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A B S T R A C T

The presence of microplastics in aquatic environments threatens the ecological system and human health. This 
study investigates the transport and retention of polystyrene microplastics (PSMPs) in clean sand, and hematite-, 
goethite-, and magnetite-coated iron oxide - sands as a function of size ratio and ionic strength. The breakthrough 
curves (BTCs), retention profiles, and hydraulic pressure were measured through soil-column experiments, and 
the retention of PSMPs was assessed from the observed BTCs, RPs and first-order attachment coefficients. In 
addition, the maximum attachment capacity was evaluated to assess the long-term retention of PSMPs. Exper
imental data showed that the retention of PSMPs increased in the order of goethite-, hematite-, and magnetite- 
coated sands in all size ratios, which is consistent with the order of attraction energy calculated by extended 
Derjaguin-Landau-Verwey-Overbeek theory. The findings demonstrated the feasibility of mitigating the transport 
of microplastic particles using naturally abundant iron-rich soils.

1. Introduction

The yearly production of plastic (currently at 430 million tons) is 
expected to triple over the next 25 years (Ritchie et al., 2023). However, 
improper management of plastic waste that is not recycled, incinerated, 
or contained in landfills can potentially introduce plastics into marine 
and terrestrial environments, leading to environmental pollution (Geyer 
et al., 2017; Kibria et al., 2023). Those plastic wastes are weathered or 
degraded into microplastics (MPs) with particle sizes ranging from 0.1 
µm –5 mm by mechanical, chemical, and biological processes (Alimi 
et al., 2022; Blaga, 1980; Büks and Kaupenjohann, 2022; Cooper, 2012; 
Corcoran, 2022; Duan et al., 2021; Liu et al., 2020; Song et al., 2017). 
Due to their small particle sizes, MPs can be transported to the marine 
(Andrady, 2011), coastal (Carpenter et al., 1972), and soil environments 
(Boots et al., 2019; Li et al., 2020; Shruti et al., 2021) by runoff, wind, or 
plants and animals (Auta et al., 2017; Ebere et al., 2019; Hitchcock, 
2020). As plastics production has increased, MPs are more frequently 
found in natural environments, which eventually leads to a increased 
health risks such as obesity, oxidative stress, and decreased growth rate 
(Deng et al., 2017; Jeong et al., 2024; Karbalaei et al., 2018). Because 
MPs can be transported through single or multiple environmental 
compartments, previous research investigated the transport behavior of 

MPs through various environmental compartments (Horton and Dixon, 
2018). Due to its toxicity and challenging transport behavior, under
standing the transport of MPs has been one of the critical research topics 
in environmental engineering.

Plastic particles typically have surface charge with an isoelectric 
point (IEP) that is either slightly acidic or neutral pH with a negative 
charge in most natural aquatic environments (Fotopoulou and Kar
apanagioti, 2012). Furthermore, the aging process enhances the func
tionality of the MP surface, thereby increasing both its wettability and 
electronegativity (Al Harraq and Bharti, 2022; Brewer et al., 2020). As a 
result, MPs interact with charged substances in the soil, such as clay 
minerals, heavy metals, or organic materials. These interactions influ
ence the fate and distribution of MPs within the soil (Chang et al., 2023; 
Selvam et al., 2021; Wang et al., 2021). In iron-rich terrestrial envi
ronments, MPs can be transported along with seepage and interact with 
iron oxides, either in their colloidal state or attached to soil particles. 
When both MPs and iron oxides are in a colloidal state, the iron oxides 
reduce the repulsive forces around the MPs, facilitating the 
co-aggregation of iron oxides and MPs (Vu et al., 2022). When iron 
oxides were attached to sand particle surfaces, it reduced the energy 
barrier of sand particles by increasing surface charge heterogeneity 
(Chen et al., 2019), which enhances the complexity of interaction energy 
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due to increased nanoscale surface roughness (Bradford et al., 2017; 
Dong et al., 2024). In addition, the presence of chemically bonded iron 
oxides on the surfaces of sand can increase the coordination number 
(Larrahondo et al., 2011). Therefore, the transport of MPs through sand 
with iron oxides can be influenced by interaction energy between MPs 
and iron oxides and the unique geometrical effects of iron 
oxide-attached sand.

Despite the prevalence of iron oxides in natural environments, the 
transport of MPs through iron oxide-attached sand has not been well 
understood. The iron oxide-attached sand can be simulated as iron oxide 
coated sand (IOCS) in laboratory-scale experiments (Chang et al., 2023; 
Larrahondo and Burns, 2014), which has been reported as one of the 
low-cost promising mediums for removing nano-sized particles 
including bacteria (Ahammed and Davra, 2011), arsenic (Joshi and 
Chaudhuri, 1996; Thirunavukkarasu et al., 2003), ammonia-complexed 
cationic metals (Cu, Cd, Pb, Ni, Zn), oxy anionic metals (SeO3, AsO3) 
(Benjamin et al., 1996; Stahl and James, 1991). Recently, transport and 
retention of polystyrene MPs (PSMPs) using IOCS has been studied 
under electrolyte solutions (IS > 1 mM) and various pH ranges with size 
ratio (SR; dsand/dPSMP) higher than 1000 (Chang et al., 2023; Wu et al., 
2022). However, the fundamental transport behavior of PSMP through 
IOCSs, particularly under a relatively low SR and dilute solution (high 
repulsion) has not been well documented.

Therefore, this study aims to investigate PSMP transport through 
three types of laboratory-prepared IOCSs (hematite-, goethite-, and 
magnetite-coated sands) using a series of soil column experiments. 
Negatively charged PSMP (particle size of 1 μm) was selected to simulate 
microplastic transport through soils because the relatively small particle 
size has been reported to be harmful to human health (Hwang et al., 

2020) and unfavorable attachment conditions (negatively charged 
colloidal particles and collectors) are prevalent in the geochemical 
conditions of subsurface environments. The impact of ionic strength (IS) 
and the type of iron oxide on the transport or retention of PSMP were 
investigated through the observed retention profiles (RPs) and break
through curves (BTCs). In addition, an extended 
Derjaguin-Landau-Verwey-Overbeek (XDLVO) approach was applied to 
quantitatively calculate the interaction energy between IOCS and PSMPs 
to discuss the observed results. Implications of observed results on PSMP 
transport through iron-rich soils are also discussed.

2. Materials and methods

2.1. Materials

In this study, sands with median grain sizes (d50) of 120 µm, 360 µm, 
550 µm, and 720 µm were used in the experiments (specific gravity (Gs) 
= 2.65; coefficient of uniformity < 1.3). For IOCS, three types of iron 
oxides were utilized: hematite (α-Fe2O3), goethite (α-FeOOH), and 
magnetite (Fe3O4). The X-ray diffraction (XRD) and X-ray fluorescence 
analysis (XRF) confirmed that the clean sand and iron oxides showed 
specific peaks for quartz, hematite, goethite, and magnetite (Fig. S1 and 
Table S1 in Supplementary Information). To prepare IOCS, the hetero
geneous suspension reaction method was selected to enable stable and 
strong attachment of iron oxide particles to the sand surface in pH 4 – 9 
without release of iron ions (Hanna, 2007; Lai et al., 1994; Larrahondo 
et al., 2011). The preparation process of IOCS is as follows: silica sand 
was placed on a #200 sieve (opening size of 0.074 mm) and washed with 
deionized (DI) water several times to remove impurities. Next, the sand 

Fig. 1. Mass of iron per unit mass of sand ((a)), mass of iron per unit sand surface ((b)), and surface roughness (Sq in Table S2) as a function of mass of iron per unit 
sand surface ((c)). Note: C = clean sand; H = hematite coated sand; G = goethite coated sand; M = magnetite coated sand.
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was washed with 3 % H2O2 solution followed by a DI water rinse to 
remove organic matter, and oven-drying at 100 ◦C for 24 h. After drying, 
1 g of sand and 40 mg of iron oxide powder were combined with 1000 
mL of DI water and mixed using a rotary mixer for 24 h. The suspension 
was filtered to separate IOCS before washing 10 times to remove any 
loosely attached iron oxide particles. The IOCS was oven-dried at 100 ◦C 
for 24 h to obtain stable IOCS.

After preparing IOCS, the iron oxide content of IOCS (Fig. 1) was 
determined by desorbing the iron oxides from the IOCS using the 
dithionite-citrate-bicarbonate technique, followed by measuring the 
iron concentration using Inductively Coupled Plasma-Optical Emission 
Spectrometry (ICP-OES). In addition, the surface roughness of clean 
sand and IOCSs was characterized by randomly selecting an area of 16 
µm × 16 µm on the surface of the sand using laser microscopy 
(OLS5100). As seen in Table S2, the surface roughness parameters of 
IOCSs were higher (rougher) than clean sand, as anticipated. In addition, 
as the d50 of the tested particles increased, the adsorbed mass of iron per 
unit mass of sand decreased (Fig. 1(a)); however, iron mass sorbed 
increased per unit surface area of tested sand (Fig. 1(b)) (with the 
exception of d50 = 550 µm). Note that the low iron content of 550 µm 
sand shown in Fig. 1(a) can be attributed to the higher roundness and 
lower roughness of 550 µm sand than other three types of sand, which 
leads to the low coating efficiency of 550 µm sand (Fig. S2 and Table S2).

Carboxylate-modified polystyrene latex microspheres with 1 µm 
diameter (Sigma-Aldrich) were used as negatively charged PSMPs (Gs =

1.055). The concentration of stock suspension was 40 g/L, which was 
diluted to the concentration of 7.5 mg/L in the column experiments. The 
PSMP concentration of 7.5 mg / L was selected to simulate aquatic en
vironments, which is consistent with the range of microplastic concen
tration (1 to 30 mg/L) used in the literature (Cai et al., 2016; Hoggan 
et al., 2016; Magal et al., 2011; Mitropoulou et al., 2013). The zeta 
potentials of IOCS and PSMPs were measured using a zeta potential 
analyzer (Malvern Zetasizer) where the pretreatment method for IOCS 
in literature (Chang et al., 2023; Dong et al., 2024) was selected in this 
study. Specifically, 10 g of IOCS were mixed with 40 mL of background 
electrolyte solution and sonicated for 30 min before measuring the zeta 
potential of the suspension, which is regarded as the equivalent zeta 
potential of IOCS. Pictures and the images from Laser Confocal Scanning 
Microscopy of clean sands and IOCSs used in this study are presented in 
Figs. S2, S3 and S4 respectively.

2.2. Experimental design and analytical method

An acrylic column with height and diameter of 76.2 and 25.4 mm, 
respectively, was designed for the column experiments (Fig. S5). The 
saturated clean sand or IOCS column was prepared using the wet plu
viation method. Assuming that emin and emax values of IOCS were 
equivalent to clean sand (Table S2), the sand column was prepared at 
relative density of 75 % (dense state) (corresponding to porosity of 
0.359, 0.364, 0.364, and 0.387 for SR = 720, 550, 360, and 120) to 
prevent any change in pore structure during the injection. The fully 
saturated state was confirmed by measuring the weight of water in the 
column after preparing the saturated sand medium (Choe et al., 2022;
Won et al., 2023). To investigate the breakthrough and tailing behavior 
of PSMP transport, 7.5 mg/L of the PSMP suspension was injected at the 
top of the column during the first 5 pore volumes (PVs) of flow, followed 
by injection with background solution for 5 PVs. The PSMP concentra
tion of 7.5 mg / L was selected to simulate aquatic environments, which 
is consistent with the range of microplastic concentration (1 to 30 mg/L) 
used in the literature (Cai et al., 2016; Hoggan et al., 2016; Magal et al., 
2011; Mitropoulou et al., 2013; Peng et al., 2017; Torkzaban et al., 
2008). A constant flow rate of 2 mL/min was applied during a total 
injected volume of 10 PVs. The pore fluid background solution was 
either DI water (IS ≈ 0) or water with IS = 5 mM and pH = 6.9, 
controlled by NaCl, HCl, and NaOH.

During the injection, the PSMP concentration at the outlet was 

measured using the Ultraviolet-Visible spectroscopy (Shimadzu UV- 
1800) at a wavelength of 515 nm (Fig. S6). The observed BTCs and 
RPs were modeled by the one-dimensional advection-dispersion-based 
mass balance equation to backcalculate the first-order attachment co
efficient (katt) and maximum attachment capacity (Smax) (Bradford et al., 
2005, 2003). The XDLVO theory was employed to understand the 
interaction between PSMPs and IOCS under experimental conditions 
assuming a sphere (MP)-plate (IOCS) configuration. Detailed explana
tions for parameter optimization, XDLVO calculation, and optimized katt 
and Smax are provided in the Supplementary Information (Fig. S7).

The mass of PSMP particles retained in the column was measured 
every 15.24 mm to evaluate RP of PSMP after injection. The sampled 
IOCS extracted from the column was mixed with known volume of water 
for ~ 5 min to induce the detachment of PSMP particles attached to IOCS 
surface. The measurement of PSMP concentration provided the mass of 
retained PSMP particles per unit mass of IOCS as a function of depth. 
From the observed BTC, the fraction of filtered PSMP (Me) was calcu
lated using the trapezoidal method and the fraction of retained PSMP 
(Mr) was calculated from the observed RP.

A differential pressure transducer with an operating range of 0–6.89 
kPa (0–1 psi) with an accuracy of ± 0.25 % was installed between the 
inlet and the outlet to measure the hydraulic conductivity of sand me
dium during the injection. The hydraulic gradient of the column was 
evaluated from the measured pressure difference, which also enabled 
monitoring the reduction of hydraulic conductivity (i.e., increase in 
hydraulic gradient) caused by the retention of PSMP particles (Won 
et al., 2023; Won et al., 2020). From measured hydraulic conductivities, 
the average hydraulic shear stress (τavg) was calculated for the quanti
tative representation of hydrodynamic forces applied to PSMP particles. 
Detailed explanation for τavg calculation is provided in the Supplemen
tary Information.

3. Experimental observations

3.1. Filtered PSMP particles

Increasing IS from ~0 M (DI water) to 5 mM resulted in lower PSMP 
breakthrough concentrations (i.e., higher attachment rate) for each sand 
particle size and type of iron oxide coating (Fig. 2). This implies the 
higher attraction energy between PSMP and sand (both clean sand and 
IOCS) at higher IS, which is consistent for other types of colloidal par
ticles (Chang et al., 2023; Flury et al., 2004; Ren and Smith, 2013; 
Wikiniyadhanee et al., 2016; Yoshida and Suzuki, 2006), and resulted in 
a higher modeled katt at IS = 5 mM compared to IS = 0 M for all sands 
tested (Figs. S8(a) and S8(b)).

Overall, the IOCS (hematite, goethite, and magnetite-coated sands) 
showed higher attachment of PSMP than clean sand, regardless of IS 
(Table S3). However, a more substantial attachment efficiency of IOCS 
compared to clean sand was observed at IS = 0 M (Figs. 2(a), 2(c), 2(e), 
and 2(g)) compared to IS = 5 mM (Figs. 2(b), 2(d), 2(f), and 2(i)), which 
is due to high attraction energy between clean sand and PSMP at IS = 5 
mM. In other words, the retention of PSMP by IOCS is influenced by the 
electrostatic attraction energy between IOCS and PSMP, and when the IS 
of the pore fluid is high, the increase in attraction energy due to the 
presence of iron oxide and the resulting increase in retention of PSMP 
are not as significant as they are at low IS. In particular, the very low 
breakthrough concentrations for all sands shown in Fig. 2(b) implies 
that the impact of iron oxide on the retention of PSMP can be negligible 
at high IS and low d50 (SR < 120) of the sand medium. However, as SR 
increased, an increase in the breakthrough of PSMP for the three IOCS at 
d50 = 360 µm (Fig. 2(d)) indicates the presence of a threshold SR be
tween 120 and 360 where the 100 % retention of PSMP becomes 
unfeasible.

The gradual increase in C/C0 after breakthrough point for clean sand 
at IS = 0 M (Figs. 2(a), 2(c), 2(e), and 2(g); duplicated results were also 
provided in Fig S9 and Table S4) indicate that the decrease in 
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attachment rate caused by the decrease in available attachment sites at 
the surface of IOCS. This increasing trend confirms that the blocking 
mechanism (Eq. S3) may be valid to explain PSMP transport through the 
sand medium. It is notable that the retention of PSMP for clean sand was 
not significant, whereas almost 100 % retention was observed for the 
three IOCSs when d50 = 120 µm under DI water (Fig. 2(a)). Because the 
straining (retention of colloidal particle by pore size restriction) is not 
likely at SR > 125 (Bradford et al., 2005; Xu et al., 2006), 
attachment-dominant retention can be anticipated at the range of SR in 
this study (120 – 720). Thus, the higher retention of IOCS compared to 
clean sand (Figs. 2(a), 2(b), 2(e), and 2(g)) implies the higher attraction 
energy of IOC sands compared to clean sand for removing PSMPs. 
Nevertheless, C/C0 between 0.4 and 0.6 in Figs. 2(a) and 2(c) indicate 

that a certain level of PSMP retention can be achieved using clean sand 
at low IS when sand particles are small (d50 is relatively low). Note that 
the higher C/C0 observed at d50 = 550 µm compared to 720 µm in clean 
sand can be attributed to the higher hydraulic shear stress induced by 
the smaller pore size of 550 µm-sand. The calculated hydraulic shear 
stresses were 27.1 and 25.5 Pa for d50 = 550 µm and 19.0 and 21.7 Pa for 
d50 = 720 µm (Fig. S10). It can be also noted that the fluctuation of C/C0 
at SR = 550 (Figs. 2(e) and 2(f)) can be likely attributed to the surface 
charge heterogeneity of 550 µm sand because of relatively low iron 
content. This low iron content of 550 µm IOCS (Fig. 1(a)) can be 
attributed to the high roundness and low roughness of 550 µm sand 
(Figs. S2, S4, and Table S2), which decreases the coating efficiency.

Overall, higher breakthrough concentrations of PSMP was observed 

Fig. 2. Observed BTCs of PSMPs for all experimental conditions. The background solution consists of DI water ((a), (c), (e), and (g)) or a 5 mM NaCl solution ((b), (d), 
(f), and (i)) and d50 represents the median size of the sand particles. The numbers in parenthesis indicate the Me (Table S1) in each case.
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in the IOCS when d50 increased. This can be attributed to the lower 
specific surface of the sand at higher d50, which leads to the lower 
amount of iron oxides accessible to PSMPs at higher d50 (Fig. 1(a)). 
Therefore, it can be inferred that the higher amount of iron oxides in 
iron-rich sands can be beneficial in removing PSMPs. In addition, the 
impact of iron oxides on the retention of PSMPs becomes more signifi
cant at lower d50 as inferred from the substantial difference in C/C0 
between clean sand and the three IOCS at d50 = 120 and 360 µm. Note 
that the trend of observed BTCs as a function of d50 shown in Fig. 2 is 
consistent with the trend observed in literature for other types of 
colloidal particles such as clay (Chang et al., 2023; Saberinasr et al., 
2016; Won and Burns, 2022).

The trend of modeled results (Fig. S8) was consistent with the 
observed BTCs in Fig. 2. Higher katt at lower d50 (Figs. S8(a) and S8(b)) 
was obtained, which implies that the advection-dispersion-based model 
well described the transport of PSMPs through the sand medium. The 
higher katt at IS = 5 mM than IS = 0 M is also consistent with the 
observed BTCs, indicating a higher attachment rate of PSMP can be 
anticipated at higher IS. Notably, even higher Smax at d50 = 120 µm than 
d50 = 360, 550 and 720 µm indicates that the relatively low particle size 
of sand enables the high long-term retention of PSMP at higher IS, 
particularly for sand with iron oxides. For example, the high Smax of H at 
d50 = 120 µm in Fig. S8(d) suggests highly available attachment sites of 
low d50 compared to high d50. Note that the fitted katt and Smax by 
observed RPs are also presented in Fig. S11 and Table S5, which showed 
similar trends as a function of SR and iron oxide type as those values 
based on the observed BTCs.

The gradual increase in C/C0 after breakthrough point for clean sand 
at IS = 0 M (Figs. 2(a), 2(c), 2(e), and 2(g)) indicate that the decrease in 
attachment rate caused by the decrease in available attachment sites at 
the surface of IOCS. This increasing trend confirms that the blocking 
mechanism (Eq. S3) may be valid to explain PSMP transport through the 
sand medium. In addition, the difference in C/C0 between DI water and 
IS = 5 mM at a given SR can be attributed to the more significant 
attraction energy between clean sand and PSMP particles compared to 
that between IOCS and PSMP particles. Because the IEP of clean sand 
(pH = 2–4) is even lower than that of the three iron oxides (pH = 7–8) 
(Choudhary et al., 2024; Cuddy et al., 2013; Rusch et al., 2010), the 
impact of IS on breakthrough PSMP concentrations is less significant for 
the three IOCSs than for clean sand, as observed in Fig. 2.

Comparing the three types of IOCS, the lowest breakthrough con
centration was observed for goethite-coated sand (G), whereas the 
breakthrough concentration of hematite-coated sand (H) was slightly 
lower than magnetite-coated sand (M) for DI water (G < H < M) except 
for d50 = 360 µm (Me < 0.1 for three IOCSs (Fig. 2(c))). The higher PSMP 
retention of G was particularly more pronounced at relatively high d50 of 
550 and 720 µm at IS = 0 M (G > H > M (d50 = 550 µm) or G > H ~ M 

(d50 = 720 µm) (Figs. 2(e) and 2(g)). In contrast, the less significant 
difference in breakthrough concentration as a function of iron oxide type 
was observed for IS = 5 mM (Figs. 2(f) and 2(i)). Therefore, it can be 
suggested that goethite is the most efficient type of iron oxide in 
removing PSMPs, particularly under low IS. These results were consis
tent with the previous research (Rusch et al., 2010), which reported that 
G exhibits a higher attachment efficiency with PSMPs compared to H. 
The high attachment efficiency of G could be attributed to the higher 
surface area during the coating process with sand particles when 
compared to other iron oxides (Vu et al., 2022).

The abrupt decrease in C/C0 at PV > 6 with almost no tailing effect 
indicates the stable attachment of PSMP particles on the sand medium 
without significant detachment. The slight fluctuation (e.g., d50 = 720 
µm (Fig. 2(g)) or slight tailing effect (d50 = 120 µm (Fig. 2(a)) at IS = 0 M 
for clean sand indicates slight detachment of PSMP particles at the 
secondary minima because of relatively low attraction energy between 
PSMP and clean sand, as inferred from calculated interaction energy for 
IS = 5 mM (Fig. 3). The higher attraction energy of the three IOCSs 
compared to clean sand (Fig. 3) can support the higher retention and no 
tailing effect of the three IOCSs in the observed BTCs. Note that the 
attachment of PSMP particles likely occurs at the secondary minima 
(Shen et al., 2007).

The order of attraction energy between PSMPs and sand using 
XDLVO theory (Fig. 3(a)) is G > M ~ H > clean sand, which was 
consistent with the observed BTCs (except for hematite / magnetite at IS 
= 0 M and d50 = 550 µm (Fig. 2(e))). However, the order of attraction 
energy as H > G > M > clean sand was obtained when the Hamaker 
constant of hematite, magnetite, and goethite (Blakey and James, 2003; 
Faure et al., 2011) was applied for three IOCSs in XDLVO calculation 
(Fig. 3(b)). As the order of attraction energy after energy barrier for four 
types of sand is not qualitatively consistent with the observed BTCs, it 
can be inferred that the Hamaker constant for sand can be used in the 
qualitative assessment of PSMP transport through IOCSs.

3.2. Deposited PSMP particles

For IOCSs, the RP of PSMPs transitioned from a hyperexponential 
trend to a linear or log-linear trend with increasing d50 under both IS =
0 M and 5 mM (Fig. 4). The less exponential RPs for sands with higher 
d50 were consistent with the RPs of colloidal particles in previous studies 
(Albinger et al., 1994; Baygents et al., 1998; Bradford et al., 2011; Li 
et al., 2004; Redman et al., 2001) under unfavorable attachment con
ditions, characterized by a high energy barrier and weak interaction in 
the secondary minima (Fig. 3(a)). The less exponential RPs observed in 
almost all experimental conditions indicate almost no straining occurs at 
SR > 120 when PSMP particles were transported through clean sand and 
IOCS. In contrast, hyperexponential RPs (i.e., significant retention near 

Fig. 3. The calculated interaction energy profiles between PSMP particle and clean sand ((a)) and PSMP particle and iron oxide particle ((b)) at IS = 5 mM.
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the inlet) for H at SR = 120 (Figs. 4(a) and 4(b)) indicate a high chance 
of straining (Bradford et al., 2011; Wang et al., 2014), which indicates 
that significant retention of PSMPs at pore throat by size exclusion or 
bridging effect occurred. Because the attraction energy between H and 
PSMP particles calculated by XDLVO theory was comparable to that of G 
and M, the occurrence of straining for H can be attributed to its unique 
geometrical characteristics. The decrease in the size of the pore throat 
caused by coated iron oxide for H may be substantial compared to that 
for G and M because the hyperexponential RPs at SR = 120 were not 

observed for G and M (Figs. 4(a) and 4(b)).
The higher Smax for the three IOCS compared to clean sand implies 

that the more efficient long-term retention of PSMPs can be anticipated 
by the presence of iron oxides in sand surface (Fig. S8). For example, 
Smax = 0.143 mg/g for G at d50 = 550 µm (Fig. S8(c)) indicates that the 
long-term attachment capacity for G is 30 times higher than that for 
clean sand (Smax = 0.005 mg/g). The Smax = 1.207 mg/g (Table S3) and 
the maximum retained PSMP = 0.028 mg/g near the inlet for H at SR =
120 (Fig. 4(a)) implies highly available attachment sites after injecting 5 

Fig. 4. Observed RPs of PSMPs. The background solution consists of DI water or a 5 mM NaCl solution, where d50 represents the median size of the sand particles.
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PVs of PSMP suspension. However, because Smax is only relevant to the 
attachment mechanism, the occurrence of straining for H at SR = 120 
may clog the pore throats during long-term injection, which downgrades 
the long-term retention efficiency as the high fraction of H sorption sites 
far from the inlet may not be accessible. Apart from the cases of H at SR 
= 120 (high chance of straining), the high long-term retention of the 
three IOCSs can also be anticipated as Smax is higher than retained PSMP 
for SR = 120 and 360 (Fig. 4 and Fig. S8).

To assess the significant hyperexponential retention at SR = 120 for 
the hematite coating (Fig. 4(a)), additional experiments were performed 
using H with three low iron contents of 1.63 (HL1), 1.86 (HL2), and 2.34 
(HL3) mg/m2 (iron content of H = 16.07 mg/m2) under IS = 0 M (Fig. 5
and Table S6). The almost linear RP for HL1, HL2, and HL3 (Fig. 5(a)) 
implies that the occurrence of hyperexponential retention in Fig. 4(a) for 
H can be attributed to the geometrical effect caused by the high hematite 
content. In addition, plateau concentration at the observed BTCs in 
order of HL1 > HL2 > HL3 shown in Fig. 5(b) implies that the retention 
of PSMP is sensitive to the iron content of H. As the relatively low iron 
content of HL3 provides high amount of PSMP retention (inferred from 
the low plateau concentration), the presence of optimal hematite con
tent between 2.3 (HL3) and 16.1 (H) can be anticipated where 100 % 
retention of PSMP can be achieved without straining. The higher katt and 
Smax at higher hematite content (Fig. 5(c)) also confirmed that the in
crease in iron content increases the attachment rate and long-term 
retention of PSMP. The abrupt increase in Smax between HL1 and HL3 
and the slight increase in Smax between HL3 (0.928 mg/g) and H (1.207 
mg/g) indicates that the long-term retention of PSMP can be achieved at 
low hematite content.

As previously mentioned, the attachment efficiencies of H and M 
shown in this study did not exhibit significant differences (G > H > M or 
G > H ~ M). Previous studies have reported that M demonstrated a 
higher retention of PSMP compared to H. However, this discrepancy can 

be attributed to the higher coated mass of magnetite compared to that of 
hematite (e.g., 1.5 times higher iron content for magnetite than hematite 
(Choudhary et al., 2024)). The lower retention of HL1, HL2, and HL3 
compared to M shown in this study is consistent with the previous 
observation, which can be attributed to the lower iron content of HL1, 
HL2, and HL3 than M. Further investigation would be required to 
investigate the retention efficiency between H and M at given iron 
content or potential influencing factor on the PSMP retention such as 
specific surface area of iron oxides (58.9 m2/g for magnetite and 5.6 
m2/g for hematite; Choudhary et al., 2024). The lower iron content for G 
compared to the other iron oxides tested in this study indicates that G 
can be the most efficient iron oxide particle in retained mass of PSMPs 
per unit mass of iron oxides.

4. Discussion

Hematite, goethite, and magnetite are typically present in residual 
soils such as ferralsols (Nitzsche et al., 2008) and gleysols (Doum et al., 
2020) and are frequently found in waste streams of mines, riverbanks, 
and floodplains (Geise et al., 2011; Keim et al., 2021; Quinton et al., 
2011). Additionally, hematite and goethite are often found in aquifers as 
coatings on the surface of soil particles (Buerge-Weirich et al., 2002). 
Therefore, the experimental results shown in this study imply that the 
presence of iron oxides at the surface of natural soils can retard the 
transport of PSMPs where the mobility of PSMPs can vary depending on 
SR, iron oxide content, type of iron oxide, and IS. Although the presence 
of iron oxide may not always lead to the retardation of PSMP transport 
because of the complex chemical composition of natural soils, the results 
shown in this study provide an insight into the transport of PSMP under 
the presence of iron oxides in natural soils. The higher mass of retained 
PSMP for three IOCSs compared to quartz sand also implies the chance 
of applying IOCS in a permeable reactive barrier to remove PSMP.

Fig. 5. Observed (a) RPs, (b) BTCs, and (c) iron content vs optimized katt and Smax for low-content hematite IOCS (HL1, HL2, and HL3). The values for C and H are the 
same as those in Figs. 3(a), 4(a, c), and 6(a). The numbers in parenthesis (b) indicate the Me (Table S3) in each case. The dotted line in (b) shows the fit results for 
each case.
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Almost no tailing effect of PMSP was observed at pH = 4 – 9 and IS >
1 mM under SR = 1000 – 4000 of iron oxide-coated silica sand in pre
vious studies (Chang et al., 2023; Wu et al., 2022). This is consistent 
with the almost no tailing effect observed in this study (Fig. 2) under SR 
= 120–720, implying that relatively stable attachment of PSMP on IOCS 
without any significant detachment can be anticipated in a wide range of 
SR with stable solution chemistry. In contrast, a slight tailing effect 
(C/C0 > 0.03) was observed for clean sand under IS = 0 M for SR = 120, 
550, and 720 (Figs. 2(a), 2(e), and 2(g)), indicating relatively weak 
attraction between clean sand and PSMP. Overall, the observed BTCs 
shown in this study suggest that iron-rich soils can provide not only high 
retention rate but also stable long-term retention of PSMP compared to 
soils without iron oxides.

The experimental pH = 6.9 applied in this study is close to the IEP of 
goethite (pH = 8), magnetite (pH = 7.5), and hematite (pH = 7) 
(Choudhary et al., 2024; Rusch et al., 2010). Considering that 
carboxyl-modified PSMP particles have an IEP below pH = 2 (Xie et al., 
2023), similar retention behavior is expected within a pH range of 
approximately 4 to the IEPs of each iron oxide (pH 7–8) due to favorable 
electrostatic interactions that promote PSMP attachment to IOCS sur
faces. Under extremely low pH conditions (< pH 4), IOCSs cannot be 
used in the experiment because dissolution of iron oxide likely occurs at 
low pH. At pH levels above ~8, PSMP retention is expected to be very 
low as both IOCS surfaces and PSMPs carry negative charges (unfavor
able attachment condition) (Wu et al., 2022). However, the higher 
roughness of IOCSs compared to clean sand may slightly enhance PSMP 
retention under these conditions. Xiao et al. (2024) reported that the 
retention of PSMPs under vertical upward, diagonal upward, and diag
onal downward flow was 3.4, 2.2, and 1.6 times higher than that under 
vertical downward flow (SR = 472). This implies that the retention of 
PSMPs observed in this study under vertical downward flow could be 
even higher in different flow directions. In addition, as the lower hy
draulic shear stress at higher d50 can be anticipated (i.e., higher hy
draulic conductivity at higher d50 (Fig. S10)), the more significant 
reduction of PSMP retention at SR = 720 compared to SR = 120 can be 
anticipated under constant head condition (i.e., identical lower hy
draulic shear stress). As the naturally induced hydraulic shear stress is 
relatively consistent (Rosgen, 1994), the presence of iron-rich soils with 
low SR can be highly beneficial in facilitating retention of PSMPs in a 
natural subsurface environment.

In natural environments, iron oxides primarily adsorbed to soil 
particles in a stable state (Olivie-Lauquet et al., 2001; Schwertmann, 
1991). However, iron oxides are occasionally present in pore water as 
colloidal particles, implying the chance of encountering PSMP in the 
aqueous phase, particularly under iron oxide-riched environments. 
Under such environments, the aggregation between PSMP and colloidal 
iron oxides can be anticipated (Vu et al., 2022), which can increase the 
retention of PSMP at low SR due to high straining effect. As the observed 
RPs in this study are under the absence of colloidal iron oxides in the 
aqueous phase (i.e., presence of iron oxides in the solid phase), further 
investigation can be required to investigate the impact of the presence of 
iron oxides in solid and aqueous phases to assess the impact of iron 
oxide-PSMP aggregation on retention of PSMP.

5. Conclusion

This study investigated the transport of PSMPs through saturated 
uncoated sand and three IOCSs (hematite-, magnetite-, and goethite- 
coated sand) using soil-column experiments. Based on the observed 
BTCs, RPs, optimized parameters, and calculated interaction energy as a 
function of SR, IS, and the type of iron oxides, the following conclusions 
can be drawn: 

1) Lower BTCs of PSMP at IS = 5 mM than IS = 0 M for the clean sand 
and three IOCSs were observed, which suggests that the increase in IS 
enhances the attachment rate of PSMP in the sand medium.

2) Lower BTCs of PSMP were observed at lower SR of IOCSs, implying 
that the high specific surface area of IOCSs is beneficial in the 
retention of PSMP.

3) Almost no tailing effect of PSMP for the three IOCSs indicates the 
long-term stable retention of PSMP using IOCSs.

4) Goethite-coated sand showed the highest PSMP retention between 
the three IOCSs, particularly at IS = 0 M. The difference in PSMP 
retention among the three IOCSs was insignificant in all SRs at IS = 5 
mM.

5) Relatively straight RPs for the rest of the experimental conditions 
indicate attachment-dominant retention of PSMP under SR = 120 – 
720. However, the hyperexponential RP for H at SR = 120 suggests 
that the type of iron oxides can affect the retention behavior of 
PSMPs at given SR.

6) The order of energy barrier as G < H ~ M < C from the interaction 
energy calculated by XDLVO theory was consistent with the order of 
PSMP retention observed in BTCs.
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