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A B S T R A C T   

Stormwater treatment systems remove and accumulate microplastics from surface runoff, but some of them can 
be moved downward to groundwater by natural freeze-thaw cycles. Yet, it is unclear whether or how micro-
plastic properties such as density could affect the extent to which freeze-thaw cycles would move microplastics in 
the subsurface. To examine the transport and redistribution of microplastics in the subsurface by freeze-thaw 
cycles, three types of microplastics, with density smaller than (polypropylene or PP), similar to (polystyrene 
or PS), or greater than (polyethylene terephthalate or PET) water, were first deposited on the top of packed 
sand—the most common filter media used in infiltration-based stormwater treatment systems. Then the columns 
were subjected to either 23 h of drying at 22 ⁰C (control) or freeze-thaw treatment (freezing at -20 ⁰C for 6 h and 
thawing at 22 ⁰C for 17 h) followed by a wetting event. The cycle was repeated 36 times, and the effluents were 
analyzed for microplastics. Microplastics were observed in effluents from the columns that were contaminated 
with PET and subjected to freeze-thaw cycles. Comparison of the distribution of microplastics in sand columns at 
the end of 36 cycles confirmed that freeze-thaw cycles could disproportionally accelerate the downward mobility 
of denser microplastics. Using a force balance model, we show that smaller microplastics (<50 µm) can be 
pushed at higher velocity by the ice-water interface, irrespective of the density of microplastics. However, plastic 
density becomes critical when the size of microplastics is larger than 50 µm. The coupled experimental studies 
and theoretical framework improved the understanding of why denser microplastics such as PET and PVC may 
move deeper into the subsurface in the stormwater treatment systems and consequently elevate groundwater 
pollution risk.   

1. Introduction 

Terrestrial soil surface and subsurface are major sinks of micro-
plastics in the environment (Li et al., 2021; Nizzetto et al., 2016; 
Scheurer and Bigalke, 2018) from where they can either move deeper 
into the ground (Viaroli et al., 2022) or be transported away by wind 
(Bullard et al., 2021; Rezaei et al., 2019) or stormwater (Piñon-Colin 
et al., 2020; Werbowski et al., 2021). In particular, stormwater treat-
ment systems remove most microplastics from the surface runoff (Gil-
breath et al., 2019; Lange et al., 2021; Smyth et al., 2021), which is a 
major conveyor of microplastics in the terrestrial environment (Boni 
et al., 2021; Lutz et al., 2021; Werbowski et al., 2021). These 

accumulated microplastics could have several health and environmental 
impacts (Li et al., 2022; Prata et al., 2020). For instance, airborne 
microplastics could pose inhalation health risks (Prata, 2018) due to 
their suspension via wind in agricultural land (Borthakur et al., 2021a), 
where contaminated biosolids have been applied (Crossman et al., 2020; 
Koutnik et al., 2021a). Microplastics retained in the subsurface could 
affect root systems in stormwater and agricultural systems (Chen et al., 
2022; Huang et al., 2021; Khalid et al., 2020). Nano- and microplastics 
could carry some of the pollutants into groundwater aquifers if their 
mobility in the subsurface is not retarded (Samandra et al., 2022; Zhou 
et al., 2022). Thus it is critical to understand the processes that affect the 
mobility of microplastics in subsurface soil including stormwater 
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treatment systems. 
Accumulated microplastics in stormwater treatment systems could 

disintegrate into smaller particles by photochemical or biological pro-
cesses (Sørensen et al., 2021; Zumstein et al., 2018) and move down-
ward during intermittent infiltration of stormwater (Gao et al., 2021; 
Koutnik et al., 2022a; Mohanty et al., 2015; O’Connor et al., 2019). 
Subsurface soil naturally experiences dry-wet and freeze-thaw cycles, 
which could increase the transport of the deposited microplastics (Dong 
et al., 2022; Gao et al., 2021; Koutnik et al., 2022a; O’Connor et al., 
2019). Compared to numerous studies that have examined the mecha-
nism of particle transport by dry-wet cycles (Borthakur et al., 2021b; Gu 
et al., 2018; Mohanty et al., 2015; O’Connor et al., 2019; Seiphoori et al., 
2020), fewer studies have examined the mechanism of particle transport 
by freeze-thaw cycles (Alimi et al., 2021; Koutnik et al., 2022a; 
Mohanty et al., 2014). Freeze-thaw cycles could either increase micro-
plastic mobility by disrupting the deposited microplastics during the 
expansion of the ice crystals (Mohanty et al., 2014) or decrease the 
mobility by increasing their aggregation (Alimi et al., 2021). Both ag-
gregation and transport in pore water or porous media depend on par-
ticle properties such as density, size, and surface properties (Bennacer 
et al., 2013; Bradford et al., 2003, 2002; Zhang et al., 2014). Yet, none of 
the previous studies on microplastics examined whether and how the 
properties of microplastics could determine the extent to which their 
mobility is affected by the oscillating the ice-water interfaces during 
freeze-thaw cycles. 

Many studies have examined the dynamics of colloids near the 
freezing interfaces (Asthana and Tewari, 1993; Azouni et al., 1997; 
Hattori et al., 2020; Körber et al., 1985; Lin et al., 2020; Rempel and 
Worster, 2001, 1999; Saint-Michel et al., 2017; Shangguan et al., 1992; 
Tyagi et al., 2020), and they can help explain the behavior of micro-
plastics in the subsurface soil subjected to freeze-thaw cycles. During 
freeze-thaw cycles, colloids in pore water could experience three types 
of forces: gravitational force owing to particle size and density, buoy-
ancy owing to the density of the water displaced by the submerged 
particle, and the interfacial force exerted by moving ice-water interfaces 
when the interface comes close to within few nanometer distances of the 
colloid (Azouni et al., 1997; Spannuth et al., 2011; Tyagi et al., 2020). 
The interfacial force can be sensitive to colloid surface properties 
(Körber et al., 1985; Shangguan et al., 1992; Thompson and Wettlaufer, 
1999). The resulting force balance determines the velocity of colloids 
near ice font. At a close distance (~ few nm) between the particle and ice 
front, the drag force also changes due to the movement of water mole-
cules from bulk to the interface, where the curvature of the ice surface 
near the particle could change based on the thermal conductivity of the 
particle (Rempel and Worster, 2001). As microplastics are insulators, 
they thermally shields the local interface underneath the particle, 
creating a cooler spot where the ice interface grows faster to create a 
convex protuberance that could prevent the engulfment of microplastics 
(Asthana and Tewari, 1993). Thus, convex protuberance could push 
microplastics and accelerate their mobility in the subsurface. Conse-
quently, the transport of microplastics by these forces could depend on 
the density, thermal and surface properties of microplastics. Yet, no 
study to date has examined the effect of microplastic density on their 
mobility in porous media under freeze-thaw cycles. 

The research objectives of the study are: (1) to examine the effect of 
the density of microplastics on their mobility in the subsurface filter 
media subjected to freeze− thaw cycles and (2) theoretically estimate the 
change in velocity of microplastics as a function of their size and density 
near moving ice-water interfaces in still water, which is typically the 
case during freezing conditions in the subsurface soil. We hypothesize 
that freeze-thaw cycles will disproportionately move denser micro-
plastics downward. The rationale behind the hypothesis is that the 
specific gravity of microplastics could determine whether a plastic 
particle would sink or float in pore water, and the formation of ice could 
separate the gap between them by pushing the microplastics up or 
downward based on the relative position of microplastics with respect to 

ice crystal growth. To test the hypothesis, we quantified the mobility of 
microplastics with different densities in water columns with and without 
porous media during freeze-thaw cycles and compared the difference in 
the depth distribution of microplastics as a function of their density 
following many freeze-thaw cycles. The results could help predict the 
fate of microplastics in subsurface or stormwater biofilters subjected to 
freeze-thaw cycles. 

2. Materials and Methods 

2.1. Microplastics preparation and characterization 

We selected three plastic polymers based on their densities lower 
than (polypropylene or PP, ρPP = 920 kg m− 3), similar to (polystyrene 
or PS, ρPS = 1, 015 kg m− 3), and greater than (polyethylene tere-
phthalate or PET, ρPET = 1, 350 kg m− 3) the density of water 
(ρW = 1, 000 kg m− 3 at 12 ◦C) (Koutnik et al., 2021b). These three 
plastic types are commonly used in single-use plastic products and have 
been extensively found in natural environments and in stormwater 
(Koutnik et al., 2021b). To create irregular-shaped microplastics, plastic 
objects made from one of the three types of polymers were abraded 
using a mechanical orbital sander (Figure S1), following the method 
described elsewhere (Koutnik et al., 2022a). Sanding created irregularly 
shaped microplastic particles such as fragments and fibers, similar to 
what has been found in stormwater (Piñon-Colin et al., 2020). 

Microplastics were characterized for their size distribution, shape, 
and for polymer types using Thermo Scientific Nicolet™ iN10 Fourier 
Transform Infrared spectroscopy (FTIR) in the reflectance mode using 
the particle analysis wizard included in the PICTA™ software (Details in 
Supplementary Materials) (Brahney et al., 2020). FTIR microscope can 
identify the size distribution of microplastics larger than 20 µm in 
diameter based on the image analysis of particles spread on a 1 cm2 area 
of a slide. To analyze the size distribution of microplastics at a wider size 
range (0.1 µm to 2 mm), we used a laser diffraction particle size analyzer 
(LS 13320, Beckman Coulter, Inc. CA, USA), where dry microplastics 
were dispersed by the Tornado Dry Powder System in the chamber 
before analyzing the diffracted laser beams from microplastics. 

The grinding of plastic objects resulted in particles with a range of 
shapes and sizes. FTIR analysis confirmed that more than 97% of the 
particles analyzed matched the plastic polymer designated in the plastic 
object (Figure S2). The shape of the microplastics varied widely from 
fiber (aspect ratio > 3) to fragment shape (Figure S2). Between 11-20% 
of the particles created were fibers (Figure S3). The size distribution of 
the plastic mixtures varied by plastic polymer types (Figure S2). 54% of 
the PS microplastics were sized between 100 - 250 μm, whereas a similar 
majority for PET and PP were sized between 50 - 100 μm. A laser 
diffraction analyzer recorded a slightly different size distribution than 
that observed using an FTIR microscope (Figure S4). 

2.2. Sand filter design 

Sand is the most common media used in infiltration-based storm-
water treatment systems in order to increase the infiltration of surface 
runoff (Tirpak et al., 2021). Thus, we used quartz sand with sizes be-
tween 600-800 μm (20-30 Standard Sand, Certified MTP) packed in 
transparent PVC columns (2.54 cm in diameter and 30 cm in height) to 
create model biofilters, similar to a previous study (Koutnik et al., 
2022a). Briefly, sand was packed in 2-3 cm increment layers to a total 
filter media height of 15 cm above the bottom drainage layer, which 
consisted of glass wool spread on pea gravel at the bottom. The columns 
were saturated with deionized (DI) water from the bottom, and the pore 
volume was estimated based on the weight difference between saturated 
and dry columns. A total of 20 columns were packed to compare the 
mobility of 3 types of microplastics by either dry-wet (control) or 
freeze-thaw treatment. Triplicate columns were used per one type of 
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microplastics per treatment. 

2.3. Distribution of microplastics in the water column without porous 
media during freezing 

To simulate the redistribution of suspended microplastics in pore 
water without being constricted by porous media, we freeze micro-
plastic suspension in a column without porous media. Microplastic 
suspensions were prepared by mixing a specific amount of each of the 
three microplastics in 100 mL of DI water in a 1L pre-cleaned glass 
bottle. The suspension was poured into pre-washed transparent PVC 
columns, which were placed in a freezer at -15 ⁰C at an up-right position 
overnight for 18 h. The frozen columns were placed in a warm water 
bath for 1-2 min to melt ice near the wall and loosen the ice core. The ice 
core was laid on an aluminum foil and sliced into segments of 3 cm in 
length with a heated iron knife. Each segment was melted in a clean 
glass bottle and weighed before filtering the water samples through a 24 
mm G4 glass fiber filter paper with 1.2 μm pore size (Thermofisher 
Scientific, 09-804-24C) to isolate microplastics in each ice core segment. 

2.4. Transport of microplastics in saturated sand columns by freeze-thaw 
cycles 

The transport experiments were conducted following the method 
outlined elsewhere (Koutnik et al., 2022a). Briefly, packed sand columns 
were conditioned to remove any colloids or particulates by injecting 4 
pore volumes (PV) or ~100 mL of synthetic stormwater at 5 mL min− 1 

using a peristaltic pump. We used synthetic stormwater (6 mM NaCl) 
with a similar pH (adjusted) and ionic strength as a natural stormwater 
collected from Ballona Creek, Los Angeles, USA (Ghavanloughajar et al., 
2020). The use of synthetic stormwater prevented cross-contamination 
with microplastics and particles typically present in natural storm-
water. The effluent samples for each column were collected and 
analyzed for background microplastic concentration (ranging from 0.01 
p mL− 1 to 0.18 p mL− 1). To simulate microplastic accumulation on 
biofilters for many years (Koutnik et al., 2022a), 0.1 g of each polymer 
type of microplastics was deposited on the top of 6 columns, of which 3 
columns were subjected to drying treatment (control), and the other 3 
columns were subjected to freeze-thaw treatment. 

During natural freezing in subsurface, pore water freezes, and water 
does not typically flow through pores as precipitation occurs via snow-
fall. During the thawing process, snow melts create runoff, which could 
pass through the subsurface mobilizing any deposited colloids or 
microplastics. To simulate microplastic transport during freeze-thaw 
cycles in nature, the columns were subjected to freeze-thaw cycles fol-
lowed by infiltration events as described elsewhere (Mohanty et al., 
2014). Briefly, the contaminated columns were subjected to 23-h of 
either drying or freeze-thaw treatment followed by a 20-min injection of 
4 PV of synthetic stormwater at 5 mL min− 1 or 0.96 cm min− 1, which 
was below the hydraulic conductivity of the packed sand. To simulate 
freeze-thaw treatment, columns were frozen at -20 ⁰C for 6 h and thawed 
at 22 ⁰C for 17 h. To simulate drying treatment, the columns were 
drained by gravity and dried at 22 ⁰C for 23 h. The cycles (drying fol-
lowed by wetting or freeze-thaw followed by wetting) were repeated 36 
times, and the effluents were analyzed for microplastic concentrations 
after 1, 8, 15, 22, 26, 31, and 36 cycles to estimate potential break-
throughs in deposited microplastics. To account for any microplastics 
that were already present in the sand before the contamination stage, 
uncontaminated sand columns were subjected to dry-wet or freeze-thaw 
cycle treatments, and effluents were analyzed for microplastics. 

In the end, all columns were dismantled to sample sand from 
different depths from specific depths (0.5, 1, 2, 3, 4, 5, 8, 12 cm), starting 
from the bottom-most depth (near effluent). As straining was found to be 
a dominant removal process of large microplastics in the stormwater 
biofilters (Koutnik et al., 2022b), the depth distribution was fitted to an 
empirical equation (Eq. 1): 

C(z) = C0e− Kz (1)  

where C(z) and C0 are microplastic concentrations (p g− 1) at depth z 
(cm) and on the surface respectively, and K is the retardation coefficient. 
Thus, K is estimated by the fitting depth and concentration data into the 
model and includes effects of absorption, straining, gravity settling, and 
removal by any other mechanism. 

2.5. Analysis of effluent and filter media samples 

To isolate microplastics from effluent, water samples were vacuum 
filtered through 24 mm glass fiber filter membranes with 1.2 µm pore 
size (Thermo Fisher Scientific), and the filtered microplastics were 
stained by adding 0.17 mL of 0.5 µg mL− 1 Nile Red in chloroform so-
lution on filters inside a glass petri dish (Koutnik et al., 2022b). Filters 
were air-dried with a glass cover and imaged using a smartphone-based 
fluorescence microscope. The details of the method is described else-
where (Leonard et al., 2022), which has been used in multiple studies 
with environmental and laboratory samples (Koutnik et al., 2022a, 
2022b). The method permits the counting of microplastics that can 
adsorb Nile Red dyes and does not differentiate between different types 
of plastic polymers. To estimate the concentration of microplastics 
retained at different depths of the sand filters, 1 g of oven-dried sand 
sample was mixed in 40 mL of 1.6 g mL− 1 KI solution in a 50 mL 
centrifuge tube, and the mixture was centrifuged at 5000 rpm for 30 min 
to settle sand particles, leaving the lighter (density < 1.6 g cm− 3) par-
ticles including microplastics to float on the supernatant surface (Mu 
et al., 2019). The supernatant was filtered to isolate plastics, stained 
using Nile Red, and analyzed for microplastic concentration as described 
earlier. The concentrations were reported as the number per L of effluent 
or g of filter media. To analyze the difference and similarity between the 
measured concentrations between contaminated plastic or treatment 
types, we performed a Wilcoxon rank-sum test (R version 4.0.0). 

2.6. Quality assurance and quality control 

All lab surfaces were wiped down every day and before and after 
usage. Samples were collected, stored, and processed using pre-washed 
laboratory glassware. All glassware and containers were washed with 
soap and water and then rinsed with DI water three times to remove any 
background microplastics. Glass covers or clean aluminum foil were 
used to prevent airborne contamination during the sample processing. 
Uncontaminated filter media was analyzed from each column depth for 
any background concentration of microplastics, which was subtracted 
from the concentration of microplastics at the same depth in contami-
nated columns to estimate the true penetration depth of added micro-
plastics. The DI water used in this study was analyzed for possible 
microplastic contamination. The contributions of microplastics from 
plastic tubing for pumping, PVC plastic columns, centrifuge poly-
propylene test tubes, and plastic pipette tips were estimated using 
appropriate blanks. During every day of analysis, a method blank was 
run, following the same lab procedure. The mean of laboratory blanks 
for each method was subtracted from the measured concentration of 
samples to account for any microplastics introduced from procedural 
steps. 

3. Results 

3.1. Distribution of microplastics in frozen water columns without porous 
media 

The redistribution of microplastics in pore water during freeze-thaw 
cycles could depend on the force exerted by the moving ice-water 
interface and physical constraints from the surface porous media near 
the pore water. Analysis of the distribution of microplastics in frozen 
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water columns without sand media revealed that microplastic distri-
bution in pore water with the constraint of porous media varied with 
microplastic density (Fig. 1). More than 60% of PP microplastics were 
found at the surface, with their concentration decreasing with depth. In 
contrast, PET concentration was higher at lower depths. About 20% of 
PET particles were found at the surface despite being expected to sink 
due to their greater density than water. 

3.2. Distribution of microplastics in sand columns subjected to freeze- 
thaw cycles 

Depth distribution of microplastics in columns packed with sand 
showed that freeze-thaw cycles increased the penetration depth of 
microplastics compared to dry-wet cycles (Fig. 2). Irrespective of 
treatment methods, the downward mobility was more pronounced for 
denser microplastics such as PET. The distribution was sensitive to the 
density of microplastics. For all the columns subjected to dry-wet cycles, 
the microplastic concentration near the outlet was similar to the back-
ground concentration (0 - 7 p g − 1) irrespective of microplastic density. 
In contrast, for the columns subjected to freeze-thaw treatments, 
microplastic concentration near the outlet was similar to background 
concentration only for columns contaminated with two types of plastics: 
PP and PS. Regardless of the weathering, PET microplastics moved 
deeper into columns than the PP and PS particles. 

Fitting the distribution of microplastics with the exponential model 
(Equation 1) (Koutnik et al., 2022b, 2022a), we showed that retardation 
of microplastics in sand biofilters varied with microplastic density 
irrespective of treatment types, but the density had a more pronounced 
effect on microplastic retardation under freeze-thaw cycles than that 
under dry-wet cycles (Fig. 2). Specifically, the retardation coefficient, 
which is estimated based on the slope of the graphs in Figure 2C-D, 
ranges from 1.1 to 5.5, with the highest slope corresponding to PET in 
columns subjected to freeze-thaw cycles. 

3.3. The concentration of microplastics in the effluent 

Analysis of microplastic concentration in the effluent from all col-
umns revealed that transport of PP and PS microplastics was negligible 
and statistically insignificant irrespective of the treatment types (Fig. 3). 
The 15-cm deep sand media was sufficient to prevent the transport of PP 
and PS microplastics out of the columns via effluent. In contrast, PET 
microplastics were found in higher concentrations than the background 

concentration from uncontaminated or blank columns. The background 
concentrations were 0.023 p mL− 1 and 0.075 p mL− 1 for blank columns 
with dry-wet and freeze-thaw cycles, respectively. The higher effluent 
concentration of PET microplastics in contaminated columns subjected 
to freeze-thaw cycles further confirmed the finding that PET micro-
plastics were disproportionately moved by freeze-thaw cycles. 

4. Discussion 

4.1. Retention of microplastics in sand columns. 

All deposited microplastics, with the exception of PET microplastics 
in columns subjected to freeze-thaw cycles, were retained in sand col-
umns. Among the three types of microplastics used, PET is heavier than 
water. Freeze-thaw treatment decreased the retention of PET micro-
plastics and enhanced their mobility more than that of PP and PS 
microplastics. The results indicate that in most conditions, microplastics 
with densities lighter than water can be effectively retained in the 
subsurface. The results are similar to previous studies that showed the 
removal of microplastics in sand columns (Gao et al., 2021; Koutnik 
et al., 2022a; O’Connor et al., 2019; Rong et al., 2022; Waldschläger and 
Schüttrumpf, 2020). Most microplastics were removed in sand columns 
due to the physical straining (Koutnik et al., 2022b, 2022a), which is 
sensitive to the size of microplastics and pore size of the media (Brad-
ford et al., 2003). Straining occurs when larger particles are blocked by 
the narrow pores (Auset and Keller, 2006). PS particles used in this study 
were larger than PE or PET particles (Figure S2). Therefore, PS micro-
plastics are expected to be removed by sand by straining to a greater 
extent than the other two types of microplastics. Larger microplastics 
blocked at narrow pore throats between sand grains could not move 
further, irrespective of dry-wet or freeze-thaw cycles. This partially 
explained why PS microplastics were retained to a greater extent than 
the other two types of microplastics irrespective of weathering 
treatments. 

Among plastic types, PET microplastics were found in greater con-
centration than the background level in the effluents of columns sub-
jected to freeze-thaw cycles (Fig. 3). The depth distribution data (Fig. 2) 
also confirmed the enhanced mobility of PET microplastics by freeze- 
thaw cycles. The result indicates that the density of microplastics 
plays a critical role in the remobilization of microplastics by freeze-thaw 
cycles compared to dry-wet cycles. Previous studies (Mohanty et al., 
2015, 2014) have compared the remobilization colloids by dry-wet and 
freeze-thaw cycles, but they did not vary the density of colloids. 
Chrysikopoulos and Syngouna (2014) examined the role of gravity on 
the transport of colloids in sand columns by comparing the transport of 
bacteria (specific gravity similar to PET~ 1.4), and natural clay colloids 
(specific gravity ~2.6) and observed that an increase in specific gravity 
of colloids increased in colloid transport velocity in vertical sand col-
umns. Collectively, the results confirmed that denser colloids are more 
susceptible to transport than lighter colloids. 

4.2. Enhanced transport of microplastics by freeze-thaw cycles compared 
to dry-wet cycles 

For the same microplastic type, freeze-thaw cycles transported more 
microplastics to the deeper layers than dry-wet cycles did within the 
columns (Fig. 2). Although the same amount of microplastics was added 
to all columns, the concentration of microplastics in the top layer of 
columns subjected to freeze-thaw cycles was slightly higher than the 
concentration in the top layer of columns subjected to dry-wet cycles. In 
contrast, the concentration in deeper layers was disproportionately 
greater in columns with freeze-thaw cycles than in columns with dry-wet 
cycles. This result agreed with a previous study that compared the 
transport of PP microplastics in sand and soil columns under dry-wet or 
freeze-thaw cycles (Koutnik et al., 2022a). Our study provides additional 
evidence that the effect of the density of microplastics on the transport of 

Figure 1. Fraction of total microplastics in water found at each depth of the 
frozen water column for three plastic polymer types: polypropylene (PP), 
polystyrene (PS), and polyethylene terephthalate (PET). The shaded area shows 
a 95% confidence interval due to the variance between multiple measurements. 
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microplastics during freeze-thaw cycles. In particular, the effect of 
freeze-thaw cycles is more pronounced for denser microplastics. We 
attributed the results to fundamental differences in processes by which 
dry-wet or freeze-thaw cycles could mobilize deposited microplastics in 
porous media. Advancing or receding wetting fronts during dry-wet 
cycles typically disrupt solid-water and air-water interfaces where col-
loids were typically deposited (DeNovio et al., 2004). Thus, the shear 
force of the rapidly moving air-water interfaces could scour micro-
plastics or colloids from their deposited locations and mobilize them into 
pore water (Flury and Aramrak, 2017; Shang et al., 2008). The inter-
action of air-water interfaces on colloids depends on the hydrophobicity 
of colloids (Keller and Auset, 2007). Thus, hydrophobicity of micro-
plastics may play a greater role than density in the remobilization of 
microplastics by dry-wet cycles. In contrast to dry-wet cycles, 
freeze-thaw cycles involve the transition of the water phase to ice. 
During freezing, deposited microplastics can either be pushed or 
engulfed by the ice front based on the free energy change to replace 
particle-liquid (pl) and liquid-solid (lp) interfaces with a solid-particle 
(sp) interface (Asthana and Tewari, 1993; Shangguan et al., 1992). Ice 

front engulfs the particle if the free energy change is negative. As all 
plastics are insulators, which block the heat energy from water to ice 
near the interface, the ice formation could accelerate near the micro-
plastics, creating a convex-shaped interface that would be more likely to 
push microplastics along the direction of ice-interface propagation 
(Asthana and Tewari, 1993). A moving ice front can be more disruptive 
than rewetting of the pore by liquid water because expanding ice during 
freezing can exert more pressures than capillary pressures on pore walls 
during drying (Koutnik et al., 2022a; Mohanty et al., 2014). The ice 
crystals can also fracture or expand the pore walls, thereby creating flow 
paths conducive to the transport of large colloids (Borthakur et al., 
2021b). 

4.3. Mechanisms of microplastic transport by freeze-thaw cycles 

Our results confirmed that the extent to which freeze-thaw cycles 
could accelerate the downward mobility of microplastics is dependent 
on the density of microplastics. However, the microplastics used in our 
study are >50 µm, and the detection method used in our study could not 

Figure 2. Microplastics concentration by depth 
for columns contaminated with three types of 
plastics subjected to either (A,C) dry-wet cycles 
or (B,D) freeze-thaw cycles. Each point repre-
sents an average of the experiment data points 
between three columns, and the lines represent 
best fitting exponential model (Equation 1). C 
and D showing logarithmic concentration of 
microplastics varying with depth and weath-
ering. The fitted equations and R2 for each line 
are provided in Table S2.   

Figure 3. Concentration of (A) PP, (B) PS, and (C) PET microplastics in the effluent of the columns subjected to dry-wet cycles and freeze-thaw cycles. ns and * 
indicate no statical difference and significant statistical difference with p < 0.05, respectively. The solid and dashed vertical lines correspond to the background 
concentrations of the effluent from control samples for columns subjected to dry-wet and freeze-thaw treatments, respectively. 
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reliably detect microplastics < 10 µm. To understand the effect of den-
sity on the mobility of microplastics within all size ranges (0.1 µm to 
1000 µm), we estimated the velocity of suspended plastic particles with 
a spherical shape at far and close (within a few nm) distances from the 
moving ice interface using a force balance approach (Shangguan et al., 
1992). The model does not account for the effect of shape, which is 
expected to affect the drag force. Furthermore, the model does not ac-
count for the interception of microplastics in porous media when pushed 
by ice and assumed all microplastics were initially present in one loca-
tion before being separated by different forces described as follows. 
Consequently, the model could not directly validate the experimental 
data. Nevertheless, the simplistic model illustrates the importance of 
microplastic density on their transport in pore water. The velocity of a 
plastic particle (Vp) far from the moving ice-water interface, as shown in 
Equation 2, can be derived by force balance where the gravitational 
force based on the density difference between particle and water (FG =
4
3 π R3

p Δρ g) acts against the drag force (FD = 6 π μ Rp Vp). Here, Δρ is 
the difference in the density of the particle (ρp) and water (ρL), μ is the 
viscosity of water, g is the acceleration due to gravity, and Rpis the radius 
of the particle. 

Vp =
2
9

R2
p Δρ g μ− 1 (2) 

The particle moves at constant flotation velocity in a direction based 
on the sign of Δρ (Fig. 4-C). Thus, most PP microplastics are expected to 
float and stay near the surface of the water column, whereas most PET 
microplastics are expected to settle at the bottom of columns after suf-
ficient time has passed. Our results (Fig. 1) confirmed the overall trend: 
more than 60% PP microplastics and less than 15% PET microplastics 
moved to the top of the water column after freeze-thaw cycles. As the 
initial position of microplastics in a well-mixed suspension and the time 
taken to freeze the water column was unknown, Stoke’s law could not be 
used to predict the occurrence of the microplastics present at different 
depths. 

The force balance on the suspended microplastics would change at 

close proximity (within a few nanometers) to the ice-water interface, 
where molecular interactions become relevant. If the particle is denser 
than water, the interaction between the particle and ice interface would 
occur only if the velocity of the ice-water interface (VS) is greater than 
the settling velocity (Vp) (Fig. 4-A). At a distance of the order of the 
atomic spacing, the particle would experience an interfacial molecular 
force (FI) or the Van der Waals force or the force due to a change in the 
interfacial energy. In this case, the standard Stokes’ equation for the 
drag force is no longer valid as the flow of liquid is perturbed by the ice 
front. At this close proximity, the particle experiences a drag force or 
cryosuction force (Fμ) because water moves from the suspension towards 
the interface to support ice growth, thereby attracting the particle to-
wards the interface (Fig. 4-A). At equilibrium, the net force on the 
particle would be zero (FG + FI − Fμ = 0) as shown in Equation 3: 

4
3

π R3
p Δρ g + 2 π Rp Δσ0

(
a0

a0 + d

)n

α − 6 π μ V∗
p

R2
p

d
α2 = 0 (3)  

where a0 is the sum of the radii of atoms in the surface layers of the 
particle and the solid, d is the gap between particle and ice-water 
interface, and Δσ0 (= σSP − σLP − σSL) is the net free energy changes 
for the particle to be engulfed by ice, which occurs when free energy 
between the ice and particle (σSP) exceeds the free energy between water 
and particle (σLP), and ice and water (σSL). α is a function of the curva-
ture of the ice-water interface near the particle, which is the ratio of the 
radius of curvature of the ice-water interface (RI) and the difference 
between the radius of interface curvature and particle radius (RI − Rp). 
As the curvature is created by the melting of ice due to a difference in 
thermal conductivity of water and plastic particle, α can be calculated as 
the ratio of thermal conductivity of particle (kp) and water (kL). As the 
thermal conductivity of microplastics is smaller than water, a convex 
shape ice hump would form near the interface between the particle and 
ice, which can push microplastics further. Solving Equation 4, the ve-
locity of the particle near the ice-water interface would become: 

Figure 4. (A) Force balance on microplastic 
particles near (~ few nm) and far from the 
moving ice-water interface. In water away from 
the ice-water interface, microplastics experi-
ence a gravitational force (FG) based on the 
density difference between th particle and 
water and the drag force (FD) against the di-
rection of movement. At close proximity to the 
ice-water interface, microplastics would expe-
rience an interfacial molecular force (FI) or the 
Van der Waals force or the force due to a 
change in the interfacial energy and a drag 
force or cryosuction force (Fμ) because water 
moves from the suspension towards the inter-
face to support ice growth. (B) The velocity of 
suspended microplastics away from the ice 
interface using Stokes’ law. (C) The velocity of 
particles near the ice interface. The velocity of 
microplastics from three polymer types at the 
interface was calculated using the following 
assumption: a0 = 0.2 nm; d = 1 nm; n = 2; 
Δσ0 = 10 mN/m; μ = 0.0018 N s/m2, ρPP =

920 kg m− 3), ρPS = 1, 015 kg m− 3, ρPET = 1,
350 kg m− 3, ρH2O = 1, 000 kg m− 3, kp or H2O =

0.561, and kp = 0.115.   
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V∗
p =

d
3μα

(
Δσ0

Rp

(
a0

a0 + d

)n

+
2Rp

(
ρp − ρL

)
g

3α

)

(4) 

Estimating the velocity of plastic particles with a radius between 0.1 
to 1000 μm near the ice-water interface, we show that the velocity is 
sensitive to plastic density if the size of microplastic is bigger than 10 µm 
(Fig. 4-B). The contribution of interfacial force on microplastic mobility 
was prominent when the particle size was smaller than 10 µm. However, 
our method is inadequate to detect microplastics within these size 
ranges. Thus, the velocity of smaller microplastics (< 10 µm) is expected 
to increase dramatically with a decrease in size due to push from the ice 
interface irrespective of the density of microplastics. In contrast, the 
velocity of larger microplastics, such as the ones used in this study, 
would be much small near the ice-water interface, and the velocity 
would be affected by the density of microplastics. The theoretical pre-
diction that PET velocity would be much higher than PP and PS near the 
ice interface is confirmed by our experimental data, where PET micro-
plastics were relocated deeper into the water columns (Fig. 1) followed 
by PS and PET. Most PP particles were expected to float on the surface, 
so they were not affected by ice propagation from top to bottom of the 
columns. 

4.4. Environmental Implications 

The results of this study provide the first quantitative and experi-
mental evidence showing accelerated transport of microplastics by 
freeze-thaw cycles as a function of the particle density. The theoretical 
framework provided here can be applied across all plastic polymers with 
other densities. Understanding the effects of freeze-thaw cycles is critical 
due to the prevalence of these seasonal weather patterns across all of 
northern America and Europe. Furthermore, these results are useful to 
predict microplastic movement in freshwater lakes or ponds that un-
dergo freezing during winter. As freezing cycles and conditions are ex-
pected to vary during climate changes, the results can later be used to 
understand a change in microplastic distribution in the subsurface under 
different climates. Predicted climate change scenarios suggest an in-
crease in the frequency and severity of soil freeze-thaw cycles in many 
northern temperate regions of the world (Henry, 2008), with implica-
tions for the subsurface transport rates of different emerging contami-
nants including microplastics. The results can also help predict 
microplastic distribution in the soil in the agricultural fields and urban 
areas and the potential transport pathways to the groundwater (Henry, 
2008; Pauli et al., 2013). Although sand was used in this study to 
demonstrate the impact of freezing and density, the trend is expected to 
be similar in soils as shown in a previous study (Koutnik et al., 2022a). 
However, the effect of density or freeze-thaw cycles can be less apparent 
if most microplastics are removed by straining in narrow flow paths in 
soil. Thus, soil pore size distribution should be taken into account to 
accurately determine the effect of microplastic density on their mobility 
in soil subjected to freeze-thaw cycles. Nevertheless, understanding how 
far some microplastics would move near the root zone can help predict 
their impact on root function or crop productivity (Boots et al., 2019; de 
Souza Machado et al., 2019). Plants growing in 
microplastic-contaminated soils are predicted to have decreased 
nutrient contents and increased toxicity as nano plastics can be uptaken 
by plant roots and soil microbiota (Li et al., 2020; Seeley et al., 2020; 
Sun et al., 2021). Downward migration also has the potential for 
groundwater contamination, which serves as a source of fresh water for 
at least two billion people worldwide (Panno et al., 2019; Samandra 
et al., 2022; Viaroli et al., 2022). Recent anecdotal evidence showed a 
greater abundance of denser plastics such as PET and PVC in the 
groundwater samples, but the cause of such abundance was unknown 
(Samandra et al., 2022). Our study provided a theoretical basis to pre-
dict the increased abundance of denser microplastics in deeper subsur-
face soil or groundwater aquifers. 

5. Conclusions 

Based on the experimental evidence and theoretical framework, we 
proved that the density of microplastics could play a critical role in the 
transport of microplastics in subsurface soil or other porous media in 
stormwater treatment systems subjected to natural freeze-thaw cycles. 
Most microplastics were retained in sand columns, potentially by 
physical straining if their particle size is larger than the pore size. Based 
on the force balance calculation on microplastics near the downward 
moving ice-water interface, smaller microplastics (<50 µm) could be 
pushed at higher velocity by the ice-water interface, irrespective of the 
density of microplastics. However, density becomes critical when the 
size of microplastics becomes larger than 50 µm. For these large 
microplastics, PET moved deeper into the sand layer compared to low- 
density microplastics such as PP and PS. These results suggest that 
among all accumulated microplastics in stormwater treatment systems, 
denser microplastics such as PET and PVC are more likely to move 
deeper into the subsurface to groundwater. 
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