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Abstract  Surface properties of ions in a liquid media are the most important and interesting topic of physical-chemical 

research. Complex approaches with using a lot of modern equipment are used for study this problem. Here we demonstrate 

a distinctive method, which is based on self-organizing processes in sessile desiccative drops of water salt solutions. The 

features of crystallization of aqueous solutions of KCl, NaCl, CaCl2 and MgCl2, as well as of their mixtures drying in the 

form of drops (3 ul) on glass have been studied by optical microscopy and acoustic impedancemetry. “Dynamic portraits” 

of crystallization kinetics (KCl, NaCl and their mixture) or of saline condensation (CaCl2 and MgCl2) in the course of drop 

drying have been obtained for each sample. The phenomenon of drop fragmentation of a mixture of potassium-containing 

solutions of various chlorides and formation of individual 3D structures on the glass has been revealed. The mechanisms of 

formation of such structures associated with different surface activity of the studied ions are considered. It is demonstrated 

that the used approaches are promising for obtaining additional information about complex behavior of ions in aqueous 

media.  
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1. Introduction 

Potassium, natrium, calcium, magnesium and chlorine 

ions are vitally important electrolytes that are part of all 

living creatures on Earth. Their content, distribution and 

functions are different in the organism. For instance, Na
+
, 

Ca
2+

 and Cl
-
 ions predominate in extracellular fluids, while 

K
+
 and Mg

2+
 ions are inside cells (Table 1)[1].  

Table 1.  Inorganic Component Distribution between Plasma and Eryt-
hrocytes (milliequivalent/l) 

Ions Plasma Erythrocytes  

Na+ 120 - 150 10 - 27 

K+ 4 - 6 95 - 110 

Ca++ 4.5 – 5.5 0.25 – 1.0 

Mg++ 1.5 – 1.8 3.5 – 4.5 

Cl- 90 - 110 40 - 60 

What physicochemical features of cations are responsible 

for this distribution? To disclose the mechanism of electro-

lyte impact on biological functions it is necessary to study 

their interaction with water, proteins and with each other in 

liquid media. This problem has been intensively  

studied and discussed for more than 120 years[2-12]. At the 
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beginning of this paper, I would like to consider in breath 

some basic achievements, which are helpful for under-

standing water-ion-interface interactions during drying of 

sessile drops. This broad area includes ion-ion and ion-water 

interactions in bulk, and near hydrophilic and hydrophobic 

surfaces. Then, a “drop drying phenomenon” will be used for 

study surface preferences of vitally important chlorides by 

means of microscopic and acoustical impedansemetry 

methods. 

An important milestone in water-ions-proteins interaction 

studies was the work by F. Hofmeister[2] who was the first to 

classify ions in order of their ability to salt out of proteins 

(Hofmeister series or lyotropic series). By an increasing 

ability to absorb from aqueous solutions and a decreasing 

ability to salt out and coagulate cations may be repre-

sented[13],[14] in the following order:  

Li
+
 , Na

+ 
,NH4

+ 
, K

+ 
, Rb

+
, Cs

+
, Tl

+ 
, Ag

+ 
, UO2

2+ 
, Be

2+ 
, 

Mg
2+ 

 , Cd
2+ 

, Ca
2+ 

, Sr
2+ 

, Ba
2+

(1) 

With a change in the solvent composition, hydrogen ion 

concentration or temperature, ion order in lyotropic series 

may change up to complete reversal[13].  

By the character of their interaction with water molecules 

in aqueous solutions ions are usually classified into cosmo-

trops and chaotrops[7]. Small-size ions (cosmotrops) have 

higher surface charge density and bind hydrated water 

stronger than water molecules in a solution interact with each 

other. Consequently, they are referred to as pattern-forming 

ions. As compared to cosmotrops, chaotrops have larger size 
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and smaller surface charge density. Electrostatic attraction 

between chaotropic ions and water dipoles in an aqueous 

medium is less than between water molecules. Therefore 

they are called destructors of intrinsic water structure. B 

coefficient (Jones-Dole viscosity coefficient[4]) is the 

measure of ion-water interaction. This coefficient is positive 

in cosmotropic ions and negative in chaotropic ones (Table 

2).  

Table 2.  Parameters of Saline Cations Used in the Experiment (by data of 
the work[7]) 

Cation Ion  

radius 

(pm) 

Ion surface  

(in 103 pm2) 

Surface charge 

density  

(arbitrary units) 

B 

K+ 138 239.3 0.59 -0.007 

Na+ 102 130.7 1.06 0.086 

Ca2+ 100 125.7 2.24 0.285 

Mg2+ 72 65.1 4.3 0.385 

В coefficient for a chlorine ion, like for a potassium ion, is 
-0.007[7]. Thus, both these ions are weak chaotrops. Natrium 

is a weak cosmotrop, whereas calcium and magnesium are 

strong cosmotrops. High density of magnesium cation sur-

face charges leads to partial ionization of water molecules 

and to subsequent partial covalence of cation interaction with 

water medium[7]. This results in a decrease of charge density 

on the surface of magnesium in the Mg[H2O]6
2+

 complex 

down to 1.18[15]. 

According to the electrostatic model[3], the electric field 

produced by an ion charge propagates long distances, at-

tracting the surrounding water molecules. Therefore the size 

of hydrated ions greatly differs from that of crystalline ions 

(Fig. 1)[5],[16].  

 

Figure 1.  The size (1x10-10 m) of crystalline and hydrated ions (left) and 

their size distribution in water (right). 1 – K+, 2 - Na+, 3 – Ca2+, 4 – Mg2+, 5 - 

Cl-, 6 bulk water (the diagram is based on the data presented in the 

work[16]). 

It is worthy of notice that, according to the data of neutron 

and X-ray scattering[6], as well as of gel-chromatography[8], 

univalent ions attract only one layer of hydrated water 

molecules, and bivalent ions two layers. Thus, existence of 

multilayer hydrated shells due to electrostatic attraction 

forces is doubted by some authors[10]. Of particular impor-

tance are studies of ion distribution in aqueous phase and 

their interaction with different surfaces, specifically with the 

surface at the water-air interface. This is usually done using 

photoelectric emission, vibrational sum-frequency spec-

troscopy, Raman and IR studies ([17-22] and literature 

therein). Detailed description of the state-of-the-art of these 

problems may be found in the review[23]. In addition to the 

experimental techniques, theoretical molecular dynamics 

simulations[24-27] are also broadly employed for obtaining 

information about ion distribution in liquids. Despite definite 

controversy in the data obtained using different methods, the 

majority of the researchers tend to believe that the water 

surface layer has a negative charge[23],[28]. Nevertheless, 

analysis of solvation energy[29], degree of polarizability and 

ion size[19],[20],[29] shows that halogen anions Cl
-
, Br

-
 and 

I
-
 have highest affinity to water surface, whereas alkali met-

als cations tend to avoid the surface layer by virtue of en-

thalpy.  

For obtaining additional information about the interaction 

of ions with surfaces and with each other in a water medium, 

experiments with sessile saline drops drying on a wettable 

solid surface were carried out. The unique properties of a 

drop as a physical object were described by Ya.E. 

Geguzin[30]. The number of publications devoted to inves-

tigation, mathematical simulation, and practical applications 

of the “drying drop phenomenon” is increasing every year 

both in Russia and abroad[31-47]. More than 360 papers per 

year were published in 2010 and 2011. The number of cita-

tions approached to 4000 when “droplet evaporation” key-

word was used to search the subject in expanded-SCI in-

dexes[48]. As applied to the research problems specified 

above, the process of salt crystallization in desiccated sessile 

drops may be visualized. Crystallization kinetics may be also 

recorded and evaluated by means of acoustic im-

pedancemetry[49-53]. The shape of a drop freely evaporat-

ing on a wettable substrate creates different thermodynamic 

conditions for the liquid in the central and periphery zones, 

as well as at the liquid-air and liquid-substrate interfaces. As 

a result, thermocapillary flows leading to centrally symmet-

ric zonal distribution of liquid components according to their 

physicochemical properties (self- organization proсesses) 
arise in the drop[31-33]. These processes are well repro-

ducible within the range of natural temperature, humidity 

and pressure fluctuations in laboratory conditions, which 

allows using them, in particular, for drying drops of bio-

logical liquids for medical diagnosis[46],[47],[53-55]. Dy-

namic processes accompanying drying of multicomponent 

liquid drops, such as aggregation, coacervation, flocculation, 

sedimentation, and crystallization are critical to the compo-

sition and structure of liquid[49-53].  

The goal of the work was investigation of informativity of 

the drying drop model for determining preferred interaction 

of vitally important chlorides with water and with phase 

interfaces, as well as of crystallization kinetics of these salts 

from two- and multicomponent saline solutions. 

2. Materials and Methods 

KCl and NaCl chemically pure salts (Reaktiv, Inc., Rus-

sia), as well as CaCl2 x 6H2O and MgCl2 x 6H2O salts were 

used in the experiments. A 3% (w) solution of each salt was 
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prepared with deionized water. At least a day before the 

experiment the prepared saline solutions were mixed in 

different combinations in a 1:1 ratio by volume, agitated 

thoroughly, and kept in closed test tubes. During the ex-

periment the mixtures were agitated by turning the tube 

upside-down; then drops of mixture (3 ul each) were placed 

by a micropipet on clean degreased glass slides, 6 to 8 drops 

on one slide, and were left to dry in a horizontal position 

under laboratory conditions (Т = 19-21℃, Н = 67-70%.). 

The dried saline drops were studied by the MBC-10 micro-

scope on the day of the experiment. Microphotographs were 

taken by a digital camera “Cannon” with х 28 microscope 
magnification. 

Another part of the same solutions was investigated on a 

device that allows recording dynamics of phase transitions in 

drying drops by means of acoustic impedancemetry. De-

tailed description of the method and the device is given 

in[49-53]. The method is based on registering complex 

electrical conductivity of a quartz resonator loaded with a 3 

ul drop of liquid under consideration in the regime of shear 

waves (Fig. 2).  

 

Figure 2.  Block-diagram of the device: 1 liquid drop; 2 quartz resonator; 3 

generator; 4 bridge circuit; 5 - amplitude detector; 6 - ADC; 7 PC; 8 - signal 

map program; 9 - signal processing program.  

 

Figure 3.  Schematic of AMI curve of phase transition stages in a drying 

saline drop (AMI vs. time). The arrow denotes beginning of crystallization 

(crystal deposition on sensor surface). Мах – completion of crystallization. 

The sloping down part of the curve (b) depicts decreasing drop mass in the 

course of evaporation of remaining water. SI-3 was calculated by total 

derivative of section «a», length of section 2, Max value, and steady-state 

level; SI-6 was calculated by total derivative of section «b», length of 

section 1, Max value, and steady-state level.  

The resonator vibration frequency during measurements is 

sustained at a resonance frequency (60 kHz) of unloaded 

resonator. During measurements the signal is automatically 

recalculated to acoustomechanical impedance (AMI) and the 

result is displayed in real time in the form of a curve. AMI 

includes integrally physical characteristics of the object, 

such as viscosity, elasticity, friction, and mass with different 

degree of adhesion to the substrate[52-54]. As the drop is 

drying, the solution viscosity increase, which is indicated by 

a smooth increase of the AMI signal level during the first 

minutes of recording (Fig. 3). Initiation of crystallization 

wave is accompanied by a sharper signal enhancement 

caused by the crystal mass growing on the surface of the 

sensor, which is confirmed by parallel visual observation. 

The growth rate may be described by the total derivative of 

the corresponding portion of the curve. The maximum point 

of the curve denotes completion of crystallization, and the 

subsequent dip of the curve to the steady-state level desig-

nates evaporation of remaining water. Thus, kinetics of salt 

crystallization from a drying drop of solution may be as-

sessed quantitatively. The shape of the AMI curve may be 

parametrized by calculating Shape Indices (SIs) and repre-

sented on the plane of features as a definite number. 

Under identical experimental conditions, this parameter 

may also be used for quantitative comparison of crystalliza-

tion dynamics in different salt solutions. Sis and statistical 

indices were calculated automatically by means of software. 

This allowed quantitative comparison of dynamic processes 

during drying of drops of various liquids. AMI curves of the 

compared liquids were obtained on the same day. Each salt 

solution was investigated at least 10 times during the ex-

periment. Total 4 experimental runs were made. The used 

approach implies comparison of kinetics of salt crystalliza-

tion from aqueous solutions, given equality of their weight 

concentrations. Molar concentrations of the used saline so-

lutions are presented in Fig. 4.  

 

Figure 4.  Molar concentrations of 3%(w) salts used in the experiment. 

3. Results and Discussions 

During drying of drops of KCl, NaCl solutions as well as 

drops of their mixture, despite some individual variations 

from drop to drop, we observed regular differences between 

them, both in topological arrangement of crystals on glass 

and in the AMI dynamics (Fig. 5). In pure KCl and NaCl 

solutions, for example, large crystals were arranged at the 

drop periphery, whereas in a mixed solution the central area 

of the drop was also filled with regularly ordered 

well-formed crystals.   
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Figure 5.  Morphological and dynamic features of drying drop crystalli-

zation from 3% (w) solutions of KCl, NaCl and their 1:1 mixture: a – KCl, b 

– NaCl, c – KCl + NaCl. At the bottom: raw experimental curves in AMI 

reference frame (arbitrary units) vs. time (min). 

According to data of acoustic impedancementry, the 

highest rate of crystal formation during drop drying is for 

KCl solution, and the lowest for NaCl solution. Statistical 

differences in crystallization kinetics of KCl, NaCl solutions 

and their mixture are shown in Fig. 6 (a, b).  

 

Figure 6.  Statistical difference between crystallization kinetics of 3% (w) 

aqueous solutions of KCl, NaCl salts and their 1:1 mixture (v): a – SI-3 

frame of reference; b – SI-3 reference frame vs. SI-6 (M±2σ). 1 - KCl, 2 - 

NaCl, 3 - KCl + NaCl. 

 

Figure 7.  Schematic representation of the beginning of saline drop drying. 

Formation of primary crystals and development of a centrifugal flow of 

capillary origin. 

By this parameter the mixture of the above solutions has 

an intermediate position on the plane of features in the SIs 

frame of reference. These results agree with the Hofmeister 

series (1) in increasing ability of salts to adsorb from aqueous 

solutions. At the beginning of saline drop drying, evapora-

tion occurs uniformly over all drop surface (Fig. 7). Micro-

crystals first deposit at the drop edge, as drying is faster here 

than in the center[31-33]. This results in formation of a cen-

trifugal flow of capillary origin and most intense evaporation 

across the three-phase boundary, thus providing fast crystal 

growth at the drop periphery. 

At the beginning of drying, free water is evaporated, re-

sulting in insignificant increase of solution viscosity, which 

becomes apparent in a small initial increase of AMI signal 

(Fig. 5). Then, there arises a crystallization wave caused by 

loss of hydration water by ions and crystal deposition on the 

sensor. This period is accompanied by a sharp increase of the 

AMI signal, with the drop dome getting flat, and the area of 

its foundation remaining unchanged.  

KCl is known to have a relatively smaller solubility under 

conditions close to those in our experiment (Fig. 8, а).  

 

Figure 8.  Physicochemical properties of salt solution: а – water solubility 

(g/100 g) at 20°С[45]; b – surface tension (1х10-3 N/m) at 18°С and salt 
concentration 5% (w)[57]. 

Therefore, during drying of a drop of KCl solution, crys-

tallization starts and is over earlier than in the case of a NaCl 

drop of the same concentration (Fig. 5). In addition, KCl has 

smaller surface tension (Fig. 8, b) and lower density (Fig. 9).  

 

Figure 9.  Density of aqueous saline solutions versus concentration at 20° 

С[58]. Х – concentration (% w), Y – solution density relative to water 

density at 4° С. а - KCl, b - NaCl, c - CaCl2, d - MgCl2. On the right: Relative 

density 4% (w) of aqueous saline solutions at 20° С. 

Hence, it is natural to suppose that, in compliance with 

their intrinsic chaotropic properties, in mixed NaCl and KCl 

solutions K
+
 cations along with Cl

-
 anions are displaced from 

water medium to hydrophobic surface – water-air interface 

(Fig. 10) to form ion pairs there. If this hypothesis is correct, 

then the presence of large crystals in the center of dried drops 

of the mixture of KCl and NaCl solutions may be explained 

by the fact that KCl crystals originate and start to grow 

primarily in the surface layer of the drop at the interface with 

air at the early stage of drying. In this case, NaCl forms the 

majority of the crystals along the three-phase boundary. 
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Figure 10.  Schematic representation of presumable ion arrangement in a 

sessile drop of a mixture of KCl and NaCl solutions: black spheres – K+; 

grey spheres – Cl-; empty spheres – Na+. See the explanation in the body of 

the text. 

Drops of CaCl2 and MgCl2 saline solutions during drying 

in the experiment did not form crystals visible by eye. Free 

water evaporation led to gradual solution condensation and 

increase of AMI signal that was more pronounced in the 

MgCl2 solution (Fig. 11).  

 

Figure 11.  Morphological and dynamic features of crystallization of 

drying drops of 3% (w) solutions of CaCl2 and MgCl2: a – CaCl2, b – MgCl2. 

At the bottom: raw experimental curves in AMI reference frame (arbitrary 

units) vs. time (min). 

 

Figure 12.  Drops of 3% (w) aqueous solutions of CaCl2 (upper row) and 

MgCl2 (lower row) a day after placing them on glass (left) and three weeks 

after (right): a – CaCl2, b – MgCl2. 

This difference is evidently related to lower hygroscop-

icity of Mg
2+

 as compared to Ca
2+

, as a result of which the 

volume of water evaporating from MgCl2 solution and its 

final viscosity were higher than in the CaCl2 drop. This gave 

different final levels of AMI. Partial signal decrease at the 

end of the study of mgcl2 solution (Fig. 7, b) was associated 

with the beginning of diminution of the drop-substrate con-

tact area. Sessile drops of CaCl2 and MgCl2 solutions on 

glass were in liquid phase for a long time. Three weeks after 

beginning of the experiment drops of MgCl2 solution crys-

tallized, whereas drops of CaCl2 solution were still in liquid 

phase (Fig. 12). 

Thus, the use of natural processes of drying drop 

self-organization as an instrument allowed revealing phys-

icochemical features of the studied saline solutions, such as 

higher crystallization rate of KCl solution than of NaCl so-

lution, and average value of this parameter for their mixture. 

A qualitatively different arrangement of crystals in the 

dried drop of KCl and NaCl mixture suggests that in this case 

KCl crystals originate and develop at the interface with air. 

The experiments also confirmed higher hygroscopicity of 

CaCl2 solution as compared to MgCl2.  

We further investigated different combinations of mix-

tures of 3% aqueous solutions in equal inclusion volume 

fractions. The results are presented in Fig. 13.  

 

Figure 13.  Morphological and dynamic features of crystallization of 

drying drops of coextensive 3% (w) solution mixtures: a – 

NaCl+CaCl2+MgCl2; b – KCl+CaCl2+MgCl2; c – KCl+NaCl+CaCl2+Mg

Cl2. Upper row: photographs in reflected light; lower row: photographs in 

transmitted light with side illuminatioin. At the bottom: raw experimental 

curves in AMI reference frame (arbitrary units) / time (min). 

Outward appearance of the dried drops as well as AMI 

dynamics possessed characteristic features for each mixture. 

At the end of the experiment, drops containing 

NaCl+CaCl2+MgCl2 (Fig. 13, a) represented hygroscopic 

“pillows” with NaCl crystals in the form of crosses and 

“rapiers” on the surface. As crystallization took place on the 

drop surface, the hygroscopic substrate due to the presence 

of CaCl2 and MgCl2 damped mechanical action of crystals on 

sensor surface, and the AMI shape represented only solution 



6  Tatiana А. Yakhno:  Surface Properties of Vitally Important Ions: Sessile Desiccated Drop Studies 

  

 

condensation (analogously to Fig. 11). When NaCl in that 

solution was replaced by KCl (Fig. 13, b) the drop surface 

became hilly due to KCl crystals. The AMI curve acquired a 

peak typical of crystal deposition on quartz. However, a 

hygroscopic layer remained, only losing its continuity here 

and there. Addition of NaCl to this mixture resulted in drop 

fragmentation into individual “islets” between which a hy-

groscopic layer was not retained (Fig. 13, с). The upper part 
of each such “islet” was crystalline, and the lower was, 

evidently, a hygroscopic layer with bounded water. The AMI 

curve also had a saline peak, but the final value – steady state 

level – was less than in the other two mixtures due to larger 

water evaporation.  

Microscopic study of the drying drop process (Fig. 14) 

gave additional information.  

 

Figure 14.  Drops of saline solutions in the course of drying: a – 

NaCl+CaCl2+MgCl2, b – KCl+CaCl2+MgCl2, c – KCl+NaCl+CaCl2+Mg

Cl2. 

For example, NaCl crystals (Fig. 14, a) started to grow at 

the three-phase boundary and proceeded on the surface of a 

hydrophilic “pillow” towards the drop center. This suggests 

that at least Na
+
 cations were not initially present on the 

surface of the drop; instead, they were gradually brought 

there by the ascending thermocapillary Marangoni 

flows[59-61]. When Na
+
 was replaced by K

+
 in the mixture, 

the crystallization process changed: after initial deposition of 

KCl along the three-phase boundary further crystallization of 

KCl proceeded simultaneously over the entire drop surface 

(Fig. 14, b). This indicated that K
+
 and Cl

-
 ions were initially 

present on the surface, confirming the supposition made 

before. Early growth of KCl crystals on the surface of a 

drying drop changes mechanical properties of this layer, 

making it less elastic and more rigid. As water evaporation is 

accompanied by flattening of the drop dome and reduction of 

its area, mechanical stresses develop in the surface layer (at 

the air interface) that lead to drop fragmentation into “islets” 

in accordance with crystal position on its surface. Addition 

of Na
+
 to this mixture does not change the picture basically, 

but makes the “islets” more detached from each other (pre-

sumably, due to high surface tension of NaCl solution).  

Twofold reduction of the concentration of CaCl2 and 

MgCl2 saline solutions with the same (3% w) concentration 

of KCl and NaCl solutions leads to formation of more or-

dered structures in the drying drops of the mixture of these 

solutions in equal volume ratios (Fig. 15).  

 

Figure 15.  Structurig of drops of a mixture of 3% (w) KCl and NaCl 

solutions and 1.5% (w) CaCl2 and MgCl2 solutions in equal volumes.  

The presented approach may be used for creating micro-

structures with preset properties. 

4. Conclusions 

To conclude, the approach used in this work allows tracing 

the interaction of ions with water, with each other, and with 

the bounding surfaces during drying of drops of saline solu-

tions and their mixtures on glass slides. A characteristic 

feature of the approach is that not only physicochemical 

properties of the salts affect the final drop structuring, but the 

features of the processes running in the drying drops play an 

important role too. This is a source of additional information. 

The sequence and kinetics of salt crystallization from solu-

tions are the measure of integral interaction of ions with 

water and with each other. This parameter may be recorded 

and assessed quantitatively by means of acoustic im-

pedancemetry. The obtained data suggest that in sessile 

drops of aqueous saline solutions on a solid wettable sub-

strate ions are distributed according to their hydrophilic / 

hydrophobic properties: chaotropic ions (potassium, chlorine) 

are displaced to the boundary with air, while cosmotropic 

ions (calcium, magnesium) are located in bulk water. These 

properties may be observed in living organisms too in the 

interaction of ions with surfaces of different biological sub-

strates. For instance, a change of protein conformation and 

the related enhancement of their hydrophobicity leads to 

changes in their affinity to biologically important ions and, 

hence, to functional changes, up to development of pathol-

ogy. Alteration of the natural cation ratio in biological media, 

in turn, may also result in changes in protein conformation 

and in disturbance of harmony of physiological reactions. 

The apparent importance of these problems demands their 

thorough study. The author will believe that her mission is 

successful if the data presented in this paper give a new 

impetus to active investigation of surface phenomena using 

modern methods, including a drying drop.  
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