Controlling salt crystallization in evaporating thin films of colloidal liquids
Colloids and Surfaces. A: Physicochemical and Engineering Aspects
Alipour, Alireza; Abedi, Majid; Habibi, Mehdi
https://doi.org/10.1016/j.colsurfa.2021.128094
This publication is made publicly available in the institutional repository of Wageningen University and Research, under
the terms of article 25fa of the Dutch Copyright Act, also known as the Amendment Taverne. This has been done with
explicit consent by the author.
Article 25fa states that the author of a short scientific work funded either wholly or partially by Dutch public funds is
entitled to make that work publicly available for no consideration following a reasonable period of time after the work was
first published, provided that clear reference is made to the source of the first publication of the work.
This publication is distributed under The Association of Universities in the Netherlands (VSNU) 'Article 25fa
implementation' project. In this project research outputs of researchers employed by Dutch Universities that comply with the
legal requirements of Article 25fa of the Dutch Copyright Act are distributed online and free of cost or other barriers in
institutional repositories. Research outputs are distributed six months after their first online publication in the original
published version and with proper attribution to the source of the original publication.
You are permitted to download and use the publication for personal purposes. All rights remain with the author(s) and / or
copyright owner(s) of this work. Any use of the publication or parts of it other than authorised under article 25fa of the
Dutch Copyright act is prohibited. Wageningen University & Research and the author(s) of this publication shall not be
held responsible or liable for any damages resulting from your (re)use of this publication.
For questions regarding the public availability of this publication please contact openscience.library@wur.nl

Colloids and Surfaces A: Physicochemical and Engineering Aspects 636 (2022) 128094

Contents lists available at ScienceDirect

Colloids and Surfaces A: Physicochemical and
Engineering Aspects
journal homepage: www.elsevier.com/locate/colsurfa

Controlling salt crystallization in evaporating thin films of colloidal liquids
Alireza Alipour a, *, 1, Majid Abedi b, 2, Mehdi Habibi c
a

Department of Physics, Clark University, Worcester, MA 01610, USA
Department of Systems Immunology and Braunschweig Integrated Centre of Systems Biology (BRICS), Helmholtz Centre for Infection Research, Rebenring 56, 38106
Braunschweig, Germany
c
Physics and Physical Chemistry of Foods, Wageningen University, Bornse Weilanden 9, 6708 WG Wageningen, The Netherlands
b

H I G H L I G H T S

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

• Evaporation of thin films of salt-colloid
solutions forms fractal-like patterns.
• Depending on the composition of the
film, three types of patterns emerge:
river-, cross-, and DLA-like structures.
• The fractal dimension of the patterns is
independent of the salt concentration.
• The shape and size distribution of the
patterns depend on the evaporation rate
and local viscosity.
• The patterns are modeled successfully
by the modified DLA and DDA
algorithms.
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Studying crystallization kinetics of mineral salts during desiccation of thin films of the complex colloidal salt matrix
is a topic of considerable research interest due to its direct relations to the structures, property of materials, and
utmost importance for controlling crystallization and colloidal products design. In this article, the shape and size
distribution of macro-structures induced by the crystallization mechanism were systematically investigated using
experimental and numerical methods. In the experiments, Sodium Chloride crystallization in starch or Xanthan
solutions is considered as a model system. It is found that quantified parameters such as evaporation rate and local
viscosity of the medium mainly govern nucleation and propagation of the ramified dendritic patterns leading to
several categories of fractal aggregates, such as river patterns, cross-shaped patterns, and finger-like structures. The
fractal dimension of the patterns is independent of the salt concentrations but changes with the initial concen
tration of the thickener. The effect of evaporation rate and the medium viscosity on the dynamics of crystallization
for pattern formation was simulated numerically by two modified models based on diffusion-limited aggregation
(DLA) and the deposition, diffusion, and aggregation (DDA) algorithms which enable us to successfully reproduce
the experimental results. Our experimental results and numerical approaches open avenues for controlling the size
and shape of crystals and patterns formed in a complex gel matrix.
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method are more close to empirical observations of crystallization in
complex environments [39–44] where a number of aggregates with
different sizes are formed.
Here, we use experimental and numerical methods to investigate
crystallization dynamics of two mineral salts (sodium chloride NaCl and
potassium chloride KCl) and the pattern formation induced by crystal
lization of them in drying thin films of viscous solutions. We varied the
initial concentrations, evaporation rate, temperature, and humidity and
observed the effects on the shape, size distribution, and fractal di
mensions of the dendritic patterns. Then, we introduce a theoretical
framework to discover the underlying mechanisms of formed aggre
gates. We adapt modified DLA and DDA models to our system and
simulate the mechanism. Finally, we compare the experimental and
numerical results for morphology and fractal dimension of the aggre
gates. We believe that the experimental and numerical results of our
work provide insights for understanding the crystallization processes in
a complex colloid salt matrix and controlling the size and shape of
formed crystals.

1. Introduction
Salt crystallization is a ubiquitous phenomenon in nature (e.g. salt
crystallization and deposition in lakes and caves [1]), technology (salt
crystallization in processed foods [2,3], pharmaceutics [4,5], purifica
tion [6]) and everyday life (e.g. limescale in the kettle or on buildings
walls). In most of these phenomena, evaporation controls the process of
salt crystallization while crystals are forming in a matrix of complex
fluid (e.g. dough, gel, or mud). Although evaporation from a bulk of pure
liquid is well understood [7–9], the evaporation in the presence of dis
solved salt or evaporation of complex liquids are active areas of research
[10–16].
Crystallization plays an essential role in the quality and shelf life of
many food products [17]. For example, the crystallization process of
fat/ice/sugar in a food matrix is critical to achieving desired properties
and functionality in the products. Controlling the size distribution and
morphology of crystals helps to design the properties via manipulating
the crystal network [17,18]. In these complex environments, the crys
tallization process is mostly ill-understood. This is because of many
factors involved in the mechanism such as thermal conductivity,
mobility of ions and molecules, composition, and fine structure of the
colloidal salt matrix.
Evaporation of colloidal solutions often causes pattern formation
[19,20]. In a complex colloidal matrix containing salt, evaporation of
the solvent creates dendritic macro/micro-crystals. The shape and size
distribution of the structures depend on the evaporation rate, mobility of
ions in the complex colloidal salt matrix, and anisotropy of the system
[20]. Choudhury et al. [21,22] studied pattern formation in evaporating
droplets of NaCl in potato starch and carboxy-methyl cellulose solutions
deposited on different solid surfaces. They showed that the morphology
of the structures depends on the concentration of salt, properties of the
solid substrate, and ambient conditions like temperature and humidity.
They also found fingerprints of multifractality in their system [23,24].
Kaya et al. [25] discovered patterns formed by drying drops of poly
electrolyte and NaCl where crystallization takes place at critical con
centrations of salt and polyelectrolyte where humidity also affects the
pattern formation. Furthermore, they described part of their observa
tions by a theoretical model describing the occurrence of concentric
rings.
Although several experimental studies have been carried out on the
pattern formation during the drying process of the complex liquid films
containing salt with interesting observations, the underlying mechanism
of these complex phenomenon have not been understood completely
and there was no platform for controlling the crystallization in these
colloid-salt systems.
The growth dynamics of dendritic patterns observed in diverse dis
ciplines of science are often captured by a number of simple numerical
simulation models. One of the most viable classes of stochastic models
that simulates the non-equilibrium Laplacian growth processes with
irreversible aggregating of small particles is the Diffusion-Limited Ag
gregation (DLA) mechanism that first was put forth by Witten and
Sander [26,27]. Then Meakin [28–31] and Vicsek [32] developed and
implemented more details of the fractal [33,34] behaviors of the DLA
clusters in very large-scale simulations. In these types of models details
of inter-particle interactions, e.g. Van der Waals forces, and chemical
details are negligible [35] and the speed of the aggregation process is
limited only by the time taken for particles to stick together by diffusion.
In the DLA model, the particles are added to the seed of the aggregate
one by one with very low flux, and at the end, there will be one cluster.
The second class of far-from-equilibrium growth model proposed by
Jensen et al. [36–38] in which particles are injected continually with a
certain flux on a substrate (‘Deposition’). The deposited walkers
continue to diffuse (‘Diffusion’) until they meet another one and stick
together (‘Aggregation’). The three elementary processes Deposition,
Diffusion, and Aggregation establish the DDA model resulting in several
immobile fractal aggregates with different sizes. The results of this

2. Materials and methods
In our experiments, all chemicals are produced by Sigma-Aldrich Co.,
Missouri, USA. We used NaCl (with ≥ 99.0% purity, product no. S9888),
or KCl (with ≥ 99.0% purity, product no. P9541), as salt and starch
(powder, from potato, product no. S4251), or Xanthan gum (powder,
from Xanthomonas campestris, product no. G1253), as a thickener. To
prepare the samples a specific amount of salt was dissolved in 100 mL of
Milli-Q water at 90∘C. The amount of salt was varied from 1 g to 12 g,
and the amount of thickener was varied from 0.02 g to 0.40 g. For dried
samples with concentrations below and above these limits we did not
observe any new patterns, therefore these limits were chosen for sys
tematic variation of the concentrations of the ingredients. Thickener was
slowly added to the salt solution and the solutions stirred gently for 1 h
at 90 ◦ C to achieve a uniform colloidal dispersion. The final solution
cooled down slowly to room temperature. A volume of 4 mL of the
colloidal suspensions is taken and poured on a glass substrate with
thermal conductivity of about 1 W m− 1 K− 1 which was washed with
distilled water and dried completely. The solution was spread uniformly
over a circular area to make a thin uniform layer. The average diameter
and thickness of the layer are ~ 5 cm and 2 ± 0.01 mm, respectively, so
the ratio of the thickness to the diameter is ~ 0.04. The samples were
dried in an evaporation controlled chamber with dimensions 2 m × 3 m
× 2 m. Fig. 1 shows the schematic of the evaporation chamber.
The ambient conditions were controlled and tuned by a combination
of flowing air into the chamber, wet cloths, and a heater with a resulting
stable temperature of 21 ± 1 ◦ C and relative humidity of 40%. The
temperature and relative humidity values were measured by Thorlabs
TSP01 2-channel compact USB temperature and humidity sensors
placed in the top right corner of the chamber. The nucleation and
crystallization processes during the evaporation were monitored by
imaging for a selected number of samples. To study the micro-structures
of the patterns optical imaging was performed on a limited number of
dried samples. A scanner and a digital camera have also been used to
capture the final patterns of all the samples. Fractal dimensions of the
obtained patterns were measured using the FracLack plugin [45] of the
ImageJ [46] software. To determine the fractal dimension of patterns
high-resolution pictures of deposited thin films were scanned and digi
tized in 600 × 512-pixel, 256-grayscale images using an Epson Scanner.
Grayscale images were first converted to binary black-and-white images
by setting a grayscale threshold that gives the best images of small
branches and then the fractal dimension was determined based on the
Box counting method. To study the time evolution of the desiccation
process, a sample with the initial volume of 4 mL was placed on a glass
surface at the evaporation controlled condition and the time-lapsed
images of the drying film were obtained every two minutes.
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evolution of nucleation. The evaporation rate for this sample was high
evaporation rate which means that the sample was not covered by a lid.
Here A0 is the wet area of the whole thin film before evaporation begins.
The contact line remains pinned and the evaporation starts proceeding
from the edge toward the center of the film due to higher evaporation.
rate next to the contact line. Simultaneously, the patterns are form
ing by crystallization from edge to the center. The higher evaporation
rate at the contact line is due to a high escaping probability of the
diffusing saturated vapor molecules from the edge, rather than from the
center of the drying film [6,7,10–12,14,15]. The normalized wet area A∕
A0 decreases in time in a linear manner. As time passes during the drying
process, we observed the wet area recedes from the periphery to the
center of the thin film. The rate of shrinkage is roughly constant in time.
We quantified the shrinkage rate of the wet area in time as
~ 0.003 min− 1 by fitting a line to the data points (Fig. 2a).
For obtaining better understanding, the number of nucleus, N(t), is
plotted as a function of time on a log-log scale (Fig. 2b). In the early stage
of the drying evolution, the wet area remains constant. This region is
labeled as a pre-nucleation phase where only the contact angle changes
without crystalline nucleation. At tN ~ 26 min, the crystal nucleation
process starts and its rate increases in a power-law manner in time, N(t)
~ tα, where the exponent α is estimated to be about 0.05 and charac
terizes time-dependent dynamics of the nucleation process. The powerlaw increase is followed by a saturation regime that starts at tS ~ 77 min

Fig. 1. Schematics of the experimental setup. It includes an environmental
chamber (2 m × 3 m × 2 m), where temperature and relative humidity are
controlled by two sensors, two CCD cameras for monitoring the pattern for
mation during drying, and some wet clothes and a heater to compensate for the
loss of the temperature and humidity. The ambient conditions were controlled
by combination of flowing air, wet clothes and a heater with a resulting stable
temperature of 21 ± 1∘C and relative humidity of 40%.

The averaged wet area (A(t)) was found by averaging over several
trials. Furthermore, to investigate the influence of evaporation rate on
the pattern formation, several samples were covered by plastic lids with
different numbers of holes in the lids during the drying process. Petri
dish covers with diameter of 7 cm were used as covering lids. Holes with
diameters of 3 mm were drilled in the lids. To control the evaporation
rate, we used 3 and 6 holes. The holes were distributed symmetrically
from the center of the Petri dish, on a circle with a diameter of 1.5 cm.

3.2. Phase diagram of dried patterns
A zoom-in on the patterns of 49 different experiments reveal they can
be generally identified as five dominant class of patterns in total: cubic
crystals, cross-like patterns, DLA-like patterns, white stains, and crack
patterns. We use the concentration of Sodium Chloride CNaCl and con
centration of starch CStarch to make a phase diagram and categorize the
observed patterns (Fig. 3a). The borders between neighboring patterns
are often not sharp and there is overlap, therefore, often there are
mixtures of both patterns which can be observed in one experiment. In
general, when the concentration of starch is high and the concentration
of the salt is low, we observe a thin white stain (Fig. 3b) or a transparent
thin layer with lots of crack in it (Fig. 3c). In the cracked patterns the
shapes of the cracks are mostly curved lines and they meet each other at
90◦ . By increasing the NaCl concentration, we observe three various
classes of patterns depending on the concentration of starch. At a very
small concentration of starch, we observe large cubic crystals of salt with
very small branches on their corner (Fig. 3d). At higher concentrations

3. Experimental results
3.1. Time evolution of drying thin films
We observe a variety of patterns and crystal morphologies by varying
the concentrations of NaCl and starch in the colloidal solutions. To
investigate the time evolution of the drying complex fluids, we follow
the patterns in time. The wet area of a sample has been monitored in
time until it completely drys. Fig. 2a shows a normalized mean wet area
A∕A0 as a function of time with a series of photographs of the drying
sample. This sample was chosen as a typical example to study the time

Fig. 2. (a) The time evolution of the normal
ized mean wet area (A∕A0 ) for a thin evapo
rating film containing 12 g NaCl salt and 0.16 g
starch in 100 mL water on a glass substrate (at
T = 21 ◦ C and relative humidity 40%) with
initial volume of V0 = 4 mL. This sample was
chosen as a typical example to study the time
evolution of nucleation and pattern formation,
because it shows clear patterns of DLA-Like
clusters. The evaporation rate for this experi
ment was the high evaporation rate. The blue
dashed line is the linear fit for quantifying the
shrinkage rate of the wet area which is found to
be ~ 0.003 min− 1. tN denotes the time where
the nucleation process starts. A sequence of
images of the drying sample are included in the
graph. (b) A log-log plot for the time evaluation
of the number of nucleus, N(t), during the dry
ing thin film in Fig. 2a. The crystal nucleation
process starts at tN ~ 26 min and its rate in
creases until tS ~ 77 min. The data shows a
power-law nucleation as N(t) ~ tα, where the
nucleation exponent α is about 0.05.
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Fig. 3. (a) Phase diagram of dried patterns: morphology of patterns depends on the concentrations of salt and starch in the mixture suspension. Different colors: blue,
cyan, green, black, and red correspond to cubic crystals, cross-like pattern, DLA-like pattern, white stains, and crack pattern, respectively. The river-like patterns are
observed in the cyan and green regions. The data points represent the 49 experimental data for different concentrations of salt and starch. Zoom-in images of the
complex structures at different concentrations: (b) white stain, (c) crack pattern, (d) cubic crystals, (e) cross-like pattern, (f) DLA-like pattern, and (g) riverlike pattern.

of starch, we observe cross-like patterns with a very small cubic crystal
in the center where the main branches are in the direction of the di
agonals of the square and smaller branches are perpendicular to their
mother branches (Fig. 3e). Finally, at a large concentration of starch, the
shape of patterns becomes more random and we dub it as DLA-like
pattern (Fig. 3f). In this area of the phase diagram, we mostly observe
river-like patterns on the edge of dried thin films which are perpendic
ular to the edge and formed radially inward (Fig. 3g). However, far from
the edge, the patterns are cross-like or DLA-like. The formation of riverlike patterns is due to the fact that evaporation is faster at the contact
line [10,11], therefore, nucleation starts at the rim [6,7,15] and results
in the formation of river-like branches perpendicular to the contact line.

mobility of the ions in the medium and the evaporation rate (Fig. 4a). At
the beginning of the drying process, due to the presence of adequate
water in the medium, the highly mobile salt ions aggregate continuously
to produce macroscopic cubic crystals (Fig. 4b). When evaporation
continues, the solvent loses water resulting in increasing the viscosity of
the medium. Moreover, existing of the colloidal particles in the mixture
increases the heterogeneity of the medium. As a consequence, the
considerable decrease in the mobility of ions causes a change in the
growth of the cubic seed crystals from uniform to non-uniform growth
mostly concentrated at the corners where there are higher electrostatic
interactions. Now the growth mechanism is governed by the Laplacian
process in which the salt concentration gradient drives the ions to attach
to the corners of the formed cubic seed crystallites (Fig. 4a and c). This
results in preferential growth from the tips and formation of fourfold
symmetric dendritic patterns similar to the noise reduced DLA structures
[34,47] which here are called cross-like patterns. A microscope zoomed
in on the cross-like structures indicates that the angle between the
parent branches and the daughter branches is a right angle while the
smaller branches form at an acute angle to the main growth directions
(Fig. 4d). On further increasing the starch concentration, the heteroge
neities (fluctuations in the local viscosity and starch micro-particles) are
raised in the media, and the crystal order is much diminished, conse
quently the seed crystals grow slower, and finally, the 4-corner seed
crystals transform to single seed particles.
On one hand, there are not any preferred angles for the growth

3.3. Underlying mechanisms for diverse pattern formation
Various physical parameters can influence the crystal morphology
during crystallization in a complex environment. It is observed that
when NaCl solution contains a carbohydrate gel matrix, the carbohy
drates can inhibit the diffusion of ions in localized regions. Due to inhomogeneous concentration differences of NaCl in the evaporating gel
matrix, NaCl crystallizes in dendrites [20,22].
3.3.1. Dendritic pattern formation
The growth mechanism along with the distribution of the seed salt
crystals and the ramified dendritic structures are controlled by the

Fig. 4. (a) Schematic illustration of possible processes leading to the complex structures during drying of the thin film. Left zooming shows growing the cubic
crystals, cross-like and DLA-like patterns. Right zooming indicates the process of aggregating particles at the edge which causes river-like patterns. Different
structures when viewed under a microscope shows (b) Cubic crystals, (c) Laplacian growth at the corners, (d) cross-like pattern, (e) DLA-like structures, and (f) crack
patterns. The scale bar 500 μm is the same for all microscopic images.
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process. On the other hand, the probability of collision interaction be
tween the random moving ions is increased, and therefore patterns
branch out at all directions (Fig. 4e). Here the growth mechanism
transits to Diffusion-limited aggregation (DLA) process in which the
aggregated structures are similar to normal DLA patterns [26–31]. At the
edge of the drying deposits, the positions of the formed seed crystals are
such that only one or two preferential corners are available to the
diffusing ions for aggregating which results in the formation of the
river-like patterns (right zooming in Fig. 4a).

decreases but their size increases due to slowing down the drying
process.
3.5. Fractal dimension of experimental structures
The dendritic macro-structures that we observed resemble fractallike growth and obey a self-similar scaling law which can be charac
terized by fractal dimension Df. We measured the fractal dimension of
clusters forming in the center of the dried layer, using the box-counting
method [34]. We repeat this measurement for five single clusters and
two sets of fractal island clusters in each sample. From them, we
determine the average fractal dimension Df and the error bars. We have
plotted Df as a function of NaCl concentration for the cross-like patterns
(Fig. 6a) and DLA-like patterns (Fig. 6b) for different concentrations of
starch. The fractal dimensions are about 1.74 ± 0.02 and 1.67 ± 0.03
for cross-like patterns and DLA-like patterns, respectively, and do not
change considerably with changing the concentration of salt. Fig. 6c and
d show the fractal dimension as a function of the starch concentration for
different concentrations of NaCl for cross-like and DLA-like patterns,
respectively. At a fixed concentration of starch, the fractal dimension
only deviates in the range of error bars for different salt concentrations.

3.3.2. Crack formation
It is known that, during the evaporation process, the deposited film
tends to shrink while the bottom layer adheres to the substrate. As a
result, the internal tensile stresses are induced from the interplay be
tween the evaporation process and the relaxation behavior of the film.
With the evaporation proceeding, the strength of the stresses continually
increases within the film until the tension exceeds, finally, the surplus
stresses are relieved by crack patterns formation which propagates in the
drying direction. Since the maximum of the total stresses occurs at the
edge of the drying mixture rather than other regions, the crack forma
tion initiates at the border of the film (Fig. 4f). The fractures should
spread perpendicular to the directions with the highest total stresses to
supply the largest stresses relief [48]. Therefore, the cracks start to
spread by channeling to release the stresses in the direction perpendic
ular to the edge. The competition between new and existing cracks af
fects the opening profile of the adjacent cracks. As the second crack
initiates the opening rate of the first crack decreases, while after
appearing the second crack, the internal stresses enhance and new edges
appear resulting in the opening rate of the first crack increasing again
[49]. In addition, the stresses develop faster at the tips of the fractures,
than other points [50]. Accordingly, after complete drying of the film,
the fractures propagate throughout the circumference of the deposited
film. We observed similar behavior in our cracked samples when the
concentration of starch is high and the concentration of NaCl is low.

3.6. Changing type of salt and thickener
In an attempt to understand the key role of the salt and the medium
in the pattern formation, we used KCl as a salt and Xanthan gum (XG) as
a thickening agent. We repeat the same experimental methods for NaCl
in Xanthan gum solution and KCl in Xanthan gum or starch solutions.
The amount of Xanthan gum varied from 0.02 g to 0.10 g. The amounts
of NaCl, KCl, and starch were kept the same as explained in the Materials
and Methods section. Xanthan and starch are vastly used as thickeners in
the food industry, however, they have different micro-structures and
rheological properties when dissolved in water. The DLA-like, river-like,
crack, and ring stain patterns are forming in a similar way in both me
diums and for both salts. In our experiments, we observed that cross-like
patterns did not form when Xanthan is the thickening agent for both
salts. This is due to a significant reduction of the mobility of the salt ions
due to the thick Xanthan medium during the crystallization process
which promotes DLA-like pattern formation. The formed patterns and
their fractal dimensions in these four systems are very similar although
slight quantitative differences in the crystalline structure of KCl [51,52]
and also in the concentration of the components have been observed.
The quantitative similarities between the phase diagrams of both salts
indicate that the underlying mechanisms for pattern formation should
be similar. However, due to differences in the ion mobility or evapora
tion rate of these systems, we expect quantitative differences in the
phase diagrams and influence of evaporation rate. We did not measure
the effect of evaporation rate on the formation of the pattern of KCl. A
detailed analysis of the quantitative differences between formed pat
terns and the effect of evaporation needs further investigation. The re
sults for the obtained morphologies and the fractal dimensions are

3.4. Effect of evaporation rate
We have also investigated the influence of the evaporation rate on
the pattern formation by covering some of the samples with lids with 6
holes (Fig. 5 a,b) and 3 holes (Fig. 5 c,d). The evaporation rate of the
samples with a 3-hole lid was about an order of magnitude smaller with
respect to the case we had no lid. We have chosen samples with 8 g NaCl
and 0.08 g and 0.16 g starch in 100 mL water to make patterns of crosslike and DLA-like respectively. We observed that higher evaporation
rate, imposes faster nucleation process with more nucleation’s sites
(Fig. 5 a,b) as expected. A higher evaporation rate leads to the formation
of more clusters however, they are closer to each other and consequently
become smaller. Although the evaporation rate changes the size distri
bution of the patterns, the type of patterns is only set by the concen
trations of salt and starch. A similar trend is observed for crack patterns
in which by decreasing the evaporation rate the number of cracks

Fig. 5. Effect of evaporation rate: by placing plastic lids with different number of holes on the drying thin films we controlled the evaporation rate: (a) 8 g NaCl salt
and 0.08 g starch, and (b) 8 g NaCl salt and 0.16 g starch in 100 mL water. High evaporation rate decreases the size but increases the number of clusters. (c) 8 g NaCl
salt and 0.08 g starch, and (d) 8 g NaCl salt and 0.16 g starch. Low evaporation rate increases the size but decreases the number of clusters.
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Fig. 6. Experimental data for fractal dimension as a function of concentration. (a,b) Fractal dimension as a function of concentration of NaCl, (a) cross-like and (b)
DLA-like patterns at different concentrations of starch. The scale bars are 2 mm. (c,d) Fractal dimension against concentrations of starch for (c) cross-like patterns and
(d) DLA-like patterns at different salt concentrations.

summarized in Table 1 and also are illustrated in detail in Supplemen
tary Information. We found a similar trend as in Fig. 6 for the fractal
dimension of patterns of the new salt/medium as a function of salt and
thickener concentrations. We measured the fractal dimension of the
cross-like and DLA-like patterns with the same method for the different
dried films. In the range of the error bars, the fractal dimensions seem to
be constant when the salt changes and thickeners are the same.
Furthermore, the fractal dimension of DLA-like patterns increases as the
thickener changes from starch to Xanthan in the presence of the same
salt.

[53]), either the walker irreversibly attaches to the aggregation with a
local sticking probability Pi or it annihilates with the probability 1 − Pi.
The aggregation probability Pi defined as;
i
Pi = ( )2r , where i = 0, 1, 2, 3 and
3

(1)

0 ≤ r ≤ 1.

where r and i are the sticking coefficient and the number of nearest
occupied neighbors of a growth site, respectively. After these events, a
new particle is launched and the score associated with the occupied site
is set to zero and the scores remain in all other sites (the multiple-hit
averaging without erasing called the Tang’s algorithm [54,55]. The
procedures are continued so that the cluster reaches Rmax .
Fig. 7b–g shows simulated patterns on a square lattice for two
sticking coefficients r = 0 and r = 1 with different values of the noise
reduction parameter, M. Depending on the two parameters, M and r, the
stable growth direction changes and different geometries can be ob
tained. In the small-scale simulations, for zero-noise reduction, M = 1,
the cluster branched out at all directions by tip-splitting process [32]
and an isotropic pattern (Fig. 7b) generates. For r = 0, the lattice
anisotropy dominates random fluctuations and causes branches to grow
in the axial directions. As the M parameter increases, noise-reduction
technique gradually stabilizes the growing tip of advanced branches
against tip splitting and the random fractal transforms into the most
anisotropic pattern (cross-like pattern) grown along the axial directions
(Fig. 7c and d). For r = 1, the growth probability of sites with two or
three occupied neighbors increases and results in domination of random
fluctuations and eventually growth of branches in all directions
(Fig. 7e). By further enhancing the M parameter, the growth sites with
two occupied neighbors are favored and main branches grow in the
diagonal directions (45◦ rotated cross-like shape) (Fig. 7g). In the limit
of large noise reduction M ≥ 26, the angles between main branches and
sub-branches are 90◦ for r = 0 (axial anisotropy) (Fig. 7d) and almost 60∘
for r = 1 (diagonal anisotropy) (Fig. 7g).

4. Simulation of fractal structures
In this section, we use two simulation methods to numerically
simulate the experimental observations and patterns. In the first step, a
modified version of the Bogoyavlenskiy [47,53] DLA model is used to
create the two types of the single cluster. In the second step, a new
extended DDA model exerting the modified DLA model on the standard
DDA model is used to generate several neighboring cluster islands which
is more in accordance with the experimentally observed clusters.
4.1. Modified DLA model
The modified DLA algorithm starts with fixing a seed particle at the
center of a 2D square lattice with a periodic boundary condition. Then
the first particle is released from a random position outside of a circular
perimeter with a radius Rmax centered on the seed. There are two sto
chastic processes for the walker: (i) if the walker leaves the lattice (see
the walker W10 in Fig. 7a), it re-appears on the opposite side due to the
periodic boundary condition and executes again its random walk. (ii) the
particle takes many random steps of unitary length to one of the four
nearest-neighbor sites over the lattice (see the walker W11 in Fig. 7a). In
the original DLA model, a walker sticks to an occupied neighboring site
immediately, but here the hitting and sticking mechanisms are modified.
Once a walker contacts a growth site, it is removed from the lattice
denoting the fact that it is absorbed. The total number of absorbed
walkers is counted for each growing site. When the number of absorbed
particles reaches M ≥ 2 (M is known as a noise reduction parameter

4.2. Modified DDA model
The experimental observations in the section 3.4 confirm that the
size and number of clusters can be controlled by the evaporation rate. To

Table 1
Summary of the morphological features of the dried films with different compositions.
Df

Morphology

Salt

Thickener

Cross pattern

DLA pattern

Cubic crystallite

Fractal dendrite

Crack

Ring stain

NaCl
NaCl
KCl
KCl

Starch
Xanthan
Starch
Xanthan

1.74 ± 0.02
–
1.75 ± 0.02
–

1.67 ± 0.03
1.73 ± 0.02
1.68 ± 0.03
1.74 ± 0.02

✓
✓
✓
✓

C-D-Ra
D-R
C-D-R
D-R

✓
✓
✓
✓

⨯
✓
⨯
✓

a

C: Cross-like pattern, D: DLA-like pattern, R: River-like pattern.
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Fig. 7. (a) Illustration of the modified DLA model with the Tang multiple-hit averaging [54] for simulating a single immobile cluster on a two dimensional lattice
with periodic boundary condition. (b–g) Clusters consisting of 2.5 × 104 particles generated on a 1024 × 1024 square lattice with the parameters (b) r = 0, M = 1,
(c) r = 0, M = 24, (d) r = 0, M = 26, (e) r = 1, M = 20, (f) r = 1, M = 24, (g) r = 1, M = 26.

be able to capture these observations by simulation, we used the
modified DDA model. Two parameters are introduced in this model
which play a key role in this purpose. The walkers flux F (Monolayer/
Monte Carlo step, ML/MCs) and coverage, number of walkers deposited
(per site) until time t (Monolayer, ML) defined as θ = Ft [36–38]. The
extended DDA model is performed on a flat surface of a square lattice of
size L × L with the periodic boundary condition and with no particles on
it (Fig. 8a). At t = 0 particles are deposited gradually at randomly cho
sen positions onto the lattice substrate with a constant deposition flux F
in each time step. The walkers reach on the substrate and diffuse by one
lattice constant per unit time. The two processes, deposition, and
diffusion, occur simultaneously the same as the original DDA model
[36–38], and the aggregating process is taken from the modified DLA
model which we described previously. Once a walker hits M times with
another one, they stick irreversibly with an aggregation probability Pi
and form an immobile seed cluster (nucleation). After several time steps,
many two-particle islands (seeds) are generated on the surface. If a
particle meets M times a growing island, it sticks to its edge with the

aggregation probability Pi and becomes immobile. We also made two
simplifications in the model: (i) if a particle deposits on the top of
another one or over an existing cluster, it becomes inactive and is
removed from the lattice. (ii) no cluster diffusion is considered (immo
bile islands). The procedure is repeated so that the islands are generated.
Fig. 8 b–g shows the morphology of the interface for varied values of
the total coverage θ and the deposition flux F in two different categories
of cluster islands. For a fixed F, as coverage increases, diffusion domi
nates the deposition process, the walkers tend to continue diffusing for a
long time and meet together hardly, and consequently, the screening
effect increases the number of branches in the aggregates and size of the
growing islands (Fig. 8b–d). For a fixed θ, deposition dominates the
diffusion process by increasing flux F, the deposited particles diffuse
shortly and hit together rapidly. As a result, the velocity of islands’
growth and the number of them increase and the branching process
gradually vanishes (Fig. 8e–g).

Fig. 8. (a) Schematic representation of the possible basic processes for particles in the modified DDA model. The walkers are put down in a square lattice at a certain
flux F and continue to move randomly. Whenever two walkers encounter M times together, they aggregate with a sticking probability Pi and nucleate an immobile
seed. Other particles stick to the seeds in the same condition and finally many fractal structures are formed. If a walker deposits onto another one or over a growing
island, it is removed. (b–d) Morphologies of the crossed-like islands (r = 0) simulated by the extended DDA model with a fixed F = 1.5 × 10− 4 mL/MCs, and (b)
θ = 0.01, (c) θ = 0.10, and (d) θ = 0.20 mL. (e–g) The DLA-like islands (r = 1) simulated with a fixed θ = 0.10 mL, and (e) F = 1.5 × 10− 4, (f) F = 1.5 × 10− 2, and
(g) F = 1.5 × 100 mL/MCs. All simulations are done on a 512 × 512 square lattice with M = 32.
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5. Experiment vs. simulation

and also between noise reduction parameter M and salt concentration.
For the effect of evaporation rate on the experimental patterns, a
comparison is made with two numerically controlled parameters; the
deposition flux F and coverage θ from the modified DDA model in terms
of size and density of the immobile fractal islands (Fig. 9c and d). At
smaller (larger) values for both flux F (in the simulation) and evapora
tion rate J (in the experiment), the density of islands is small (large) but
the size of islands is large (small). Coverage θ (in the simulation) can be
used to increase the size and density of the islands similar to the islands
produced in the controlled experiments (orange-green zone). It can be
seen that the evaporation rate J (in the experiment) corresponds to the
flux parameter F (in simulation). These one-to-one relations suggest a set
of controllable parameters to predict and tune the size, shape, and
density of formed clusters and can be used for the controlled design of
the crystal structures.
In the following, a quantitative comparison of fractal dimension is
performed for a selected number of experimental and simulated pat
terns. Fig. 10 indicates the fractal dimension of the patterns computed
using the box-counting method. In Fig. 10a, shows simulated patterns
based on the modified DLA model with M = 1 and M = 16. Here the
effect of noise reduction parameter M and sticking coefficient r on the
fractal dimension Df is investigated. In the simulation, the fractal
dimension of patterns slightly increases with increasing r from 1.66 to
1.69 and on average, decreases with increases M from 1.7 to 1.66.
We can make a linear relationship between the simulation and
experiment parameters:

Two sets of numerical models developed for a controlled design of
fractal branched structures significantly resemble the experimental
patterns. To validate the models and show that they account for the
effects of reduction of mobility in the medium and evaporation rate on
the patterns formation, a comparison between the simulations and the
experiments performed in terms of parameters controlling the
morphology and the fractal dimension of the structures. Direct
morphological comparison shows that the modified models reproduce
the experimental dendritic patterns reasonably well (Fig. 9).
In order to model the effect of local viscosity of the medium on the
patterns formation, two numerical parameters from the modified DLA
model; sticking coefficient r and noise reduction M are compared with
the concentrations of starch CStarch and salt CSalt in the experiment. The
cross and DLA-like patterns can be characterized in the high concen
tration of salt CSalt (experiment) and high noise reduction parameter M
(simulation) which is shown with blue and red zones in Fig. 9a and b.
When the concentration of starch CStarch (experiment) and sticking co
efficient r (simulation) are small, anisotropy is induced by the cubic
shape of the seed crystal in the experiment and by the square lattice in
the simulation. The results in both cases are cross-like patterns (blue
zone). With increasing starch concentration (in the experiment) and
sticking coefficient (in the simulation), the viscosity of the medium
(experiment) and aggregation probability Pi (simulation) becomes more
and more important leading to a transition from anisotropic (cross-like)
to isotropic (DLA-like) patterns (red zone). The results show qualitative
similarities between the sticking coefficient r and starch concentration

CSalt = 0.08r + 0.04

gmL−

1

(2)

Fig. 9. The morphology diagram illustrates
comparison between the simulated and experi
mentally observed patterns. (a) and (b) In terms
of a single fractal-like pattern, it shows good
match between the concentration of salt CSalt
and noise reduction parameter M (blue zone)
and also between concentration of starch CStarch
and sticking coefficient r (red zone). There are
two sets of experimental and simulated patterns
in the diagram that confirm the good agree
ment. (c) and (d) In terms of fractal-like islands,
it presents that there is good agreement be
tween evaporation rate J and the flux F.
Coverage θ has a key role to increase size and
density islands to be same as controlled exper
imental observations (orange-green zone).
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Fig. 10. Box-counting fractal dimension Df for experiments and simulation. Df as a function of salt concentration CSalt (experiment) and (a) sticking coefficient r in
the modified DLA model with noise reduction M = 1 and M = 16 and (b) deposition flux F in the modified DDA model with coverage θ = 0.15, M = 16, and r = 0 and
r = 1. The average fractal dimensions are about 1.72 ± 0.01 (experiment) and 1.69 ± 0.01 for cross-like islands (r = 0), and 1.72 ± 0.01 for DLA-like islands (r = 1).

6. Conclusions

Simulated patterns with M = 16 and θ = 0.15 are considered in Fig. 10b
for cross-like pattern (r = 0) and DLA-like pattern (r = 1), because they
are more similar to the shape of experimental structures. We can also
find a relationship between the simulation parameters and experiments:
CSalt = 0.02log(F) + 0.12 gmL−

1

We have shown that the nucleation and growth kinetics of the crystal
patterns due to evaporation of a thin complex solution are mainly gov
erned by the evaporation rate and the interplay between salt and
thickener concentrations. We determined a phase diagram to categorize
the broad range of patterns that can be obtained from these systems. The
cubic shape of the salt crystals provides the aggregation seeds and in
duces anisotropy, which results in the fourfold symmetry of formed
patterns with a cross-like structure. The thickener reduces the mobility
of ions and supplies inhomogeneities in the colloidal salt matrix which
are responsible for vanishing the preferential growth, resulting in the
formation of aggregates that resemble DLA-like structures. In addition,
we have modified two computational models capable of reproducing the
dendritic patterns and modeling the effects of evaporation rate and local
viscosity of the medium on the patterns. We found one-to-one qualita
tive relations between the simulation parameters and experimental pa
rameters. In the simulation, the anisotropy was induced by the
symmetry of the lattice and was vanished by aggregation probability,
resulting in a transition from cross-like patterns to DLA-like patterns.
There was a good agreement between the predicted fractal dimensions
from simulations and values obtained from experiments. Although the
morphology of the patterns strongly depends on concentrations of salt
and thickener, their fractal dimension is not sensitive to these
parameters.
We believe these findings are important for the design and control of
the shape and size of crystals formed in a complex colloidal salt matrix.
In addition, our results may contribute to designing optimal crystal
shape and morphology, for applications in food processing, purification,
coating, or even environmental technology applications where salt
crystals are formed in evaporating complex colloidal salt matrix. There
are several aspects of these systems that still require more detailed
investigation to expand a complete understanding of the complex phe
nomenon. The systematic studies from changing the geometry of crys
talline seeds to varying the chemical properties of the substrate would be
of particular interest. The study of crack formation at lower salt con
centrations, ring formation in salt-Xanthan samples, and the multifractal
analysis of the patterns are planned as future research.

(3)

In the range of error bars the average Df for all experimentally observed
patterns is about 1.72 ± 0.01. The error is determined from the root
mean square of the fractal dimensions for five patterns. The measure
ments of the average box-counting Df indicate fractal scaling with di
mensions 1.69 ± 0.01 for cross-like islands (r = 0) and 1.72 ± 0.01 for
DLA-like islands (r = 1) based on the modified DDA model which are
close to the experimental values. The errors are measured from the root
mean square of the five data points for each fractal island. These results
are in excellent agreement with the literature results [26–32].
Although similar pattern formations were investigated experimen
tally in drying droplets containing sodium chloride and a thickener such
as starch, carboxy methyl cellulose, gelatin [20–22] or polyelectrolyte
[25], the underlying mechanisms of these complex phenomena
remained illusive. Our approach and methodology provided a compre
hensive picture of the phenomenon and the underlying physical mech
anisms. Due to the small size of the evaporating samples in most of the
previous studies, the boundary effects had affected the formed patterns.
Therefore, in our study, we used a large evaporating sample to avoid the
influence of boundary effects on the formed crystal patterns. We also
systematically changed the concentrations of the main ingredients to
find a detailed experimental phase diagram, in addition to the investi
gation of the evaporation rate on the size distribution of the patterns.
Our developed numerical models provided numerical phase diagrams
that were mapped to the experimental phase diagram and provided a
deeper understanding of the underlying mechanism of patterns forma
tion and the effect of evaporation rates. Furthermore, by changing the
salt to potassium chloride we showed that these mechanisms are generic
and not limited to sodium chloride. The experimental phase diagram
and the numerical methods of this study provide a platform for con
trolling the shape and size distribution of crystals formed in a complex
colloidal matrix.
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