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ABSTRACT: This study investigates the combined effects of
salinity and microplastic contamination on the evaporation process
and salt crystallization in porous media through complementary
column- and pore-scale experiments. Laboratory soil columns were
packed with either pure sand or sand mixed with 5% (w/w)
poly(vinyl chloride) (PVC) microplastics and subsequently
saturated with freshwater or saline (NaCl) solution. Evaporation
and crystallization dynamics were monitored by using mass loss
measurements, surface optical and thermal imaging, and synchro-
tron X-ray tomography. Results show that salinity consistently
suppressed evaporation by roughly 25−30%, whereas PVC
microplastics enhanced it, generating substantial differences in
cumulative water loss across treatments. Moreover, thermal
imaging revealed distinct surface responses: NaCl samples developed salt crusts that progressively reduced local temperature
contrasts and led to more spatially uniform surface conditions, whereas PVC-NaCl samples exhibited lower mean surface
temperatures but substantially higher spatial variability, reflected in larger and more persistent temperature anomalies during drying.
Pore-scale μCT imaging further confirmed that microplastics altered crystallization patterns by redistributing salt deposition over the
upper part of the sand profile and modifying the nucleation behavior. Together, these findings underscore the complex interplay
between microplastics and salinity, with implications for soil moisture regulation, surface energy flux, and environmental monitoring
strategies.
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1. INTRODUCTION
Evaporation from porous media is a fundamental process in
natural environments and engineering applications, influencing
a wide range of phenomena from soil moisture dynamics and
land−atmosphere interactions to durability of building
materials.1−5 In the presence of dissolved salts, this process
becomes more complex. As evaporation proceeds, the
concentration of dissolved ions near the vaporization plane
increases until it exceeds the solubility limit, initiating
nucleation and leading to the formation and accumulation of
salt crystals at or near the surface.6,7 These crystals modify the
pore structure and disrupt capillary-driven flow, thereby
influencing evaporation rates, surface energy fluxes, and surface
morphology. Such processes have significant implications for
soil health and broader engineering challenges in saline-
affected regions.8−11 The extent of these impacts is closely
linked to the morphology and hydraulic connectivity of the
resulting salt crust. Porous and hydraulically connected
efflorescence can enhance evaporation by sustaining capillary
flow, whereas dense, detached crusts may suppress it by

creating a diffusive barrier.12−16 Recent experimental and
theoretical studies further demonstrate that salt precipitation
and subsurface convection can couple surface crust formation
with fluid transport in the underlying porous medium,
generating spatially variable salt fluxes and modifying
evaporation and heat exchange across saline landscapes.17−19

While numerous studies have examined saline water
evaporation from porous media and associated crystallization
dynamics,20−23 the potential influence of microplastics (MPs)
on these processes has received limited attention. Microplastics
as emerging environmental contaminants enter the soil from
various sources, ranging from plastic mulching and wastewater
irrigation to sludge-based fertilization, thus affecting soil
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properties and processes.24−32 Microplastics possess distinct
properties, such as high specific surface area, low density, and
hydrophobicity, which can significantly influence soil physical
and chemical characteristics. Depending on their size, shape,
and surface characteristics, microplastics can alter soil texture,
modify pore geometry, and disrupt flow continuity by either
obstructing or enhancing capillary pathways, thus impacting
key transport properties, evaporation, and subsurface flow
processes.33−35 Previous studies indicate that microplastic
accumulation alters soil hydraulic conductivity, water-retention
behavior, and pore-size distribution, thus influencing water
flow, infiltration, and moisture distribution across different soil
textures.36−38

Considerable research has addressed the individual effects of
salinity and microplastics on a wide range of processes in
porous media; however, their interactive influence on
evaporation dynamics, salt crystallization, and the resulting
surface thermal signatures remains less understood. In this
study, we systematically investigate the coupled effects of
microplastics and salinity on the evaporation and salt
crystallization in porous media. Integrating column-scale
drying experiments with pore-scale observations, we quantify
their impacts on evaporative mass loss, crystallization patterns,
and surface temperature variations. Our results provide new
mechanistic insights into microplastic-salt interactions and
their implications for soil water balance and soil health
considerations.

2. MATERIALS AND METHODS

2.1. Laboratory Column Experiments
To investigate the combined effects of microplastics and salinity on
evaporation dynamics and surface temperature variation, a series of
laboratory experiments was conducted under controlled ambient
conditions in a climate chamber (Memmert, HPP750eco) maintained
at a relative humidity of 30% and an air temperature of 30 °C (Figure
1).

Glass cylindrical columns (5 cm internal diameter and 20 cm
height) were packed with sand characterized by particle sizes ranging
from 0.4 to 0.8 mm (see Jannesarahmadi et al., 2023 for more details).
Poly(vinyl chloride) (PVC), one of the most prevalent types of
microplastics in terrestrial environments, was selected and thoroughly
mixed with dry sand at a concentration of 5% by mass, which lies
within the range of microplastic contents reported for contaminated
soils in industrial environments (0.03−6.7% by mass36−39). The PVC
particles ranged in size from 80 to 200 μm with a density of 1.4 g/
cm3. Sodium chloride (NaCl) solutions with concentrations of 5% by
mass were prepared for sample saturation. Salinity in the column
experiments was fixed at 5% NaCl to ensure observable crystallization
within the experimental time frame. While salinity levels under natural
environmental conditions may alter the onset and extent of salt
precipitation, the primary mechanisms identified here are expected to
remain valid. Nevertheless, the magnitude and timing of crystallization
may vary under different salinity conditions.

To isolate and compare the effects of salinity and microplastics, we
conducted our experiments on: (i) pure sand saturated with 5% NaCl
solution, (ii) sand mixed with 5% PVC and saturated with freshwater,
and (iii) sand mixed with 5% PVC and saturated with 5% NaCl
solution. Each condition was tested in a dedicated experimental phase.

Figure 1. (a) Experimental setup in a climate chamber with controlled temperature and humidity. The setup components include (1) an optical
camera, (2) an IR camera, (3) sample columns, and (4) balances. Surface of samples saturated with 5% NaCl solution, and the reference sample
saturated with freshwater captured by (b) an optical camera and (c) an IR camera. Microscopic images from the surface of (d) pure sand and (e)
sand containing 5% PVC.
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Within each set, three identical columns were prepared to ensure the
reproducibility of the results. Additionally, a column consisting of
pure sand saturated with freshwater was included as a reference in all
experimental sets. The columns were fully saturated only once at the
beginning of the experiment, and evaporative water loss was
continuously recorded at 10 min intervals using digital balances
(Kern EW 6200−2NM), with a repeatability of 0.01 g and a linearity
of 0.03 g. An infrared imager (FLIR A700 PRO-F) and a digital
camera (SONY α 6400) were used to simultaneously capture the
surfaces of columns every 10 min. The optical images were used to
monitor the evolution of surface crystals, while thermal images (640 ×
480 pixels) provided spatially resolved surface temperature with an
approximate resolution of 0.25 mm/pixel. A MATLAB code was
developed to process thermal images and extract the temperature
details.

2.2. Pore-Scale Visualization Using X-ray
Microtomography

Pore-scale experiments were operated at the DESY PETRA III
synchrotron facility (Hamburg, Germany) to gain insights into the
impact of microplastics on crystallization dynamics and thus
complement column-scale observations. The experiment focused on
two selected cases: (i) pure sand saturated with 25% NaCl solution
and (ii) sand mixed with 5% PVC by mass and saturated with 25%
NaCl solution. The salt concentration was intentionally set at 25% in
both cases to accelerate crystallization within the limited beamline
access time. The resulting μCT observations therefore aim to resolve
the spatial localization of salt precipitation within the near-surface
pore network, which is governed primarily by pore geometry and
capillary transport rather than the exact salinity used in the column-
scale experiments. Acrylic cylindrical columns (10 mm height and 7
mm diameter) were selected to fit within the field of view of the
imaging setup and were filled with sand and microplastic particles.
Pore-scale imaging was then performed using X-ray microcomputed
tomography (μCT) to visualize the 3D pore structure, the
crystallization dynamics, and the spatial distribution of salt and
microplastics in porous media after the drying process. The scans
were acquired at a photon energy of 2 keV with an exposure time of
170 ms over 2500 projections per sample, yielding a voxel size of 2.58
μm after 2× binning. Beam energy and imaging parameters were

adjusted to optimize the contrast between sand grains, salt crystals,
and microplastics.

2.3. Image Processing and Data Segmentation
The acquired projections were preprocessed by flat and dark field
correction, pixel filtering, and beam current normalization. Afterward,
the projections were tomographically reconstructed by filtered
backprojection (FBP) using the tomographic reconstruction pipeline,
implemented in IDL and MATLAB and the ASTRA toolbox
(R2024b, The MathWorks, Inc., USA).40−42

The reconstructed tomograms were further processed by iterative
nonlocal means filtering using two iterations to reduce the existing
noise while retaining the occurring features in the samples.43 To
remove artifacts at the border of the sample volume, the filtered
tomograms were masked to the relevant volume using FIJI.44 All
subsequent processing and segmentation were conducted in Avizo
(Avizo 2021.1, FEI SAS, Thermo Scientific, France). In the processing
step, the different height steps of the same sample were stitched into
one sample by registering them with each other. Ultimately, the
segmentation of the sand, water, microplastic, and salt crust was
performed in separate steps. First, the background was removed by
masking the tomograms with threshold segmentation of the relevant
regions. Afterward, the infiltrated scan was segmented based on water
and sand by region growing. The sand segmentation was registered on
the dried scan and masked from the tomograms. By this, sand was
removed from the tomograms, and the segmentation of the salt crust
was improved.

The sample containing microplastics was segmented similarly.
However, the microplastic could not be segmented in the infiltrated
state due to an overall low contrast between the features. In the
infiltrated state, it exhibited an attenuation coefficient similar to that
of water and was therefore not completely visible. In the dried scan, a
similar problem occurred, since the microplastic had a similar gray
scale to the sand. Therefore, the sand and microplastics were
segmented in one mask and subsequently differentiated by their
specific sizes (400−800 μm for sand and 80−200 μm for PVC).
Nevertheless, a complete differentiation between sand and micro-
plastic was not possible, so only a qualitative overview of the
microplastic distribution can be given. From the obtained
segmentations, the height distributions of the different components
in the sample were calculated by using MATLAB.

Figure 2. Cumulative water mass loss versus time (a, c, e), and corresponding gravimetric water content profiles versus depth (b, d, f) for the tested
samples (measured at the end of evaporation experiments). The legend denotes the treatments: samples saturated with 5% NaCl, samples
containing 5% PVC, and samples containing 5% PVC saturated with 5% NaCl solution, with the freshwater sample serving as the reference.
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3. RESULTS AND DISCUSSION

3.1. Evaporative Mass Loss and Moisture Distribution

Figure 2 presents the cumulative evaporation loss curves and
the corresponding gravimetric water content profiles for the
tested samples. Evaporative water losses were recorded
continuously by balances, while the gravimetric water content
was determined at the end of the experiments by oven drying
(24 h at 105 °C) of samples sectioned layer-by-layer from top
to bottom of the sand columns. Each panel includes a reference
sample consisting of pure sand saturated with freshwater and
three replicates of the test conditions for comparison. It should
be noted that the freshwater sample in Figure 2a was tilted for
1 day between days 2 and 4, which further affected the second
replication of the 5% NaCl sample (5% NaCl-rep2); both were
subsequently adjusted.

The results show that the addition of 5% NaCl significantly
reduced cumulative water mass loss compared to freshwater,
with a total mass loss approximately 25% lower over the 16-day
experiment (Figure 2a). This reduction is consistent with
earlier studies, which show that the dissolved salts lower the
vapor pressure at the vaporization plane and thereby suppress
evaporation.16,45−47 In addition, precipitation of salt near the
surface reduces pore connectivity and permeability, further
limiting liquid supply from depth to the surface via capillary
pathways.19,48,49 As a result, NaCl samples retained a higher
water content across the profile relative to the freshwater
reference sample (Figure 2b). In the absence of shallow water
tables, this pattern suggests that formation of salt crusts at the
surface may reduce evaporative flux and contribute to moisture
preservation within the underlying layers.15

In contrast, samples containing 5% PVC saturated with
freshwater exhibited enhanced water mass loss, with final
cumulative evaporation approximately 20% higher than that of
the reference sample and accelerated drying during the first

week (Figure 2c). Despite the hydrophobicity of PVC
particles, which might restrict capillary transport, our results
align with recent studies showing that microplastics smaller
than the sand grains can modify soil pore structure and shift
the pore-size distribution toward finer pores, thereby extending
stage 1 evaporation by sustaining water supply from deeper
layers to the surface, where vaporization takes place.33,35,38,50,51

Gravimetric water content profiles (Figure 2d) further indicate
that PVC samples dried more uniformly and did not exhibit a
distinct drying front, in contrast to the reference sample, where
a noticeable transition separated the dry surface and wetter
subsurface layers. This uniformity suggests that PVC increased
the tortuosity of liquid pathways and enhanced fluid
dispersion, resulting in more homogeneous moisture redis-
tribution during drying.52−54 Effective capillary behavior is
governed not only by pore geometry but also by surface
tension and contact angle within pore spaces. In addition to
the change in pore structure in the presence of microplastics,
local wettability and interfacial processes may change with
hydrophobic characteristics of MP particles, thereby altering
capillary rise and liquid pathways during evaporative drying.54

When PVC and NaCl were combined, the cumulative
evaporation (Figure 2e) and water content profiles (Figure 2f)
displayed an intermediate behavior. Total mass loss was higher
than in NaCl columns but lower than in PVC columns,
indicating a competitive interaction. While PVC particles
enhance evaporation by structural modification of the pore
network, NaCl suppresses it through changing vapor
concentration gradients and blocking surface pores. Accord-
ingly, water retention was higher near the surface in
comparison with the PVC sample, yet lower at depth relative
to the NaCl sample. This highlights that the combined
treatment leads to a redistribution pattern reflecting the partial
dominance of structural modifications from PVC particles and

Figure 3. (a, b) Temporal evolution of the mean surface temperature. (c, d) Variation of surface temperature anomalies (ΔT, defined as individual
pixel temperature minus mean surface temperature) as a function of pixel number corresponding to 80 g mass loss.
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the thermodynamic suppression from the salinity effect and
crystallization process.
3.2. Surface Temperature

Surface temperature of the samples was monitored throughout
the drying period by using a thermal imager. Figure 3a,b
presents the mean surface temperature versus time for each
sample. Sand samples saturated with NaCl solution exhibited
consistently higher mean surface temperatures than those of
the freshwater sample. In addition to the exothermic
crystallization process, this further reflects suppressed evapo-
ration due to the formation of salt crusts that may detach from
the surface and hinder diffusive vapor fluxes into the air
mass.55,56 In contrast, PVC-NaCl samples showed lower mean
surface temperatures relative to NaCl samples, consistent with
their higher evaporation rates and the reduced effective
thermal conductivity associated with the intrinsically low
thermal conductivity of PVC particles.50

The evolution of the surface temperature also reflects
different stages of evaporation. The surface stays comparatively
cool during stage 1 evaporation, which is characterized by
capillary flows from the receding drying front to the
vaporization plane at the surface. As drying proceeds, the
system approaches the onset of stage 2 evaporation, where the
vaporization plane recedes into the porous medium and the
process shifts from capillary- to diffusion-controlled drying.3

This transition diminishes latent heat cooling at the surface,
leading to a progressive increase in mean surface temper-
ature.57

Figure 3c,d displays the surface temperature anomalies (ΔT)
at a cumulative mass loss of 80 g. This value was selected as it
represents the highest mass-loss level reached by all samples,
ensuring a consistent comparison among treatments. ΔT is
defined as the deviation of individual pixel temperatures from
the mean surface temperature (presented in Figure 3a,b). In

NaCl samples, ΔT values decreased and became more spatially
uniform, suggesting that the salt crust reduced the local
temperature differences by suppressing uneven evaporation
and thermal gradients. On the other hand, PVC-NaCl samples
exhibited higher ΔT values and more pronounced temperature
anomalies. In addition to the impact of microplastics on local
evaporation patterns, associated moisture distribution, and
reduced effective thermal conductivity, PVC particles likely
affected the surface crystallization pattern by preventing the
formation of a continuous salt crystal. This combination led to
spatially variable evaporative cooling and, consequently, greater
surface temperature anomalies. Such fluctuations in surface
temperature contribute to microhabitat instability at the soil
surface,58 which can be important for surface-dwelling biota,
including biocrusts and microorganisms. For instance,
biocrusts strongly respond to coupled temperature-moisture
variability, with shifts in their environmental conditions shown
to cause large changes in community composition and
physiological performance.59,60 However, further investigation
under field conditions incorporating vegetation cover,
atmospheric variability, and repeated wetting-drying cycles
would help clarify the broader implications of these surface
processes.

Figure 4 complements those observations by showing the
evolution of the surface temperature difference (Tmax − Tmin)
as a function of time (Figure 4a,4b) and cumulative mass loss
(Figure 4c,d) for the freshwater, NaCl, and PVC-NaCl
samples. It should be mentioned that Tmax and Tmin were
defined using the following percentile temperature ranges: Tmax
was calculated as the mean temperature of all pixels above the
90th percentile and Tmin as the mean temperature of all pixels
below the 10th percentile. This procedure minimizes the
uncertainty associated with single-pixel extreme values,

Figure 4. Surface temperature difference (Tmax − Tmin) as a function of time (a, b), and cumulative mass loss (c, d). The legend refers to the
samples saturated with 5% NaCl solution, samples containing 5% PVC saturated with a 5% NaCl solution, and the freshwater sample serving as the
reference.
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providing a robust and noise-resistant estimation of the
temperature contrast across the sample surfaces.

Across all samples, the temperature difference increased
during stage 1 evaporation, where the vaporization plane
remains at the surface.56 It progressively reached a maximum
value until the onset of stage 2 evaporation. Eventually, the
value of the temperature difference decreased with drying of
the surface, marking uniform temperatures over the sample. In
NaCl samples, the difference increased sharply during the first
4 days, peaking around 1.8 °C (Figure 4a). Short-term
fluctuations reflect rapid salt precipitation and the formation of
irregular surface crusts, which enhanced localized evaporative
cooling.12,55,56 In contrast, PVC-saline samples exhibited
slightly lower but more sustained values over time (Figure
4b), suggesting that the presence of microplastics resulted in
localized moisture and delayed crust formation.

When Tmax − Tmin was plotted against cumulative mass loss,
NaCl samples reached their peak values at lower mass loss
values than the freshwater sample (Figure 4c). Inspection of
the optical images at the mass losses corresponding to the
peaks shows more extensive surface crystallization in the NaCl

samples that reached their peak at a lower mass loss (i.e.,
sample rep-3). This enhanced crystal formation is consistent
with locally reduced vapor pressure and higher ion
concentration near the surface, explaining the earlier peak
observed in the NaCl samples. Meanwhile, PVC-NaCl samples
maintained moderate values across a wider range of mass
losses, implying more prolonged and spatially uneven
evaporation (Figure 4d).
3.3. Pore-Scale Insights

Pore-scale experiments conducted at DESY provided insights
into the spatial distribution of salt crystals and PVC
microplastics during the evaporation process. Figure 5a,b
presents cross-sectional μCT images of two selected samples,
one consisting of pure sand saturated with 25% NaCl and the
other composed of sand mixed with 5% PVC (by mass) and
saturated with 25% NaCl.

In both samples, salt crystallization occurred at and below
the surface. However, a visibly greater accumulation of salt
crystals was observed in the pure sand sample, particularly at
the top layer, indicating a more extensive upward migration

Figure 5. Three-dimensional and cross-sectional μCT images of (a) the sand sample saturated with 25% NaCl and (b) the sample containing 5%
PVC saturated with 25% NaCl solution. Fractions shown in gray, yellow, and purple correspond to sand, salt crystals, and PVC particles,
respectively. Enlarged views of the samples’ top layer are also displayed above the cross-sectional images. (c, d) Component-fraction profiles
derived from image analysis for the respective samples.
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and surface precipitation of the salt. In contrast, the sample
containing PVC exhibited a more irregular distribution of salt,
with crystal formation occurring both within the matrix and
around the PVC particles, most notably near the surface. The
presence of PVC appeared to locally alter the pore structure
and nucleation sites, potentially affecting both the pattern and
the extent of salt deposition. This observation aligns with
previous findings showing that salt crystallization on poorly
wetting or heterogeneous surfaces tends to occur at discrete
preferential sites, where discontinuous water films control
nucleation and growth.18,61,62 Across these studies, variations
in surface energy, wettability, and thin-film stability have been
shown to strongly influence the nucleation density, crystal
morphology, and spatial mode of crystallization, leading to
transitions between efflorescent and subflorescent regimes
depending on the degree of wetting and connectivity at the
solid−liquid interface. Deposition of the PVC particles was
also clearly captured in the cross-sectional view. Microplastics
tended to concentrate near the surface, where they became
embedded among salt crystals, indicating preferential accumu-
lation zones likely governed by upward capillary-driven flow
that transfer PVC particles toward the evaporating surface.54

Figure 5c,d shows the component-fraction profiles, derived
from image analysis, for sand, salt, and PVC particles in the
same samples. These profiles indicate that a higher fraction of
salt accumulated near the surface of the pure sand column
compared with the sample containing microplastics. This
observation supports the hypothesis that salt crystallization is
partially inhibited or spatially redistributed in the presence of
microplastics, possibly due to changes in capillary connectivity
or modifications in the nucleation behavior.

4. SUMMARY AND CONCLUSIONS
We used column-scale evaporation experiments and μCT X-
ray imaging to investigate the combined influence of
microplastic particles and solution salinity on the water
evaporation from porous media and crystallization dynamics.
The results show that microplastics and salinity exert distinct
and interacting controls on soil evaporation, surface thermal
behavior, and salt deposition patterns across scales. Column-
scale measurements revealed that NaCl reduced cumulative
evaporation, while the addition of PVC increased the total
evaporative loss, yielding nearly a 50% difference between
drying treatments. These differences were linked to contrasting
moisture distribution mechanisms, where NaCl promoted
deeper moisture retention and PVC particles caused more
uniform water-content profiles by increasing flow tortuosity
and enhancing liquid dispersion.

Thermal imaging revealed that these changes were also
reflected in the surface temperature behavior. At a drying stage
of 80 g mass loss, NaCl samples displayed highly uniform
surface temperatures, with ΔT values around 0.5 °C due to
suppressed localized evaporation, whereas PVC-NaCl samples
showed lower mean surface temperatures but retained spatial
temperature variations exceeding 1−1.5 °C, a more than 2-fold
increase in thermal heterogeneity. These findings indicate that
microplastics reduce mean surface temperatures by enhancing
evaporation but substantially increase thermal heterogeneity by
influencing the transport of moisture to the surface. Pore-scale
μCT imaging confirmed our column-scale observations. Pure
sand developed a pronounced and spatially concentrated
surface salt crust, whereas PVC redistributed salt over the
upper 1−2 mm, yielding irregular crystallization patterns and

localized deposition around microplastic particles. Compo-
nent-fraction profiles further showed higher surface salt
fractions in NaCl samples, while PVC reduced and dispersed
crystallization by altering the pore geometry and modifying
local nucleation sites.

These multiscale observations demonstrated that micro-
plastics can change pore networks, alter coupled water-heat
transport processes, and modify crystallization regimes,
resulting in distinct evaporation dynamics, shifts in thermal
feedbacks, and structural changes at the surface. Quantifying
these interactions is essential for understanding how micro-
plastic-contaminated and saline soils regulate soil moisture,
surface energy balance, and microhabitat conditions. Future
research should investigate a broader diversity of plastic types,
soil textures, and field conditions, including their implications
for reactive tracer and contaminant transport in porous media,
to further expand these findings and inform sustainable land
and water management strategies.63
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