
sand (Fig. 3). Furthermore, the SEM results showed that smaller NPs 
were adsorbed on the surface of the larger GT. In PSNPs–0.5% GT sand, 
PSNPs aggregates were bound to GT clusters in a sparse aggregation 
state (Fig. 3a). In the PSNPs− COOH–0.2% GT-coated sand, 
PSNPs− COOH-GT aggregates were very clear due to the relatively low 
GT content, and each PSNPs− COOH sphere was deposited on GT 
(Fig. 3b). Similarly, the PSNPs–NH2 clusters were attached to GT under a 
content of 0.5% (Fig. 3c), forming larger and more compact hetero
aggregates. A previous study also reported that adsorption occurs be
tween Fe oxides and NPs (Li et al., 2019), as well as between Fe and OM 
(Chen et al., 2014). In the presence of DEHP, the initially clear outline of 
the GT became blurred, indicating that DEHP adsorbed to the GT 
(Fig. S5). Following the transport experiments, NPs were deposited on 
the GT-DEHP-coated sand more easily than on the GT-coated sand 
(Fig. 3d, e, and f). The deposited NPs exhibited vague outlines due to the 
DEHP, and the degree of fuzziness increased with increasing DEHP 
concentration. Consistent with the transport results, the deposition 
amounts of NPs gradually increased in the following order: PSNPs <
PSNPs–COOH < PSNPs–NH2. 

According to previous studies, the surface charges of commonly used 

collectors exhibit microscopic heterogeneities, which might have a 
profound influence on colloid adhesion (Li et al., 2004; Tufenkji and 
Elimelech, 2004). Moreover, some observations indicated that the col
lector surface roughness promoted colloid or nanoparticle deposition 
(Bradford et al., 2003, 2017; Shen et al., 2011). According to the SEM 
images, it was obvious that more GT had a coarser surface due to their 
mutual stacking (Fig. 3). Higher GT and DEHP contents resulted in 
increased chemical and physical heterogeneity. Therefore, the 
maximum NPs deposition was observed on the 0.5% GT and 0.2% 
DEHP-coated sand. DEHP introduced a more positive charge to the 
GT-coated collectors (Table 1), resulting in higher electrostatic attrac
tion to the negatively charged NPs. Therefore, chemical heterogeneity 
might play a more important role in NPs retention. The effect of physical 
heterogeneity on NPs deposition could be relatively small; however, the 
effect of roughness should not be ignored. A previous study reported that 
biofilm increases the deposition of NPs and MPs in porous media owing 
to the narrowed flow path and increased surface roughness (He et al., 
2020). The roughness of the collector can promote interactions that 
cause deposition, even under electrostatically unfavorable conditions 
(Bradford et al., 2017). Undoubtedly, higher GT and DEHP contents 
could increase the roughness fraction and height of porous media, 
enhancing NPs deposition. Because of GT or GT-DEHP partial coating, 
NPs might first saturate GT or GT-DEHP as deposition sites. Therefore, 
the interactions between NPs and GT/DEHP were the key to explaining 
the mechanism of transport. 

3.4. Interactive mechanism between nanoplastics and goethite/DEHP 

Quantum chemical computations were conducted to further inves
tigate the mechanism underlying the interactions between NPs and GT 
or DEHP, as this method is widely used to calculate the interactions 
between NPs and other pollutants (Cortes-Arriagada, 2021; Gao et al., 
2021a, 2021b). Different from the LW and EDL of DLVO theory, this 
method explains the effect of functional groups on NPs transport via a 
more microscopic perspective. In the PSNPs and GT systems, the surface 
electrostatic potential of the PSNPs molecule was almost white, with 
only a few positive and negative regions (Fig. 4a and b). The molecular 
surface of the GT exhibited distinct positive and negative charge dis
tributions, and the electrostatic potential between the two molecules 
partially overlapped on the surface. The interaction in the system was 

Fig. 3. SEM images of PSNPs (a and d), PSNPs–COOH (b and e), and PSNPs–NH2 (c and f) deposited on GT-coated (a, b, and c) and GT-DEHP-coated (d, e, and 
f) sand. 
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concentrated in the benzene ring, indicating that van der Waals forces 
formed the main interactions between the two molecules, and there was 
a small amount of electrostatic interactions. In the PSNPs and DEHP 
systems, the electrostatic surface potential of the PSNPs molecules 
showed only a few positive and negative regions and there was almost 
no overlap in electrostatic potential on the surfaces of the PSNPs and 
DEHP (Fig. 4e and f), indicating that there were van der Waals in
teractions between the two molecules but few electrostatic interactions 
(Gao et al., 2021a). PSNPs are polarized when close to the DEHP polar 
group, and then, the induced dipole and inherent dipole are attracted to 
each other to generate an induced force, whereas PSNPs close to the 
hydrophobic end of DEHP might cause inconsistent instantaneous pos
itive and negative charge centers of gravity, generating transient dipoles 
and a dispersion force (Gao et al., 2021a). The induced force and 
dispersion force constitute van der Waals interaction. The binding en
ergy between the PSNPs and DEHP was − 57.6 kJ mol− 1 (Table S1). The 
absolute value was smaller than that between the PSNPs and GT, 
(− 143.7 kJ mol− 1), indicating that the latter exhibited more prominent 
interactions. 

In the PSNPs− NH2 and GT systems, the electrostatic potential of the 
two molecules (red and blue regions) overlapped in opposite directions, 
and the interaction was concentrated in the NH2 functional group, 
indicating that strong electrostatic interactions formed between the NH2 
and Fe functional groups, as well as van der Waals interactions (Fig. 4c 
and d). Relatively strong electrostatic interactions between the two 
molecules also occurred in the PSNPs− NH2 and DEHP systems. More
over, the NH2 functional groups and DEHP formed clear hydrogen bonds 
(Fig. 4g and h). The binding energy between the PSNPs− NH2 and DEHP 
was − 79.4 kJ mol− 1, which was smaller than that between PSNPs and 
GT (− 159.0 kJ mol− 1) (Table S1), indicating that more interactions 
occurred between the PSNPs− NH2 and GT. Similar to PSNPs− NH2 and 
DEHP, van der Waals, electrostatic, and hydrogen bonding interactions 
occurred between the PSNPs− COOH and DEHP with a binding energy of 
− 93.3 kJ mol− 1 (Table S1). The interaction between the NPs and DEHP 
gradually increased in the following order: PSNPs < PSNPs–NH2 <

PSNPs–COOH. 
As the COOH functional group easily undergoes ligand exchange 

with GT, the Mayer bond levels between the atoms of the formed co
ordination complex were further analyzed using Multiwfn (Fig. 5). The 
Mayer bond order (Mayer, 1983, 1984) can be used to evaluate the 
molecular bond strengths in the reactions (Poater et al., 2012). During 
the interaction process between PSNPs− COOH and GT, the H atom on 
the COOH functional group was transferred to the O atom of the GT and 
the formation of H2O was separated. The Fe atom in the GT molecule 
and PSNPs− COOH shared an O atom, forming the PSNPs–COO–(FeO) 
coordination complex. The Mayer bond level represents the logarithm of 
the shared electrons between two atoms in the complex and indicates 
their bonding situation. By comparing the Mayer bond levels between 
atoms near the dehydration coordination, it can be seen that the loga
rithm of the shared electrons between the H and O atoms originally on 
the COOH functional group decreased significantly (0.171) and was 
smaller than that for the newly formed OH bond (0.604) with OH 
separated from the GT. The O atom moved away from the Fe atom 
following the formation of water molecules, as confirmed by the low 
Mayer bond level between the Fe and O atoms (0.158), which was much 
smaller than the original Mayer bond of Fe–OH (0.671). An Fe–O bond 
appeared at the O atom shared by GT and COOH, and the two atoms 
shared 0.196 pairs of electrons (approximately 0.4 shared electrons), 
indicating the formation of a coordination bond. Similarly, GT attracts 
negatively charged natural organic matter with polar functional groups 
through ligand exchange and electrostatic interactions in the soil (Safiur 

Fig. 4. Cluster model of the structures of PSNPs and GT (a and b), PSNPs− NH2 and GT (c and d), PSNPs and DEHP (e and f), PSNPs− NH2 and DEHP (g and h), and 
PSNPs− COOH and DEHP (i and j). The blue-green, red, gray, and pink spheres/sticks represent C, O, H, and Fe, respectively, whereas the emerald-green lines 
represent hydrogen bonds. ESP refers to the electrostatic potential of the macromolecules. (For interpretation of the references to colour in this figure legend, the 
reader is referred to the Web version of this article.) 

Fig. 5. Mayer bond level between the atoms of the coordination complex 
following the reaction of PSNPs–COOH and GT. 
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Rahman et al., 2013; Wang et al., 2019). The coordination bond could 
result in the irreversible deposition of PSNPs− COOH, and van der Waals 
and electrostatic interactions might result in reversible deposition. The 
deposition of PSNPs− COOH on two types of retention sites is consistent 
with the transport results. 

The interactions between NPs and GT gradually increased in the 
following order due to the coordination bond: PSNPs < PSNPs–NH2 <

PSNPs–COOH. This explained why PSNPs–COOH are more likely to 
deposit on GT-coated sand than PSNPs. However, the order of in
teractions between PSNPs–NH2 and GT was not consistent with its 
transport characteristics. In addition to the functional group differences, 
the largest difference between the PSNPs–NH2 and the other two types 
of NPs was the low negative potential (Table 1), which increased the 
likelihood of PSNPs–NH2 producing heteroaggregation under the in
fluence of GT. It has previously been reported that divalent electrolytes 
result in a lower zeta potential for CeO2 nanoparticles and further cause 
their heteroaggregation in the presence of alginate and iron (III) oxide in 
lake water (Oriekhova and Stoll, 2019). Although ions are inducers, the 
low zeta potential is the main cause of CeO2 heteroaggregation. For NPs, 
NH2-modified NPs with a low negative zeta potential are highly sensitive 
to humic acids and ionic strength, and thus have previously exhibited 
strong heteroaggregation and deposition potential (Dong et al., 2019; Li 
et al., 2020a). In this study, the retention of PSNPs–NH2 due to chemical 
heterogeneity was stronger than that due to ligand exchange and elec
trostatic interactions. The elongated morphology of GT might enhance 
its chemical heterogeneity (Ma et al., 2020) and further improve the 
deposition of PSNPs–NH2. 

The interaction energy between NPs and DEHP increased in the 
following order: PSNPs < PSNPs–NH2 < PSNPs–COOH. The hydrogen 
bond and electrostatic interactions formed by the functional group and 
DEHP resulted in the enhanced interactions. Although these interactions 
contributed to the deposition of PSNPs–NH2 and PSNPs–COOH, there 
were fewer interactions between the NPs and DEHP than between the 
NPs and GT. The interaction between NPs and mixed GT and DEHP 
decreased, and the degree of decrease increased with increasing DEHP 
content; however, the retention of PSNPs and PSNPs–COOH increased. 
This indicates that the high positive zeta potential of GT-DEHP-coated 
sand and the increase in heterogeneity promoted the deposition of 
NPs. Similarly, Fe minerals and organic materials have also been found 
to contribute to the deposition of NPs. PSNP aggregation was achieved at 
a higher concentration of 20 mg L− 1 when interacting with Fe2O3 and 
NOM (Oriekhova and Stoll, 2018). Moreover, Fe3O4-biochar could in
crease the adsorption capacity of porous media, contributing to the 
enhanced deposition of NPs (Tong et al., 2020a). Comparing the BTCs of 
PSNPs–COOH with and without the addition of DEHP, although the 
recovery of the NPs in the effluent decreased in the presence of DEHP 
(Tables 2 and 3), the height of the BTC increased (Figs. 1b and 2b), 
indicating that the deposition of PSNPs–COOH was converted to 
reversible retention. This was attributed to the coverage of DEHP, which 
reduced the ligand exchange of PSNPs–COOH with GT. 

4. Conclusion 

The fate of NPs affected by co-contaminants in the soil environment 
must be understood. This study demonstrates the transport of NPs in the 
presence of GT and DEHP and the effect of functional groups on the 
deposition of NPs on the collector surfaces. Our results showed that 
distinctly different transport behaviors occurred in the three types of 
NPs, suggesting that the different functionalities and their controlled 
surface properties played dominant roles in the transport of NPs that 
were highly sensitive to GT and DEHP. NPs are most likely to move long 
distances in the absence of GT, whereas the presence of GT and DEHP 
restricts their transport. PSNPs− NH2 were completely immobilized 
(>96.9%) in the GT and GT-DEHP-coated columns. GT and GT-DEHP 
decelerated the transport of PSNPs− COOH to a greater extent than 
that of PSNPs, with a difference in recovery of 1.2–10.0%. Although this 

study failed to explain this phenomenon using the DLVO theory, the 
quantum chemical computation calculated the ability of different NPs to 
bind to GT and DEHP. The interaction between PSNPs and GT mainly 
occurred in the benzene ring, and van der Waals forces and small elec
trostatic interactions coexisted. Ligand exchange caused a greater 
deposition of PSNPs− COOH than PSNPs on GT-coated sand. Sensitivity 
to chemical heterogeneity was the main factor promoting the deposition 
of PSNPs− NH2 in the presence of GT. Although hydrogen bonding was 
present, fewer interactions occurred between NPs and DEHP than be
tween NPs and GT. However, DEHP caused chemical heterogeneity and 
promoted the deposition of NPs. Generally, the deposition caused by 
chemical heterogeneity was more significant than that caused by the 
formation of chemical bonds, van der Waals forces, and electrostatic and 
hydrogen interactions. This behavior reduced the transport risk of NPs in 
the soil. Therefore, the results of this study provide valuable insights into 
the transport and retention of NPs in natural soils. 
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