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Abstract 

Drying process paths, i.e., time-dependent trajectories of solution compositions on a phase 

diagram, were examined for coatings of a water-immiscible acrylic monomer dissolved in ethanol 

and exposed to humidity. The absorption of water vapor quenched the solution into a thermodynamic 

non-equilibrium state and promoted a spontaneous phase separation when the water content in the 

solution exceeded a critical value. A simultaneous mass-loss and heat-flux measurement technique 

was proposed and adapted for phase-separating coatings to determine the evaporation rates of two 

volatile components with different latent heats of vaporization. The measured drying paths agreed 

with those predicted from a drying model that takes into account the gas-diffusion-limited 

evaporation and composition-dependent activities. The numerical predictions also revealed that the 

pseudo-azeotrope determined the critical drying conditions, under which any drying paths on the 

phase diagram did not cross the two-phase region, and thus the drying solutions remained stable.  

 

Keywords:  drying process path, phase separation, pseudo-azeotrope, heat flux, numerical 

simulation  

 

Introduction 

Reactive acrylic monomers are widely used in the coating industry to fabricate protective [1, 2], 

antireflective [3], antifogging [4], antibacterial [5], and self-healing [6] thin film products coated 

over large areas. In photo-curing thin film processing, the monomer is dissolved in a solvent with a 

photo-initiator, coated on a moving solid substrate, dried in unsaturated air, and subsequently 

exposed to an ultraviolet (UV) light. The photo-initiator molecules absorb the light to generate free 

radicals, which attack the monomers to trigger polymerization reactions that solidify the film.  

The fate of the drying monomer solution film depends on the thermodynamic stability of the 

system. A homogeneous film forms when the solution is stable.  By contrast, the solution containing 

a water-immiscible monomer becomes unstable when water vapor is absorbed into the drying 

solution to increase the water concentration above a certain threshold. The inherent incompatibility 

between the monomer and water promotes a spontaneous phase separation between water-rich and 
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monomer-rich phases, leading to uneven surface topographies and changing the optical properties of 

the UV-cured coating products. To manipulate the desirable microstructures in thin liquid monomer 

films, it is important to predict the time-dependent trajectories of the average or local compositions 

on the phase diagram, which are occasionally referred to as drying process paths [7]. 

Figure 1 shows a schematic phase diagram of a monomer-solvent-water ternary mixture. The 

binodal curve divides the diagram into two regions, i.e., a stable one-phase region and an unstable or 

metastable two-phase region. The solid curve represents the drying path when the solvent 

preferentially evaporates in humid air. The water concentration initially increases not only because 

of the solvent evaporation that concentrates the mixture but also the water absorption driven by the 

difference in partial pressure between the liquid surface and the air. The drying path crosses the 

binodal curve at a particular location on the phase diagram and enters the two-phase region, resulting 

in an onset of a phase separation. The water content then decreases as the solvent and water evaporate 

simultaneously. 

 

 

 

Fig. 1 Schematic ternary phase diagram and drying process paths in a monomer-solvent-water 

system. A binodal curve divides the diagram into a stable one-phase region (white) and a two-phase 

region (dark). The solid curve represents a drying path when the solvent preferentially evaporates 

while water absorption proceeds from humid air to the solution. The drying path crosses the binodal 

curve at a location (closed circle) on the phase diagram and enters the two-phase region, resulting in 

an onset of the phase separation. Dashed curves show the drying paths at different initial 

compositions. 
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 According to previous theoretical studies, drying paths in non-ideal mixtures often exhibit 

complex branches and/or bifurcations with unstable/stable nodes [8]. A small compositional change 

at the branch alters the directions of the drying paths, and thereby determines which solvent 

selectively evaporates, whereas the other components increase their concentrations in the mixture. 

The selectivity depends upon the diffusive resistance in the liquid film [9] as well as the velocity, 

temperature, and solvent concentration in the drying air [10, 11]. Under particular drying conditions, 

the drying process becomes non-selective, i.e., the mass ratio of the two solvents maintains a constant 

value during the course of evaporation, which is often referred to as a dynamic azeotropes or pseudo-

azeotrope [12–14]. The pseudo-azeotrope differs from the thermodynamic azeotrope because it is 

determined by not only the thermodynamic equilibrium at the air–liquid interface but also by the 

mass transfers in the liquid and gas phases. 

However, experimental validation of the theoretical prediction has been limited to 

thermodynamically stable systems of solvent mixtures [8, 9] and polymer-solvent-water miscible 

solutions [15]. Notwithstanding extensive studies on numerical predictions of drying paths in phase-

separating non-equilibrium systems [7, 16–20], to the best of our knowledge, few attempts have been 

made to quantitatively compare predicted and measured drying process paths. The major difficulty 

in the quantitative validation of immiscible or partially miscible thin film coatings stems from the 

fact that (i) reliable data are lacking for the vapor pressures and diffusion coefficients as functions of 

the temperature and concentration in a non-equilibrium state, and (ii) phase-separated domain 

structures sometimes hamper high-precision optical measurements to determine the time evolutions 

in the compositions. In the former, spontaneous phase separation emerges in a non-equilibrium 

solution film. The diffusion coefficients in the system locally vary in each separating phase, which 

grows with time to form three-dimensional microstructures with different compositions. Since the 

local compositions would change as the phase evolve, the composition-dependent diffusion 

coefficients become a complex function of drying time, making the exact evaluation of the diffusion 

coefficients difficult without achieving high measurement resolutions both in time and space.  

From the experimental viewpoints, optical measurement techniques are occasionally useless for 

phase-separating coatings because the optical signals are readily scattered by the microstructures that 

evolve inside the liquid. Despite the recent progress made in time-resolved monitoring of 

compositions using Raman [21–24] and infrared [25] spectroscopies, in-situ measurements of drying 

paths for phase-separated opaque films remain a challenge.  

In this study, we proposed a novel measurement technique to directly determine the drying paths 

of phase-separating monomer-ethanol-water ternary systems by combining a heat flux [26] with 

simultaneous mass-loss measurements. We showed a quantitative agreement between the 
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measurements and predictions based on a gas-diffusion-limited drying model. We also addressed the 

role of a pseudo-azeotrope in drying paths of the phase-separating ternary solution coatings. 

 

Experimental 

We used Dipentaerythritol-Hexaacrylate (C28H34O13, DPHA, Shin-Nakamura Chemical Co., 

Ltd.) with six acryloyl groups as an acrylic liquid monomer and ethanol (Fujifilm Wako Pure 

Chemical Co. Ltd.) as the solvent, respectively. DPHA shows good solubility in ethanol but poor 

solubility in water. The materials were used as received without further purification. DPHA was 

dissolved in ethanol to prepare solutions with different initial compositions. UV-Vis spectroscopy 

(MultiSpec-1500, Shimadzu) revealed that the solution transmittance at a wavelength of 400 nm 

significantly decreased with increasing water concentration above a certain critical content, that is, 

the cloud point, at which the solution became opaque owing to the onset of a phase separation. The 

measured cloud points in equilibrium were collected to depict the binodal curve, that is, the border 

between the one-phase and two-phase regions on the ternary phase diagram.  

The solution was coated on a 1.1-mm thick glass substrate with an initial film thickness of 500 

microns.  The coated area was specified as 36 cm2 by gluing an aluminum shim on the substrate. The 

sample solution with the pre-determined volume was ejected from a micro-pipette and coated onto 

the specified area. The solutions spread over the substrate surface without applying any external 

forces. The mean initial thickness (h0) was obtained from the liquid volume (V) divided by the liquid 

surface area (S) as h0 = V/S. A conductive plate heater (Kitazato MP-10DMH) was used to maintain 

a constant temperature of the substrate ranging between 25 ºC and 55 ºC. No forced flow of air was 

imposed in the drying chamber although a natural convection could occur on the heated substrate. 

The coating was then mounted on an electronic balance (Sartorius, MSE2203S) to measure the 

decrease in film mass at a sampling rate of 1 Hz. When the coating contains two different volatile 

components, that is, ethanol and water, the mass loss measurement enables us to determine the “total” 

evaporation rates only. To separate the drying rates of the two solvents, we combined the mass loss 

and heat flux measurements. Consider a solution coating containing solvent components A and B. 

The total drying rate (rtotal) is given as the sum of the drying rate of each solvent, i.e., 

 

where rA and rB denote the drying rates of components A and B, respectively. Assuming a steady 

heat transfer across the coating, the heat flux in the drying liquid is expressed as the sum of the latent 

heat and the convection heat transfer in the gas phase as 

( ) ( ( ) - ) ( ) ( ) (2)A A B B
G
air i bq t h T t T r t H r t H= + +Δ Δ .  

( ) ( ) ( ). (1)A Btotalr t r t r t= +
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where Ti is the film surface temperature, Tb is the temperature of bulk air, hG
air is the heat transfer 

coefficient, and ∆Hi is the latent heat of solvent i (where i = A, B). Combining Eqs. (1) and (2) gives 

the expression for the drying rate of solvent A as: 

1 { ( ) - ( ( ) - ) - ( ) }. (3)
-

total
G

A air i b B
A B

r q t h T t T r t H
H H

= ∆
∆ ∆

  

We obtain a similar expression for the drying rate of solvent B by simply replacing the subscript 

A with B in Eq. (3). Thus, we can determine the drying rate of each solvent from simultaneous 

measurements of q(t) and rtotal(t) as a function of the drying time. In addition, integrating the drying 

rates rA and rB with time enabled us to calculate the average residual solvent amounts at different 

drying times, and hence, the drying path as a trajectory of the time-evolving composition on the phase 

diagram. It is worth noting that the heat-flux method proposed here does not require optical 

transparency of the samples nor temperature uniformity across the coating. 

To measure the heat flux, we used a 0.4-mm thick circular heat-flux sensor (Captec, HF-D40) 

with a diameter of 40 mm. The sensor consisted of thermocouple arrays and gave a voltage 

proportional to the heat flux across the thickness with a sensitivity of 35.3 µV/(W•m2). The sensor 

was adhered to the bottom surface of the substrate using a 0.5-mm thick conductive adhesive film 

(Kitagawa Industries Co. Ltd, CPVS-0.5F) with a thermal conductivity of 2.0 W/(m•K). To ensure 

one-dimensional heat conduction in the thickness direction, the sensor was surrounded by a 90 mm 

× 90 mm panel with the same thermal conductivity and the thickness as those of the sensor. The 

measured voltage increased as the evaporation began, maintained an almost constant value for a 

certain drying time, and then decreased as the evaporation rate decreased. To minimize the external 

disturbances in the mass-loss measurement, the output voltage from the sensor was stored in a 

wireless data logger (Hioki E. E. Co., Ltd., 3671) directly mounted on the electronic balance, 

converted into digital signals, and transferred to a wireless receiver (Hioki E. E. Co., Ltd., 3913) 

connected to a computer. The validity of the heat-flux measurement has been proven by comparing 

the drying rates measured by the gravimetric and heat-flux methods for pure solvent coatings, as 

shown elsewhere [26].  

To determine the surface temperature of the drying liquid film (Ti), we used a steady-state 

solution of unidirectional heat conduction across the thickness, expressed as a function of the heat 

flux (q) and the temperature of the sensor (TS) as follows:  

( )( ) ( ) ( ). (4)g f
i S

g f

h hh tT t T t K q t
λ λ λ

 
= − + + +  
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where h and λ represent the thickness and thermal conductivity of the drying solution, respectively.  

The thermal resistances in the liquid layer (h/λ) were comparable to those in the glass substrate (hg/λg), 

and the conductive film (hf /λf), where hg and λg denote the thickness and thermal conductivity of the 

substrate, respectively, and hf and λf denote the thickness and thermal conductivity of the adhesive 

film, respectively. We also considered the thermal resistance (K) owing to the existence of a thin 

layer of air, which was trapped between the sensor-adhesive and the glass-adhesive interfaces. To 

determine the K value, we conducted a preliminary heat conduction experiment without casting a 

liquid and measured the surface temperature of the substrate (Tg), the sensor temperature, and the 

heat flux. By omitting the liquid conduction term, h/λ, and replacing Ti with the measured surface 

temperature in Eq. (4), we obtained a good linear relationship between the temperature difference 

∆T(= TS−Tg) and the heat flux, q, and obtained a constant K = 2.4 × 10-3 m2•K/W from the slope of 

the ∆T – q plot. 

Figure 2 Heat flux sensor setup: (a) cross-sectional view (b) top view 
 
Modeling 

We theoretically predicted the drying process paths of drying monomer-ethanol coatings 

exposed to humid air or an unsaturated ethanol vapor. Consider an isothermal liquid film coated on 

an impermeable substrate with a uniform thickness, the model of which is based on the following 

assumptions: (1) the drying is gas-diffusion limited, i.e., the convective resistance to mass transfer 
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of the gas phase is much greater than the diffusive resistance in the liquid layer, (2) the axial diffusion 

is negligible, (3) the composition profiles are uniform across the thickness, (4) the mass transfer 

coefficients in the gas phase are constant, and (5) the evolutions of phase-separated structures have 

a negligible influence on the evaporation rates. The mass transfer coefficients were given by kw = 

6.29 × 10－3 m/s for water and ke = 3.60 × 10－3 m/s for ethanol, respectively, where kw was determined 

by a direct comparison between the measured and predicted drying rates of the water layer at a given 

temperature. To estimate ke, we used the relationship ke/kw = (De-air/Dw-air)n where De-air and Dw-air are 

mutual diffusion coefficients in ethanol–air and water–air gas mixtures. The exponent n = 3/4 was 

given by the expression of the heat transfer coefficient for a national convection on a heated plate 

[27] and the analogy between heat and mass transfers. Note that we simply assumed that the 

dynamics of solvent evaporation in phase-separating solutions are the same as those in 

thermodynamically stable solutions, as has been applied in the literature [16, 28], although some 

previous studies have shown that the evolutions of the phase-separated microstructures retarded [29] 

or enhanced [30, 31] the solvent evaporation during the falling-rate period, where the internal 

diffusive resistance in the liquid becomes rate-limiting. We assumed a gas-diffusion-limited drying 

for the sake of simplicity in the present modeling and thereby neglected the effects of phase 

separation on the drying kinetics.  

We solved the one-dimensional mass balance equation for the volatile component j as: 

*
, , ( ) (5).j j j

j i j b j

dm k M
A a P P

dt RT
= − −  

where mj is the mass of component j in the solution, t is the drying time, R is the gas constant, T is 

the coating temperature, A is the coating surface area, and aj is the activity of component j. In addition, 

P*
i, j and Pb, j are the saturated vapor pressure of pure component j at the air–liquid interface and the 

partial vapor pressure of component j in bulk air, respectively. The equations for water (j = w) and 

ethanol (j = e) were discretized over time using the finite difference method. To examine the effect 

of gas loading, we defined the degree of gas saturation of component j as Sj = Pb,j / P*
j, where P*

j 

denotes the saturated vapor pressure of the solvent at a given gas temperature of interest. The degree 

of saturation of the water vapor is identical to the relative humidity based on the definition.  

To predict the activities of volatile components as a function of compositions, we used the 

UNIversal Functional-group Activity Coefficient (UNIFAC) group contribution model, in which the 

properties of each building block or functional group of the components were considered [32]. The 

group parameters of the UNIFAC model were taken from [33]. For instance, the model parameters 

for DPHA were obtained by considering CH2O, CH2COO, C=C, C, and CH2 groups. The activity 

coefficient of the j-th component, 𝛾𝛾𝑗𝑗 , is written in combinatorial (𝛾𝛾𝑗𝑗𝐶𝐶 ) and residual (𝛾𝛾𝑗𝑗𝑅𝑅) parts as 
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to ln𝛾𝛾𝑗𝑗 = ln𝛾𝛾𝑗𝑗𝐶𝐶  + ln𝛾𝛾𝑗𝑗𝑅𝑅. Each part was calculated by considering the segment surface area and volume 

contributions, the number of the segment on each molecule, and the surface and volume fraction of 

each component in the mixture.  

 

Results and discussion 

Figure 3 shows a comparison between the measured (open circles) and predicted (closed 

triangles) drying paths at the initial solvent content of 3 g-ethanol/g-DPHA and the gas saturation of 

water at Sw = 0.86. The temperature of the drying air was equal to the initial coating temperature and 

was fixed at 25 °C. The average compositions at different drying times were plotted on the phase 

diagram every 80 s. The initial ethanol-DPHA solution was thermodynamically stable. The monomer 

concentration monotonically increased as the film shrank due to ethanol evaporation. When the 

solution dried in humid air, the partial vapor pressure of water in the air (Pb,j) was higher than that at 

the evaporating surface (P*
i, j), thereby providing a driving force for vapor absorption into the solution 

film. As the drying path entered the two-phase region, the solution became thermodynamically 

unstable and spontaneously separated into monomer- and water-rich phases. With a further increase 

in the average concentration of water, the vapor pressure at the evaporating surface increased and 

eventually overcame that in air as P*
i, j > Pb,j, indicating an absorption-evaporation transition above 

a certain concentration threshold. The evaporation of ethanol then completed and that of water 

followed, leaving the monomer film with a certain amount of residual water. A comparison between 

the locations of the measured and predicted drying paths showed a good agreement, indicating the 

validity of the present modeling. The theory underestimated the water concentration in the late drying 

stages, possibly because we neglected the internal diffusion resistance and concentration gradients 

across the film. We here note that the solution film locally ruptured under particular drying conditions. 

However, our preliminary experiments showed that the liquid film ruptured only when the initial 

solvent content exceeded the critical values of 10 g-solvent/g-DPHA, which was much higher than 

the present solvent content of 3 g-solvent/g-DPHA, indicating that the film rupture was not the reason 

for the discrepancy between the measured and predicted drying process paths. It is also worth noting 

that we obtained the averaged compositions in the two-phase region, although the local compositions 

differed in each separating phase. A supplemental photo-curing experiment using bis(2,4,6-

trimethylbenzoyl)phenyl-phosphine oxide as a photo-responsive additive showed that interconnected 

phase-separated structures developed on the coating surface when the UV light source of 365 nm in 

wavelength and 20 mW/cm2 in intensity was irradiated onto the surface just after completion of the 

drying process (not shown here).  
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Figure 3 A comparison between measured (open circles) and predicted (closed triangles) drying 

paths at the initial solvent content of 3 g-ethanol/g-DPHA, the vapor saturation of water of Sw = 0.86, 

and the air temperature of 25 °C. The average compositions at different drying times were plotted on 

the phase diagram for every 80 s. The dashed curve in the phase diagram shows the binodal curve 

that splits the one-phase (white) and two-phase (dark colored) regions. The measured path matched 

the theoretical predictions, except in the late drying stage where the theory underestimated the water 

concentration.   

 

 

It is of practical importance to predict the drying conditions, under which the liquid remains 

stable and no phase separation emerges in the course of evaporation. To examine this, we 

systematically predicted the drying paths at different initial solution compositions, gas saturations, 

and drying temperatures. Figure 4 shows the variations in the drying process paths for (a) dry air (Sw 

= Se =0), (b) mildly humid air (Sw = 0.5, Se = 0), (c) humid air fully saturated by water vapor (Sw = 

1.0, Se = 0), and (d) dry air partially saturated with ethanol vapor (Sw = 0, Se = 0.5). We assumed 

constant temperatures of drying air and a solution of 25 ºC and 55 ºC, respectively. The initial mass 

fraction of DPHA was fixed at 0.01. The predicted process paths exhibited a particular branch during 

the early evaporation stages, i.e., water preferentially evaporated at a high initial concentration of 

ethanol (path A), whereas ethanol preferentially dried to concentrate the water when the initial 

ethanol concentrations were lower than a critical value (paths C and D). The drying became non-

selective in the intermediate case (path B), indicating the existence of a pseudo-azeotrope. The 

hatched area in the figure denotes the regime, in which the collected drying paths do not cross the 

two-phase region. Path A was retained inside this area throughout the drying process, and thus the 

coating remained thermodynamically stable. By contrast, paths C and D in the non-hatched area 
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entered the two-phase region at certain drying times. The border between the hatched and unhatched 

areas was expressed as a straight line upon which the ethanol-water mass ratio remained constant 

and thus agreed with the pseudo-azeotrope line [9]. The pseudo-azeotrope line also matched the 

tangent of the binodal curve, indicating that no phase separation would take place on the drying paths 

that are located on the left side of the pseudo-azeotrope line, regardless of how we choose the initial 

compositions. These facts imply that the pseudo-azeotrope provides a useful guide to choose proper 

drying paths to keep the monomer coatings stable. To the best of our knowledge, such a role of a 

pseudo-azeotrope for coatings dried in a non-equilibrium state has not been previously reported. 

The numerical predictions also revealed that the drying behavior was sensitive to gas saturation 

in air. An increase in water saturation led to the disappearance of the pseudo-azeotrope and shrank 

the hatched region in size, as shown in Figs. 4b and 4c. In the case of drying in fully saturated water 

vapor (i.e., Sw = 1.0), phase separation can be prevented only in narrow regions at high DPHA 

concentrations because the drying would complete before the water concentration reached the critical 

value for the onset of phase separation. On the contrary, the “no-phase-separation” region expanded 

when ethanol vapor was loaded in the drying air (Fig. 4d). The slower ethanol evaporation at higher 

ethanol vapor concentration led to a shift of the pseudo-azeotrope line toward lower ethanol contents 

and made the solutions less prone to a phase separation. Furthermore, a new branch appears between 

the drying paths P and Q on the phase diagram. When the initial water concentration exceeded a 

threshold, the absorption of ethanol vapor into the solution took place, resulting in an increase in the 

ethanol concentration during the early evaporation stages (path Q) as in path A (see Fig. 4a). We here 

emphasize that the locations of the border between the hatched and unhatched regions depend on 

drying kinetics. In Figure 4b, the border is expressed as the path E, which first curves as the liquid 

absorbs water vapor in the early evaporation stages but then extends as a straight line on the phase 

diagram in the intermediate drying stages, keeping the concentration of water constant. This is 

because the increasing rate of water concentration via the vapor absorption and the ethanol 

evaporation balances with the decreasing rate of the water concentration via its evaporation. We 

obtained the same trend in the path H in Figure 4c. In the alternative case when we have a pseudo-

azeotrope, the border agrees with the pseudo-azeotrope lines (path B in Figure 4a and path M in 

Figure 4d). 
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Fig. 4   Variations in drying process paths at different degrees of vapor saturations. The colored 

area represents the two-phase region where the solutions become thermodynamically metastable or 

unstable. The hatched area denotes the characteristic no-phase separation regime where the collected 

drying paths do not cross the two-phase region.  The initial mass fractions are (A) we = 0.95, ww = 

0.04, (B) we = 0.83, ww = 0.16, (C) we = 0.78, ww = 0.21, (D, O) we = 0.60, ww = 0.39, (E, I) we = 0.99, 

ww = 0, (F, J, L) we = 0.90, ww = 0.09, (G, K) we = 0.80, ww = 0.19, (H) we = 0.70, ww = 0, (M) we = 

0.75, ww = 0.24, (N) we = 0.70, ww = 0.29, (P) we = 0.20, ww = 0.79, and (P) we = 0.10, ww = 0.89, 

where we and ww denote the mass fractions of ethanol and water, respectively. We assumed constant 

temperatures of 25 °C in drying air and 55 °C in the solution. The mass transfer coefficients were 

6.29 × 10－3 m/s for water and 3.60 × 10－3 m/s for ethanol. 
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Fig. 5 Drying operation maps at different solution temperatures of (a) 55 °C, (b) 45 °C, and (c) 

35 °C. The map is divided into three regions of (I) no phase separation, (II) phase separation, and 

(III) vapor condensation during the course of ethanol evaporation. The initial mass fractions of 

ethanol and water are we = 0.909 and ww = 0, respectively. The temperature and ethanol saturation in 

drying air are 25 °C and Se = 0. 

 

To further explore the critical drying conditions, we summarized the drying operation maps in 

Fig. 5 at different liquid temperatures of (a) 55 °C, (b) 45 °C, and (c) 35 °C. The solid curves in the 

figure represent the critical solvent-to-monomer mass ratios at the onset of phase separation, which 

were determined by the local compositions at the intersection points of the binodal curve and the 

predicted drying paths on the phase diagram. The initial mass fractions of ethanol and water were 

fixed at we = 0.909 and ww = 0, respectively, and the temperature in drying air was 25 °C 

As illustrated in Fig. 5a, the solutions remained stable at low air humidity below a critical value 
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solvent content increased at a given humidity (Fig. 5b). These facts can be understood by considering 

a decrease in the saturated vapor pressure of water at the evaporation surface. The difference in water 

vapor pressures between the bulk air and the liquid surface increased and drove more vapor to absorb 

into the drying solution, giving rise to trigger the absorption-induced phase separation at higher 

solvent contents. In addition, the slower evaporation rates of ethanol at lower temperatures promoted 

vapor absorption for longer drying times, thereby making the solution less stable. With a further 

decrease in drying temperature, the surface temperature of the coating became lower than the dew 

point of the drying air. This would promote the condensation of water vapor onto the evaporating 

surface under high humidity conditions, as depicted in the dark regime III shown in Fig. 5c. From a 

practical perspective, the water condensation onto a solution surface may trigger a phase separation 

as well as drying defects such as surface-tension-driven non-uniformities, dimples [34], and breath 

figures [35, 36]. Indeed, we observed a surface-tension-driven Marangoni convection in the early 

drying stages, particularly under high humidity conditions. Although the three-dimensional 

convection in the liquid can create periodic surface topographies as well as the compositional 

heterogeneities along the evaporating surface, the convection ceased at a certain drying time because 

of the increasing viscosity of the solution and the decreasing thickness, both of which tend to increase 

viscous forces that resist the liquid motion. Examining the effect of the flow instability on the drying 

process path is interesting but beyond the scope of this present modeling.  

We emphasize that the prediction of the drying process paths enables us to shed light on the rich 

physics of the drying behavior of monomer solution coatings. The preferential evaporation of water 

and ethanol is tunable by changing either the initial solution composition or the gas saturation of the 

solvents in the drying air, as shown in Fig. 4. The pseudo-azeotrope line divides the composition 

regions where drying of either solvent becomes preferential. When the pseudo-azeotrope line 

matches a tangent of the binodal curve, i.e., the composition families for the onset of a phase 

separation, the line determines the border of the non-phase-separation region where any drying paths 

in that area do not cross the two-phase region, and thus the drying can proceed without a phase 

separation. A new branch in the drying process paths appears on the phase diagram when we increase 

the vapor saturation of ethanol in drying air, leading to a drying regime where the phase separation 

and the absorption of ethanol vapor can simultaneously emerge during the course of evaporation (Fig. 

4d). An increase in the drying temperature was found to expand the operable drying conditions to 

avoid a phase separation, as illustrated in Fig. 5. These facts provide a practical basis toward a 

fundamental understanding of how the drying solution coatings accompany the absorption of water 

vapor and subsequent vapor-induced phase separation and how we can determine the drying 

conditions to control the microstructure development in the solution films. Although the present 
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model assumes an isothermal coating with a uniform concentration profile across the thickness and 

thus predicts only the “average” compositions, an extension of the model into non-isothermal 

coatings that involve a time-evolution of the concentration gradients in the thickness direction is 

straightforward by solving coupled diffusion equations [7, 16, 17] and is an area for future studies.  

 

Conclusions 

We examined the drying behavior of the solution coatings consisting of a water-immiscible 

acrylic monomer and ethanol exposed to humid air. The solution absorbed water vapor in the course 

of evaporation and promoted a spontaneous vapor-induced phase separation when the water content 

in the solution exceeded a critical value. To determine the drying process paths, we newly proposed 

a simultaneous mass-loss and heat-flux measurement technique, which enables us to determine the 

evaporation rates of two volatile components with different latent heats of vaporization. We showed 

that this technique is applicable to phase-separating opaque coatings and thus overcomes the 

measurement difficulties in most conventional optical methods. The measured drying paths were 

compared with the isothermal drying model and showed good agreement with the model predictions. 

The numerical predictions also revealed the critical drying conditions under which no drying paths 

on the phase diagram crossed the two-phase region. The predicted pseudo-azeotrope line divided the 

composition regions where the drying of either solvent became preferential and thus provided a 

useful guide to keep the drying solutions stable. 
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List of Figures 

Figure 1 Schematic ternary phase diagram and drying process paths in a monomer-solvent-water 

system. A binodal curve divides the diagram into a stable one-phase region (white) and a 

two-phase region (dark). The solid curve represents a drying path when the solvent 

preferentially evaporates while water absorption proceeds from humid air to the solution. 

The drying path crosses the binodal curve at a location (closed circle) on the phase diagram 

and enters the two-phase region, resulting in an onset of the phase separation. Dashed 

curves show the drying paths at different initial compositions. 

Figure 2 Heat flux sensor setup: (a) cross-sectional view (b) top view 

Figure 3 A comparison between measured (open circles) and predicted (closed triangles) drying paths 

at the initial solvent content of 3 g-ethanol/g-DPHA, the vapor saturation of water of Sw = 

0.86, and the air temperature of 25 °C. The average compositions at different drying times 

were plotted on the phase diagram for every 80 s. The dashed curve in the phase diagram 

shows the binodal curve that splits the one-phase (white) and two-phase (dark colored) 
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regions. The measured path matched the theoretical predictions, except in the late drying 

stage where the theory underestimated the water concentration.   

 Fig. 4     Variations in drying process paths at different degrees of vapor saturations. The colored 

area represents the two-phase region where the solutions become thermodynamically 

metastable or unstable. The hatched area denotes the characteristic no-phase separation 

regime where the collected drying paths do not cross the two-phase region.  The initial mass 

fractions are (A) we = 0.95, ww = 0.04, (B) we = 0.83, ww = 0.16, (C) we = 0.78, ww = 0.21, 

(D, O) we = 0.60, ww = 0.39, (E, I) we = 0.99, ww = 0, (F, J, L) we = 0.90, ww = 0.09, (G, K) 

we = 0.80, ww = 0.19, (H) we = 0.70, ww = 0, (M) we = 0.75, ww = 0.24, (N) we = 0.70, ww = 

0.29, (P) we = 0.20, ww = 0.79, and (P) we = 0.10, ww = 0.89, where we and ww denote the 

mass fractions of ethanol and water, respectively. We assumed constant temperatures of 

25 °C in drying air and 55 °C in the solution. The mass transfer coefficients were 6.29 × 10
－3 m/s for water and 3.60 × 10－3 m/s for ethanol. 

Fig. 5 Drying operation maps at different solution temperatures of (a) 55 °C, (b) 45 °C, and (c) 35 °C. 

The map is divided into three regions of (I) no phase separation, (II) phase separation, and 

(III) vapor condensation during the course of ethanol evaporation. The initial mass fractions 

of ethanol and water are we = 0.909 and ww = 0, respectively. The temperature and ethanol 

saturation in drying air are 25 °C and Se = 0. 

 

Supporting Information 

Fig. S1 Variations in the (a) solvent mass and (b) heat flux of evaporating monomer thin film with 

drying time. The initial ethanol content and the surface temperature of the substrate were 

10 g-EtOH/g-DPHA, and 26.0 °C, respectively. The vapor saturation of water was Sw = 

0.49. The solvent mass decreased almost linearly with time in early evaporation stages, i.e., 

in a constant-rate period. The measured heat flux maintained an almost constant value for 

a certain drying time and then decreased as the evaporation rate decreased. The slope of the 

dashed line represents the initial evaporation rate. 

 


