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Iodine k-edge dual energy imaging 
reveals the influence of particle size 
distribution on solute transport in 
drying porous media
Salomé M. S. Shokri-Kuehni   1, Mina Bergstad1, Muhammad Sahimi2, Colin Webb1 & 
Nima Shokri   1

Increasing salinity in groundwater and soil poses a threat to water and land resources. With the 
expectation of major changes to the hydrological cycle through climate change, the need for 
understanding the fundamental processes governing solute transport through soil has grown 
significantly. We provide experimentally verified insights into the influence of particle size distribution 
on solute transport in porous media during evaporation at the pore- and macro-scales. To do so, we 
utilized four-dimensional (space plus time) synchrotron X-ray tomography for iodine k-edge dual energy 
imaging to obtain solute concentration profiles in every single pore during saline water evaporation 
from coarse- and fine-grained sands. Close to the surface of the coarse-grained sand significantly higher 
salt concentrations were observed when compared to fine-grained sand with the same porosity under 
similar cumulative evaporative mass losses. The physics behind this behaviour was delineated using the 
recorded data with high spatial and temporal resolutions. Moreover, the measured data enabled us to 
quantify the variations of the effective dispersion coefficient during evaporation and how it is influenced 
by the particle size distribution. We show that, contrary to common assumption in modelling of solute 
transport during evaporation, the effective dispersion coefficient varies as a function of liquid saturation 
and the length of the invaded zone during evaporation from porous media, and that it increases as 
liquid saturation decreases.

Water and land quality have long been issues of global concerns. Increasing salinity in groundwater and soil poses 
a threat to the ecosystem functioning, water quality and evaporation, and crop production1–6. Understanding 
solute transport in the flow of water through soil entails studying the phenomenon through partially saturated 
zone during evaporation, which is a complex process.

During evaporation of saline water from porous media, solutes are transported to the vaporization plane via 
capillary-induced liquid flow, while diffusion tends to homogenise the concentration laterally throughout the 
pore space. The interaction between the two determines the dynamics of solute distribution in porous media7,8. 
Numerous studies have been conducted in the past to look into the effects of various parameters, such as par-
ticle size, wettability, heterogeneity, and the type of salt9–16, on saline water evaporation from porous media. 
Much less attention has, however, been paid to experimental study of how solutes are transported and distributed 
throughout the pore space during evaporation, and how transport properties, such as the effective dispersion 
coefficient D* in porous media, vary as drying proceeds. As is well known, dispersion is convective mixing of two 
miscible fluids, which is modified by molecular diffusion, particularly in the slow zones of the pore space. The 
effective dispersion coefficient, which is usually used in the description of solute transport in porous media by the 
convective-dispersion equation (CDE), represents the combined effect of the two at the macroscale. Surprisingly, 
the majority of previous studies that modelled saline water evaporation from porous media either assumed a 
constant D* or one that decreases with decreasing saturation8,17–21.
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The focus of the present work is on providing new deep insights into the influence of particle size on the 
physics of solute transport in porous media during evaporation. In particular, the specific objective of this paper 
is to understand how the effective dispersion coefficient varies during evaporation from porous media and how 
it is influenced by the particle size distribution. To do so, we utilize four-dimensional (4D, space plus time) syn-
chrotron X-ray tomography and iodine k-edge dual energy imaging in order to visualize the dynamics of solute 
transport in a complex pore space and quantify the variations of the effective dispersion coefficient with time and 
saturation. This provides us with a unique opportunity to underpin the physical mechanisms controlling solute 
transport and deposition in porous media during evaporation.

Results and Discussion
Quantitative characterisation of solute transport in drying porous media.  The experimental 
setup and imaging details are the same as those reported by Shokri21. Briefly speaking, we conducted 4D synchro-
tron X-ray tomography experiments with fine and coarse sands, with the particle-size distributions presented in 
Fig. 1, packed in cylindrical columns of 8 mm diameter and 16 mm height. The columns were open to air from top 
for evaporation. The sand column was initially saturated with a salt solution containing 5% (by weight) calcium 
iodide. The dynamics of the evaporation process from the sand packs were visualized using synchrotron X-ray 
tomography in order to resolve the details of phase distribution and solute transport at pore-scale.

Image analysis and reconstruction were done using Avizo Fire 9.2 (FEI, 2017) and in-house codes developed 
in MATLAB. Further details of the experiments and image analysis are given in the Methods section below. 
Figure 1 shows a 3D rendering of the reconstructed volume of the packed coarse- and fine-grained sand, together 
with their porosity variations that were quantified using the segmented images.

The segmented images were used to calculate the water saturation in each cross section, from which the cumu-
lative evaporative mass losses were calculated. Figure 2 shows the water saturation profiles together with the 
cumulative evaporative mass losses, measured during the evaporation experiments with the fine and coarse sands. 
The results indicate that the evaporation rates in both cases were nearly the same over the course of the experi-
ments, despite notable differences in the measured water saturation profiles. This is expected because during early 
stages of the process the evaporation rate is mainly dependent on the external conditions, which were similar 
for both experiments. Note that the ambient temperature and relative humidity remained the same during the 
experiments.

The water saturation profiles depend strongly on the dynamics of the fluid front displacement during the evap-
oration process. The geometry and dynamics of the displacement front have been analysed in several studies22,23 
that revealed the dependence of the front dynamics on the interplay between gravity, capillarity and viscous 
forces. Different pore-size distributions of the fine and coarse sands influence the capillarity forces and, conse-
quently, the liquid-phase distribution. During water evaporation, the displaced air-water interface is pinned in 
regions with small pores, while continuing to recede in the regions with large pores. This results in non-uniform 
liquid-phase distribution over time and space. For example, Fig. 2(a) indicates that a part of the air-water interface 
is pinned in a region nearly 3 mm below the surface, whereas air continues to invade the medium preferentially 
through larger pores up to a depth of about 8 mm below the surface. Moreover, Fig. 2 confirms the presence of 
more water at the surface of fine-textured sand compared with coarse-textured sand. This is due to the higher 

Figure 1.  Three-dimensional rendering of the reconstructed volume of the packed (a) coarse and (b) fine sands 
with the corresponding porosity presented in (c). The inset shows the particle-size distributions of the sand 
grains used in the experiments.
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air entry pressure of fine compared to coarse sand, due to the presence of smaller pores. Although the cumula-
tive mass losses are nearly the same in the case of fine- and coarse-grained sand, the liquid phase distribution 
above the drying front (the interface between saturated and unsaturated zone) is remarkably different. In other 
words, with same evaporative mass losses, the length of the unsaturated zone (the distance over which solute is 
transported) is different in the fine- and coarse-grained sand. This significantly influences the dynamics of solute 
transport that will be discussed next.

Solute concentration profiles.  Using iodine k-edge dual energy subtraction21, we obtained the salt con-
centration profiles with high spatial and temporal resolutions, and analysed the effect of the pore-size distribution 
on the saline water evaporation and variation of the effective dispersion coefficient, as defined earlier. Details of 
the procedure used to compute the solute concentration throughout the evaporating columns using the recorded 
images are presented in the Method summary section. Figure 3 shows the solute concentration distribution at the 

Figure 2.  Time-dependence of the liquid saturation profiles, from the onset of the experiment (indicated in 
the legend) during evaporation from (a) fine- and (b) coarse-grained sands. (c) The computed cumulative mass 
losses over time during evaporation, computed using the segmented images obtained by synchrotron X-ray 
tomography.
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surface of the two types of sand packs 6 hours after the onset of evaporation (colours closer to red indicate higher 
concentrations).

Closer inspection of Fig. 3(a,b) reveals that the average solute concentration is higher at the surface of 
coarse-grained sand than it is with the fine-grained sand. Note that in both cases the initial concentration, poros-
ity and, more importantly, the evaporation rate were nearly the same, yet the solute distribution at the surface of 
the two sand packs are significantly different. We attribute this difference to the dominant impact of the preferen-
tial liquid evaporation from finer pores at the surface, leading to non-uniform ion distribution.

In addition, the qualitative results presented in Fig. 3 indicate that at the surface of both sand packs, liq-
uid clusters of the same sizes exhibit distinct solute concentrations. This suggests that the solute concentration 
depends not only on the pore/cluster sizes, but also on how the liquid clusters and patches are distributed at the 
surface. This happens due to the influence of the spacing between the liquid clusters on the corresponding evap-
oration rate per cluster24,25. Shahraeeni et al.24 showed that, due to the impact of the spacing between the clusters 
on the formation of a diffusive vapour shell above the surface, larger spacing between wet patches at the surface of 
porous media results in higher evaporation per pore. As described by Bergstad and Shokri26, such a phenomenon 
leads to higher salt concentrations in the wet patches, when distributed distantly. We also analysed the liquid clus-
ter distribution within the top 1 mm of the sand columns, and the results are presented in Fig. 3(c,d). These con-
firm the existence of larger spacing between the liquid clusters in the coarse sand, compared to the fine packing.

Using the 4D images recorded by synchrotron X-ray tomography, we calculated the solute concentration along 
the sand profiles over time. The results are presented in Fig. 4, illustrating a sharper gradient of solute concen-
tration closer to the surface of the coarse sands compared with the fine sand. Typical examples are presented in 
Fig. 4(a,b) that illustrate, respectively, the solute concentration after 8 hours of evaporation in the case of fine and 
coarse sands.

Although both porous media have similar porosity and initial salt concentration, and were placed under 
similar evaporative demand, the pore-scale solute distributions through the two evaporating sand columns are 
remarkably different. Such pore-scale phenomena affect the macroscopic response, presented in Fig. 4(c,d). 
The results indicate that, relative to the coarse sand, the solute is distributed more uniformly through the fine 
sand packing. This suggests that the effective dispersion coefficient is higher in the fine sand. As illustrated in 
Fig. 4(a,b), there exist more tortuous capillary pathways in the fine sand. This leads, as a result of the existence 

Figure 3.  Distribution of solute concentration within the top 1 mm of (a) coarse- and (b) fine-textured sands 
6 hours after the onset of the experiments. The colour map represents the solute concentration percentage, 
such that the closer to red, the higher the concentration. Also presented in (c) and (d) are the liquid cluster 
distributions within the top 1 mm of the fine- and coarse-grained sands. The clusters are defined as the liquid 
within pore bodies separated through pore throats. The colour represents the size of clusters.
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of more junctions within the complex liquid network and the longer lengths of the flow paths, to more mixing, 
implying higher effective dispersion coefficients that influence the solute transport during evaporation.

Estimating the dispersion coefficient.  Under the assumptions of negligible solute adsorption on the 
solid surface and a 1D vertical solute transport, the equation that governs solute transport in the evaporating 
liquid confined to porous media is given by7,18:
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where C(z, t), ε, ρ, t, z and S indicate, respectively, the solute mass fraction, porosity, density of the solution, 
elapsed time from the onset of the evaporation, depth below the surface, and the liquid saturation. U corresponds 
to the average liquid velocity and D* is the effective dispersion coefficient of the solute in porous media, represent-
ing the combined effect of mixing by convection and diffusion. As mentioned earlier, in many previous studies in 
which Eq. (1) was used to describe solute transport in porous media during evaporation, D* was assumed to be 
either constant or decreasing with decreasing liquid saturation8,17–21. Using the experimental pore-scale informa-
tion, we investigate the variation of D* during saline water evaporation from porous media.

We utilized the analytical solution developed by Guglielmini et al.7 to estimate D* using the measured salt 
concentration profiles. Guglielmini et al.7 developed the following analytical solution to describe the dynamics of 
solute concentration in drying porous media at intermediate times:

ξ τ
τ

τ
Ω τ = − +

−

ξ

τ

τ

−

−

−

( )
( )

( , ) 1 Pe
Pe erfi

(Pe 1)erfi (2)

Pe
2 Pe ( 1)

2 2

Pe
2 2Pe

where erfi is the imaginary error function, Ω is the dimensionless effective solute density at dimensionless depth ξ 
below the surface, with ξ defined as ξ = z L/ . Here, L is the length scale over which the solute transport occurs, which 
is the length of invaded (or unsaturated) zone, τ is the dimensionless time defined as, τ = ⁎tD L/ 2. In Eq. (2), Pe 
represents the Peclet number defined as =

ρε ⁎Pe Le
D

 with e representing the evaporation rate. The analytical solution 
was obtained with the assumption of constant S and D*. In our experiments, for a given saturation the system is fixed, 

Figure 4.  Reconstruction of the liquid phase in the top 5 mm of the (a) fine and (b) coarse sand 8 hours after 
the onset of evaporation with the colour map representing the solute concentration percentages. Colours closer 
to red indicate higher concentrations. Also presented is the dynamics of solute distribution in (c) fine and (d) 
coarse sand at various times from the onset of the experiments (indicated in the legend).
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hence the analytical solution is applicable to the state of the system at that saturation for a given scan. This allowed 
for a semi-quantitative estimate of the effective dispersion coefficient by fitting the analytical solution given by Eq. (2) 
to the measured concentration profiles. An example of fitting Eq. (2) to the experimentally-determined concentra-
tion profiles is presented in the Supplementary Information. The computed D* in the fine and coarse sands are 
reported in Fig. 5 as a function of (a) average saturation of the invaded zone S; (b) the length L of the invaded zone, 
and (c) S/L. The results presented in Fig. 5 show that D* increases during evaporation as liquid saturation decreases. 
This is contrary to the assumption made in previous studies regarding a constant effective dispersion coefficient or 
one that decreases with decreasing saturation in drying porous media8,17–21. The inverse relationship between D* and 
liquid saturation indicated by Fig. 5 suggests that D* in Eq. (1) should be treated as an effective dispersion coefficient 
when this equation is used to model saline water evaporation from porous media.

That the effective dispersion coefficient increases over time is due to the fact that, as the evaporation pro-
cess proceeds, water saturation decreases. Therefore, the flow paths become increasingly more tortuous and 
longer, hence extending the mixing zone considerably. This leads to better mixing over longer distances, result-
ing in larger effective dispersion coefficients. The increase in D* at lower liquid saturations was first predicted 
by Sahimi et al.27–29, and was subsequently confirmed in numerous experiments with various types of porous 
media30–32. Although this inverse relationship between D* and the liquid saturation is relatively well-established 
and confirmed in one- or two-phase fluid displacement processes in porous media, to the best of our knowledge, 
a systematic analysis for delineating the relationship between D* and liquid saturation in porous media during 
evaporation was not attempted before.

Figure 5.  The variation of D* versus (a) the average saturation of the invaded zone S, (b) length of the invaded 
(or unsaturated) zone L and (c) S/L.
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Figure 5 indicates that the effective dispersion coefficient changes almost one order of magnitude over the 
duration of the experiments, and that it does not necessarily change linearly with the liquid saturation, a main 
assumption made commonly in literature. In fact, as was first shown by Sahimi and Imdakm33, percolation the-
ory34,35 predicts that as the water saturation decreases and approaches its residual value at which it becomes 
disconnected, D* increases as a power law in (S-Sr), where Sr is the residual saturation, with the exponent of the 
power law estimated by Sahimi and Imdakm33 to be about (−0.2) in 3D and (−2.8) in 2D porous media.

We found a strong linear relationship between D* and the length of the invaded zone. Since the dispersivity, 
the ratio of the dispersion coefficient and mean flow velocity, is proportional to the length of the invaded zone, the 
implication is that the average macroscopic velocity remains essentially constant. As the drying front - the inter-
face between the saturated and unsaturated zones - recedes into the porous medium, the length of the invaded 
zone increases. This leads to the formation of a more tortuous liquid network that contributes towards better 
mixing and, thus, higher D*. Thus, the data confirm that D* depends not only on the saturation, but also on the 
complex liquid network and its morphology formed during the evaporation process.

Note that, due to the receding drying front during evaporation from porous media, the length over which 
solute travels increases with time. The liquid saturation above the drying front depends on the pore-size dis-
tribution of porous media (among other factors). Spatial heterogeneity of pore-sizes promotes preferential air 
invasion through larger pores and therefore, two porous media with different particle-size distribution may have 
similar saturation above the drying front, but very different length of the unsaturated (invaded) zone. For exam-
ple, in our experiments, under a constant liquid saturation above the drying front, the length of the unsaturated 
zone is longer in fine-grained sand compared to the coarse-grained sand, hence resulting in longer solute travel 
distances which leads to more dispersion in the former case under similar average saturation above the drying 
front. Moreover, when the length of unsaturated zone is the same in coarse- and fine-grained sand, the satura-
tion in coarse sand is less resulting in more tortuous and longer flow paths than in the fine sand which leads to 
more dispersion in the coarse sand as illustrated in Fig. 5(b). This suggests that evaluating D* solely based on 
the average saturation may not capture the entire physics that controls solute transport in porous media during 
evaporation, and that one should simultaneously take into account the drying front depth, the length over which 
solute transport occurs. Based on the data presented in Fig. 5(a,b), we looked into the relationship between D* 
and the combined effects of saturation of the invaded zone and the length of the invaded zone, expressed as S/L. 
The results are presented in Fig. 5(c).

Nearly similar variation of D* in both fine and coarse sand, when plotted versus S/L, suggests that the two 
parameters, the average saturation of the invaded zone and the length of the invaded zone, are the key factors 
influencing D* in drying porous media.

The present analysis extends the physical understanding of the mechanisms governing solute transport in porous 
media during evaporation and how the parameters such as particle size distribution or permeability of porous media 
influences solute transport in drying porous media. Moreover, the data and analysis are relevant to characterisation 
of drying of droplets containing solutes or dispersed particles with the associated deposition patterns36,37.

Methods Summary
We conducted synchrotron X-ray microtomography evaporation experiments with fine and coarse sands, ini-
tially fully saturated with a salt solution containing 5% calcium iodide (by weight) and packed in cylindrical 
plastic columns with an inner diameter of 8 mm and height of 16 mm. The experiments were conducted on the 
GeoSoilEnviroCARS (GSECARS) BM-13BMD beamline at the Advanced Photon Source, Argonne National 
Laboratory, IL. The columns were closed at all boundaries, except at the top that was open to air for water evap-
oration. The external conditions - ambient temperature and relative humidity - were similar and constant in both 
experiments. Image reconstruction was performed using programs developed by GSECARS to convert X-ray atten-
uation to 3D volumetric data. The resolution of the images was 12.01 microns. In this analysis, the top 13.2 mm of 
the sand column is used that includes 1103 reconstructed images of the 2D horizontal cross sections, with grey-scale 
values representing density distribution within the porous medium. The columns were scanned every 30 minutes 
during drying. The sand packs were visualized twice, once with X-rays with energies immediately above the K-edge 
(33.1694 keV) value of Iodide, and a second time with X-rays with energies immediately below the K-edge value at 
33.0690 keV. The difference in the grey value of the two scans yields the salt concentration at pore scale.

To convert the gray value to salt concentration, we followed the calibration method described by Shokri21. 
Briefly, to calibrate the gray values, CaI2 solutions with concentration of 2%, 5%, and 25% (by mass) were imaged 
at the same energy levels above and below the Iodine K-edge value. A linear equation was obtained relating the 
known values of concentrations to the corresponding gray values of the solutions with a well-defined concen-
tration. The linear equation was used as the calibration curve to relate the gray value at any given pixel and time 
during evaporation from sand columns to the salt concentration. This enabled us to delineate the temporal and 
spatial solute distribution at the pore-scale during evaporation.

Moreover, to quantify the liquid phase distribution and how it is influenced by the particle size distribution, 
the recorded pore-scale images were segmented following the procedure described by Shokri21 and Shokri et al.38.  
In-house codes were developed in MATLAB to analyse the images and distinguish between liquid, air and 
solid phases in each 2D cross section according to the distribution of their gray values. Threshold values were 
calculated to segment each phase. The segmented images were used to quantify the drying front displacement 
in porous media, the 3D dynamics of liquid phase distribution and the evaporative mass losses (presented in 
Fig. 2(c)). We used several segmentation algorithms for image analysis and liquid phase quantification and the 
estimated errors were at most as large as the size of the symbols in Fig. 2(c).

Data availability.  The data presented in this manuscript will be available freely via sending a request to the 
corresponding author.



www.nature.com/scientificreports/

8SCiEnTiFiC REPOrtS |  (2018) 8:10731  | DOI:10.1038/s41598-018-29115-0

References
	 1.	 Rodriguez-Navarro, C. & Doehne, E. Salt weathering: Influence of evaporation rate, super saturation and crystallization pattern. 

Earth Surf. Processes Landforms 24, 191–209 (1999).
	 2.	 Suweis, S. et al. Stochastic modelling of soil salinity. Geophys. Res. Lett. 37, L07404 (2010).
	 3.	 Ott, H., Andrew, M., Snippe, J. & Blunt, M. J. Microscale solute transport and precipitation in complex rock during drying. Geophys.

Res. Lett. 41, 8369–8376 (2015).
	 4.	 Jambhekar, V. A., Helmig, R., Schroder, N. & Shokri, N. Free-flow-porous-media coupling for evaporation-driven transport and 

precipitation of salt. Trans. Porous. Med. 110(2), 251–280 (2015).
	 5.	 Shokri-Kuehni, S. M. S., Vetter, T., Webb, C. & Shokri, N. New insights into saline water evaporation from porous media: Complex 

interaction between evaporation rates, precipitation and surface temperature. Geophys. Res. Lett. 44, 5504–5510 (2017).
	 6.	 Larsen, F. et al. Groundwater salinity influenced by Holocene seawater trapped in incised valleys in the Red River delta plain. Nature 

Geoscience 10(5), 376–381 (2017).
	 7.	 Guglielmini, L., Gontcharov, A., Aldykiewicz, A. J. Jr. & Stone, H. A. Drying of salt solutions in porous materials: Intermediate-time 

dynamics and efflorescence. Phys. Fluids 20, 077101 (2008).
	 8.	 Huinink, H. P., Pel, L. & Michels, M. A. How ions distribute in a drying porous medium: A simple model. Phys. Fluids 14, 1389–1395 (2002).
	 9.	 Norouzi Rad, M. & Shokri, N. Effects of grain angularity on NaCl precipitation in porous media during evaporation. Water Resour. 

Res. 50, 9020–9030 (2014).
	10.	 Shokri-Kuehni, S. M., Norouzirad, M., Webb, C. & Shokri, N. Impact of type of salt and ambient conditions on saline water 

evaporation from porous media. Adv. Water Resour. 105, 154–161 (2017).
	11.	 Verran-Tissoires, S. & Prat, M. Discrete salt crystallization at the surface of a porous medium. Phys. Rev. Lett. 108, 054502 (2012).
	12.	 Naillon, A., Duru, P., Marcoux, M. & Prat, M. Evaporation with sodium chloride crystallization in a capillary tube. J. Cryst. Growth 

422, 52–61 (2015).
	13.	 Bergstad, M. & Shokri, N. Evaporation of NaCl solution from porous media with mixed wettability. Geophys. Res. Lett. 43, 

4426–4432 (2016).
	14.	 Derluyn, H., Moonen, P. & Carmeliet, J. Deformation and damage due to drying-induced salt crystallization in porous limestone. J. 

Mech. Phys. Solids 63, 242–255 (2014).
	15.	 Nachshon, U. & Weisbrod, N. Beyond the Salt Crust: On Combined Evaporation and Subflorescent Salt Precipitation in Porous 

Media. Trans. Porous Med. 110(2), 295–310 (2015).
	16.	 Rufai, A. & Crawshaw, J. Micromodel observations of evaporative drying and salt deposition in porous media. Phys. Fluids 29, 

126603 (2017).
	17.	 Huinink, H. P., Pel, L. & Michels, M. A. J. Structure and transport properties of liquid clusters in a drying porous medium. Phys. Rev. 

E 68, 056114 (2003).
	18.	 Sghaier, N., Prat, M. & Ben Nasrallah, S. On ions transport during drying in a porous medium. Trans. Porous Med. 67, 243–274 (2007).
	19.	 Eloukabi, E., Sghaier, N., Ben Nassrallah, S. & Prat, M. Experimental study of the effect of sodium chloride on drying of porous 

media: the crusty–patchy efflorescence transition. Int. J. Heat Mass Transfer 56, 80–93 (2013).
	20.	 Gran, M., Carrera, J., Olivella, S. & Saaltink, M. W. Modeling evaporation processes in a saline soil from saturation to oven dry 

conditions. Hydrol. Earth Syst. Sci. 15, 2077–2089 (2011).
	21.	 Shokri, N. Pore-scale dynamics of salt transport and distribution in drying porous media. Phys. Fluids 26, 012106 (2014).
	22.	 Méheust, Y., Løvoll, G., Måløy, K. J. & Schmittbuhl, J. Interface scaling in a two-dimensional porous medium under combined 

viscous, gravity, and capillary effects. Phys. Rev. E 66, 051603 (2002).
	23.	 Shokri, N., Sahimi, M. & Or, D. Morphology, propagation dynamics and scaling characteristics of drying fronts in porous media. 

Geophys. Res. Lett. 39, L09401 (2012).
	24.	 Shahraeeni, E., Lehmann, P. & Or, D. Coupling of evaporative fluxes from drying porous surfaces with air boundary layer: 

Characteristics of evaporation from discrete pores. Water Resour. Res. 48, W09525 (2012).
	25.	 Lehmann, P. & Or, D. Effects of stomata clustering on leaf gas exchange. New Phytol. 207, 1015–1025 (2015).
	26.	 Bergstad, M., Or, D., Withers, P. J. & Shokri, N. The influence of NaCl concentration on salt precipitation in heterogeneous porous 

media. Water Resour. Res. 53, 1702–1712 (2017).
	27.	 Sahimi, M., Davis, H. T. & Scriven, L. E. Dispersion in disordered porous media. Chem. Eng. Commun. 23, 329–341 (1983).
	28.	 Sahimi, M., Hughes, B. D., Scriven, L. E. & Davis, H. T. Dispersion in flow through porous media: I. One-phase flow. Chem. Eng. Sci. 

41, 2103–2122 (1986).
	29.	 Sahimi, M., Heiba, A. A., Davis, H. T. & Scriven, L. E. Dispersion in flow through porous media: II. Two-phase flow. Chem. Eng. Sci. 

41, 2123–2136 (1986).
	30.	 Charlaix, E., Hulin, J.-P. & Plona, T. J. Experimental study of tracver dispersion in sintered glass porous materials of variable 

compactions. Phys. Fluids 30, 1690 (1987).
	31.	 Charlaix, E., Hulin, J.-P., Leroy, C. & Zarcone, C. Experimental study of tracer dispersion in flow through two-dimensional networks 

of etched capillaries. J. Phys. D 21, 1727 (1988).
	32.	 Gist, G. A., Thompson, A. H., Katz, A. J. & Higgins, R. L. Hydrodynamic dispersion and pore geometry in consolidated rock. Phys. 

Fluids A 2, 1533 (1990).
	33.	 Sahimi, M. & Imdakm, A. O. The effect of morphological disorder on hydrodynamic dispersion in flow through porous media. J. 

Phys. A 21, 3833–3870 (1988).
	34.	 Sahimi, M. Applications of Percolation Theory, Taylor & Francis, London (1994).
	35.	 Sahimi, M. Flow and Transport in Porous Media and Fractured Rock, Wiley-VCH, Weinheim (2011).
	36.	 Osman, A., Goehring, L., Patti, A., Stitt, H. & Shokri, N. Fundamental investigation of the drying of solid suspensions. Ind. Eng. 

Chem. Res. 56(37), 10506 (2017).
	37.	 Shahidzadeh, N., Schut, M., Desarnaud, J., Prat, M. & Bonn, D. Salt stains from evaporating droplets. Sci. Rep. 5, 10335 (2015).
	38.	 Shokri, N., Lehmann, P. & Or, D. Liquid phase continuity and solute concentration dynamics during evaporation from porous 

media-pore scale processes near vaporization surface. Phys. Rev. E. 81, 046308 (2010).

Acknowledgements
We gratefully acknowledge funding by the Leverhulme Trust (RPG-2014-331) and the partial funding from 
N8 Agri Food Programme at The University of Manchester. Use of the Advanced Photon Source, an Office of 
Science User Facility operated for the U.S. Department of Energy (DOE) Office of Science by Argonne National 
Laboratory, was supported by the U.S. DOE under Contract No. DE-AC02-06CH11357. The synchrotron X-ray 
microtomography was conducted at the GeoSoilEnviroCARS (GSECARS) BM-13BMD beamline. We would like 
to thank Dr. Mark Rivers for his assistance, great suggestions, and expertise in running the experiment with the 
synchrotron X-rays tomography. We are grateful to Mr. Peng Zhou and Nicholas Grapsas for conducting the 
experiments. The first and last author would like to thank Prof. Majid Hassanizadeh for insightful discussion. 
The first and last author would also like to acknowledge the contribution and cooperation of Delphi Everest Dana 
Shokri-Kuehni during this research.



www.nature.com/scientificreports/

9SCiEnTiFiC REPOrtS |  (2018) 8:10731  | DOI:10.1038/s41598-018-29115-0

Author Contributions
Salomé M.S. Shokri-Kuehni performed the 3D image analysis and quantification, interpreted the obtained results 
and wrote the first draft of the manuscript. Mina Bergstad helped with 3D image analysis and interpretation. 
Muhammad Sahimi and Colin Webb helped with data interpretation and preparation of the manuscript. 
Nima Shokri designed the research, helped with the data interpretation and preparation of the manuscript. He 
supervised the general aspects and progression of the project.

Additional Information
Supplementary information accompanies this paper at https://doi.org/10.1038/s41598-018-29115-0.
Competing Interests: The authors declare no competing interests.
Publisher's note: Springer Nature remains neutral with regard to jurisdictional claims in published maps and 
institutional affiliations.

Open Access This article is licensed under a Creative Commons Attribution 4.0 International 
License, which permits use, sharing, adaptation, distribution and reproduction in any medium or 

format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the Cre-
ative Commons license, and indicate if changes were made. The images or other third party material in this 
article are included in the article’s Creative Commons license, unless indicated otherwise in a credit line to the 
material. If material is not included in the article’s Creative Commons license and your intended use is not per-
mitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from the 
copyright holder. To view a copy of this license, visit http://creativecommons.org/licenses/by/4.0/.
 
© The Author(s) 2018

http://dx.doi.org/10.1038/s41598-018-29115-0
http://creativecommons.org/licenses/by/4.0/

	Iodine k-edge dual energy imaging reveals the influence of particle size distribution on solute transport in drying porous  ...
	Results and Discussion

	Quantitative characterisation of solute transport in drying porous media. 
	Solute concentration profiles. 
	Estimating the dispersion coefficient. 

	Methods Summary

	Data availability. 

	Acknowledgements

	Figure 1 Three-dimensional rendering of the reconstructed volume of the packed (a) coarse and (b) fine sands with the corresponding porosity presented in (c).
	Figure 2 Time-dependence of the liquid saturation profiles, from the onset of the experiment (indicated in the legend) during evaporation from (a) fine- and (b) coarse-grained sands.
	Figure 3 Distribution of solute concentration within the top 1 mm of (a) coarse- and (b) fine-textured sands 6 hours after the onset of the experiments.
	Figure 4 Reconstruction of the liquid phase in the top 5 mm of the (a) fine and (b) coarse sand 8 hours after the onset of evaporation with the colour map representing the solute concentration percentages.
	Figure 5 The variation of D* versus (a) the average saturation of the invaded zone S, (b) length of the invaded (or unsaturated) zone L and (c) S/L.




