
Quantitative characterization of the mass transfer of volatile amphiphiles 
between vapor and aqueous phases: Experiment vs theory

Ralitsa I. Uzunova a,* , Krassimir D. Danov a,b, Rumyana D. Stanimirova a,  
Theodor D. Gurkov a

a Department of Chemical & Pharmaceutical Engineering, Faculty of Chemistry & Pharmacy, Sofia University "St. Kliment Ohridski", 1164, Sofia, Bulgaria
b CoC “Smart Mechatronics, Eco- and Energy Saving Systems and Technologies”, BG16RFPR002-1.014-0005, Bulgaria

A R T I C L E  I N F O

Keywords:
Volatile molecules
Geraniol
Menthol
Vapor water exchange
Mass transfer and adsorption
Rate of adsorption

A B S T R A C T

The class of volatiles, which possess low saturated vapor pressures, appreciable solubilities in water, and well 
pronounced surface activities, have gained wide applications in diverse areas of industry, cosmetics, and med-
icine. One way to qualitatively characterize their mass transfer between vapor and aqueous solutions is to 
measure the relaxation of the interfacial tension, σ, with time, t, under different nonequilibrium initial condi-
tions. This approach is applied in the present work for geraniol and menthol. By means of combining σ(t) data 
with the respective equilibrium surface tension isotherms, the instantaneous values of the fragrance adsorption, 
Γ(t), have been determined. Quantitative characterization of the geraniol and menthol mass transfers in the case 
of adsorption from vapor to aqueous drops is achieved by using a mixed barrier-diffusion model. The obtained 
values of the rates of adsorption and desorption are compared with those reported in the literature for benzyl 
acetate, linalool, and citronellol. In the case of evaporation of the volatiles from their saturated aqueous solutions 
to the ambient atmosphere, the mass transfer is found to be driven both by mixed barrier-diffusion and by 
convection-enhanced mechanisms – depending on the air humidity. The quantitative description of the evapo-
ration of volatile molecules is modelled theoretically by adsorption rate constants. In order to achieve the re-
ported model representations, complex numerical calculations are implemented. On the other hand, having in 
mind the cases when one wishes to avoid extensive computational work, we developed a simple semiempirical 
model suitable for all five studied fragrances. This simplified approach is convenient for the express comparison 
and characterization of the evaporation rates. The obtained physicochemical parameters related to the evapo-
ration and condensation of volatiles are important for the rigorous modeling of their complex mixed solutions of 
practical interest. The semiempirical model could be used for the quantitative classification of volatile molecules 
with respect to their ability to evaporate.

1. Introduction

The volatile organic compounds are characterized by (i) good solu-
bility in alcohols, ethers, and some oils, and (ii) a wide range of vapor 
pressures at room temperature (up to tens of kPa). Thousands of volatile 
organic molecules have been investigated by two-dimensional gas 
chromatography combined with mass spectrometry [1]. While their 
physicochemical properties in aqueous solutions and vapors are 
well-studied in the literature, the available information on the adsorp-
tion and interfacial tension at liquid/vapor boundaries, evaporation and 
condensation rates, and the physicochemical mechanisms driving these 
processes, is scarce. This information is insufficient for a predictive 

computer modeling of complex fluid mixtures of practical interest, 
involving volatile organic substances.

The change with time, t, of the short-chain-length alkane adsorption, 
Γ(t), on (water and aqueous surfactant solution)/(saturated vapor) in-
terfaces passes through two stages [2–12]. These volatile compounds 
form monolayers at initial times (up to 15 min), followed by multilayer 
adsorption at the later stages. The co-adsorption of the short-chain al-
kanes is most pronounced for the interfaces with surfactant solution 
concentrations below the critical micelle concentrations. The authors 
showed that the mechanism of alkane adsorption from vapor is barrier 
controlled and the adsorption rate constants for hexane and cyclohexane 
are of the order of 10− 9 m/s [13]. On the other hand, the fragrances have 
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low but no negligible solubility in water and for this reason, they can be 
adsorbed at the vapor/aqueous solution interface both from vapor and 
from the aqueous solution. The mass transfers from vapor to the solution 
and vice versa appear at nonequilibrium conditions.

The surface tension isotherms of aqueous solutions of 10 mono-
terpene alcohols are measured and theoretically described in Ref. [14] in 
order to obtain the excluded areas of adsorbed molecules, their energies 
of adsorption, and interaction parameters. The dynamics of adsorption 
of a series of volatile molecules from aqueous and surfactant solutions is 
found to be diffusion controlled, while that from the saturated vapor 
phase is mixed barrier-diffusion controlled [15–17]. It is remarkable 
that the adsorption rate constants from vapor for benzyl acetate, 
linalool, and citronellol (~10− 3 m/s) are about six orders of magnitude 
higher than those for hexane and cyclohexane [15]. Neutron reflectivity 
was used in Ref. [18]: i) to show that the volatile surfactant (linalool) 
can have considerable adsorption at air/solution interfaces even when 
there is an anionic surfactant (sodium dodecyl sulfate) which prevails in 
the bulk aqueous solution mixture; ii) to measure the rate of change of 
adsorption with time due to forced air flow over the liquid surface.

The volatile molecules have gained wide applications in diverse 
areas of industry, civilian, military, and national security applications 
[19–30]. Fragrances are an important component of home and personal 
care products. Even when added in low concentrations, they can change 
the quality of produced foams [31–33], liquid detergents [34], and 
emulsions [35]. The rates of release or evaporation of perfume mole-
cules and their concentrations in mixed surfactant solutions affect the 
foaming behavior [36], the position and magnitude of the maximum of 
viscosity of solutions in the presence of salts [34,37], and the structure 
and dynamics of wormlike micelles [38–40].

This work is concentrated on the quantitative characterization of the 
geraniol and menthol adsorption and mass transfer across aqueous so-
lution/vapor interfaces. Geraniol possesses pharmacological properties 
which give rise to its applications as an antioxidant [41], 
anti-inflammatory [42], antimicrobial [43], and antitumor [44] agent 
through the regulation of multiple signaling pathways in various bio-
logical processes. It can also be used to lower the total cholesterol level 
[45]. Menthol is an agonist of the transient receptor potential 
melastatin-8 channels (TRPM8) [46–48] and exerts a cooling sensation 
when applied to the skin and mucosal membranes [49]. It also activates 
the transient receptor potential cation channel, subfamily V, member 3 
(TRPV3), and presents a bimodal effect in the transient receptor po-
tential cation channel, subfamily A, member 1 (TRPA1), and the tran-
sient receptor potential cation channel, subfamily V, member 1 (TRPV1) 
[50–52]. The activation of TRPV3 channels contributes to wound 
healing in the skin and oral mucosa [53,54]. Menthol manifests anti-
microbial action [55,56] against several pathogenic bacteria, antitussive 
action [57], and can be used in patients with mild asthma [58]. It is 
widely used in cosmetics, and in medicinal preparations for pain 
reduction [59].

In the present study, we investigate the equilibrium and dynamic 
properties of geraniol and menthol adsorption layers formed at the 
aqueous solution/vapor interfaces. The theoretical description of the 
experimental adsorption and surface tension isotherms (Section 3) al-
lows us to determine the parameters of the van der Waals type adsorp-
tion model and to calculate the adsorption, Γ, diffusion relaxation times, 
and the limiting surface elasticity as a function of the interfacial tension, 
σ. The adsorption rate constants are determined by applying the mixed 
barrier-diffusion control model for the adsorption from vapors to 
aqueous drops, when the theoretically predicted σ(t) is fitted to the 
respective experimental data (Section 4). The validity of the considered 
model is tested on the regime of evaporation, when the saturated 
aqueous drop is in contact with the ambient atmosphere (where vapors 
of volatiles are absent). In order to avoid extensive computational work, 
we propose a simple semiempirical model suitable for a wide range of 
volatile molecules. The model is convenient for the express comparison 
and characterization of the volatiles evaporation rates (Section 5). The 

main conclusions are drawn in Section 6.

2. Materials and methods

2.1. Materials

All experiments were carried out at a temperature, T, of 25 ◦C. The 
fragrance aqueous solutions were prepared with deionized water puri-
fied by the Elix 3 water purification system (Millipore). The specific 
resistivity of deionized water was 18.2 MΩ cm and the viscosity was ηw 
= 0.889 mPa s. The concentration of the respective fragrance in the 
stock aqueous solution was equal to the solubility limit, Csol. The stock 
solution was diluted to the desired concentration C < Csol and kept in a 
closed vessel in a thermostat at 25 ◦C for 24 h.

The used (− )-Menthol (menthol) was a product of TCI (>99 %, Cat. 
No. M0545, CAS number: 2216-51-5) with molecular mass Mw =

156.27 g/mol, density ρ = 890 g/dm3, and specific volume 1/vm =

ρ/Mw = 5.70 M (Fig. 1a). The solubility in water is 0.456 g/dm3 and the 
molar solubility limit in water is Csol = 2.92 mM. The vapor pressure at 
25 оС is Psat = 8.49 Pa and the corresponding saturation concentration in 
air is Csat = 3.43 μМ. The diffusion coefficient of menthol molecules in 
water, Dd = 5.97 × 10− 10 m2/s, is estimated using the Stokes-Einstein 
law for diffusion in simple solutions taking the equivalent spherical 
radius, rm, to be equal to 4.11 Å. The diffusion coefficient of menthol 
vapor in air, Dv, is about 5.9 × 10− 6 m2/s [15,60,61].

Geraniol was a product of Sigma Aldrich (>98 %, Cat. No. 163333, 
CAS number: 106-24-1) with molecular mass Mw = 154.25 g/mol, 
density ρ = 876 g/dm3, and specific volume 1/vm = 5.68 M (Fig. 1b). 
The solubility in water is 0.686 g/dm3 and the vapor pressure, Psat, at 25 
оС is 4.0 Pa. Thus, the geraniol molar solubility limit in water (Csol =

4.45 mM) is about two times higher and the saturation concentration in 
air (Csat = 1.61 μМ) is about two times lower compared to the respective 
values for menthol. The diffusion coefficients of geraniol molecules in 
water and of geraniol vapor in the air are practically the same as those 
for menthol. Because of the different chemical structures (Fig. 1) and the 
different values of concentrations Csol and Csat, the surface activities of 
menthol and geraniol are different (see Section 3).

The physicochemical parameters of a series of volatile molecules 
(menthol, geraniol, linalool [15], benzyl acetate [15], and citronellol 
[15]) are summarized in Table S1 (Appendix A). The respective values of 
the partition coefficient of a solute between octanol and water, logPow, 
are listed in Table S1. As expected, the larger values of Pow correspond to 
the lower solubilities of solutes in water. The only exception is menthol, 
which has the same logPow as linalool, but more than 3 times lower 
solubility in water. All used fragrances have a pronounced adsorption at 
the aqueous solution/vapor interfaces so that the terms “volatile am-
phiphiles”, “volatile surfactants”, etc. are widely used in the literature 
[15–18].

2.2. Experimental methods and protocols

Interfacial tension. The dynamic surface tensions, σ(tage), for different 
nominal times given by the apparatus, tage, were measured using the 
maximum bubble pressure method (MBPM) on BP 100 automated 
bubble pressure tensiometer (Krüss GmbH, Germany), see Fig. S1
(Appendix A). The values of the equilibrium surface tension, σeq, were 

Fig. 1. Chemical structure of menthol and geraniol.
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calculated using the long-time-asymptotic-expansion equation, Eq. (S1) 
in Appendix A, which is valid for the diffusion-controlled adsorption 
processes [62]. The regression coefficient values of all functional in-
terpolations were greater than 0.9995 and the precisions of the calcu-
lated equilibrium surface tensions, σeq, were less than 0.1 mN/m. Fig. 2a 
shows typical experimental data for σ(tage) – the solid lines therein 
represent the best fit using Eq. (S1). As expected, the two times higher 
concentration of menthol leads to a lower value of the equilibrium 
surface tension and a faster relaxation. The excellent fits shown in 
Fig. 2a suggest that the mechanism of adsorption from the aqueous so-
lution is diffusion controlled.

The surface tensions at drop/vapor interfaces, σ, were measured 
using the pendant drop method (DSA 100R apparatus, Krüss GmbH, 
Germany). The DSA 1 software fits the drop profiles with the Laplace 
equation of capillarity and calculates the surface tensions with precision 
of 0.1 mN/m, also the drop volumes and areas, and the respective fit 
errors. The fit errors were small in all studied cases; therefore, the 
vapor/solution interfaces are fluid [63], the conventional Laplace 
equation of capillary is valid, and the adsorption layers at the drop 
surfaces are isotropic.

Adsorption from vapor to water drop. In this regime, the experimental 
protocol is similar to that described in Ref. [15]. Pure menthol or ge-
raniol was placed at the bottom of a cuvette that was capped with a piece 
of filter paper soaked with the given volatile compound. The cuvette was 
placed in the temperature control chamber TC 40 (Krüss GmbH, Ger-
many) of DSA 100 R apparatus at a fixed temperature, T, of 25 ◦C. A drop 
of deionized water was formed at the tip of a metal needle with a 
diameter of 1.83 mm in the saturated vapor atmosphere. The interfacial 
tension, σ, decreases with time, t, because of the adsorption of species 
from the vapor to the drop’s surface, and σ(t) reaches the equilibrium 
value, σeq, after a long enough time. Three independent runs for the 
relaxation of the interfacial tension in the case of adsorption from 

menthol vapors are included in Fig. 2b. Therein, it is seen that the 
reproducibility of σ(t) data is excellent. The experimental data for σ(t), 
when geraniol adsorbs from its vapor to the drop’s surface, are sum-
marized in Fig. S2a (Appendix A). In all cases, the drop’s areas, A(t), 
were approximately constants (see Figs. S2a and S2b in Appendix A).

Evaporation of volatile compounds from drop. After reaching the 
steady-state values of the interfacial tension at a given time, ta (ta =

1800 s for menthol, Fig. 2b, and ta = 3400 s for geraniol, Fig. S2a in 
Appendix A), the cuvette with fragrance vapors was removed. In our 
previous experiments with benzyl acetate, linalool, and citronellol [15], 
the respective evaporation of the volatiles from the aqueous solutions 
was measured for drops in contact with the ambient air atmosphere in 
the room. As a result, the drop’s volumes decrease considerably (Fig. 2c) 
because of the water evaporation – the desorption of the volatile mol-
ecules from the drop’s surface is affected by the water evaporation [15]. 
To eliminate the effect of the simultaneous water and fragrance mole-
cules evaporation, the cuvette with menthol (geraniol) vapors was 
replaced by a cuvette with saturated water vapors. There was a small 
amount of deionized water at the bottom of the cuvette which was 
covered with a wet piece of filter paper. Following this procedure, the 
drop’s volumes remain constant in all experiments, see Figs. 2c and 2d.

When the aqueous drop, which is initially saturated with volatile 
molecules, comes into a contact with the air in the cuvette, the 
desorption of the menthol (geraniol) molecules from the drop’s interface 
leads to an exhaustion of the menthol (geraniol) concentration in the 
liquid phase. As a result, the interfacial tension, σ(t), increases with time 
and σ(t) relaxes to a steady-state value, σfin. The cuvette’s volume is 
much larger than the drop’s volume but nevertheless, σfin does not equal 
the value of the pure water/air surface tension, σ0 = 72.2 mN/m at T =
25 ◦C. In the case of menthol, σfin = 70 mN/m and the final concen-
tration of the menthol vapor in the cuvette is 0.0849 μM; in the case of 
geraniol, σfin = 69 mN/m and the final concentration of the geraniol 

Fig. 2. (a) Dynamic surface tension, σ(tage), for 1.70 mM and 0.65 mM aqueous solutions of menthol and geraniol, respectively. (b) Adsorption from menthol vapors 
to water drops – relaxation of the interfacial tension. (c) Comparison between the changes of the interfacial tensions and the drop’s volumes in the case of an 
evaporation from linalool and menthol-saturated aqueous drops, red and blue curves, respectively. (d) Interfacial tension and drop’s volume vs time in the case of 
evaporation from the geraniol-saturated aqueous drop.
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vapor in the cuvette is lower than 0.0398 μM.

3. Equilibrium properties of adsorption layers

One way to characterize the evaporation and condensation rates of 
menthol and geraniol is to measure the change with time, t, of the 
subsurface fragrance concentrations in the aqueous solution, cd,s(t), in 
the vapor phase, cd,v(t), and the adsorption, Γ(t), at the aqueous solu-
tion/vapor interface. From experimental dependencies of cd,s, cv,s, and Γ 
on time, one can obtain information on the mechanism of adsorption 
(diffusion, barrier, or mixed barrier-diffusion controlled) and which of 
the bulk phases is in a quasi-equilibrium with the interfacial phase. An 
alternative approach is to measure the relaxation of the interfacial 
tension with time. For a given instantaneous value of σ(t), one calculates 
the adsorption, Γ(t), using the 2D equation of surface state, σ = σ(T,Γ). 
Note, that the relationship σ = σ(T,Γ) is valid both at equilibrium and 
under dynamic conditions. Thus, the interfacial tension isotherms are of 
key importance for the study of the transfer kinetics of volatiles from 
vapor to aqueous drops and vice versa.

At equilibrium, the chemical potentials of the surface-active 
component in the bulk and interfacial phases are equal. Therefore, KC 
= αf(Γ)Γ, where K is the equilibrium adsorption constant related to the 
aqueous phase, α is the excluded area per molecule in the interfacial 
phase, and f(Γ) is the surface activity coefficient [14,15,64,65]. The free 
energy of adsorption, E, is directly related to the adsorption constant, 
that is ln (K/vm) = E/(kBT), where kB is the Boltzmann constant. 
Postulating concrete mechanisms of adsorption, different dependencies 
of the surface activity coefficient on the adsorption and temperature 
have been obtained in the literature. In the case of non-localized 
adsorption model (van der Waals type of the adsorption isotherm), the 
expression for the surface activity coefficient reads [14,15,64,66]: 

f(Γ)=
1

1 − Γα exp
(

Γα
1 − Γα −

2β
kBT

Γ
)

(1) 

The non-hard-core interactions between adsorbed molecules in the 
lateral direction are accounted for by the interaction parameter, β, in Eq. 
(1). The two-dimensional equation of state relates the surface pressure, 
πs = σ0 − σ, and the adsorption, Γ. From the Gibbs adsorption equation, 
dπs = Γd (kBT lnC), one obtains the particular form of the 2D equation of 
state that corresponds to Eq. (1): 

πs = kBT
Γ

1 − Γα − β Γ2 (2) 

Figs. 3a and 3b show the experimental values (o symbols) of the 
equilibrium surface tension measured by MBPM at T = 25 ◦C for 
different concentrations of menthol and geraniol in water, respectively. 
Constant values of the surface tension versus concentration are obtained 
for C > 2.85 mM in the case of menthol and for C > 4.65 mM in the case 
of geraniol aqueous solutions. Note that these threshold concentrations 
are close to the literature values for the respective molar solubility 
limits, Csol, listed in Table S1 (Appendix A). Thus, the dashed vertical 
lines in Figs. 3a and 3b show the positions of the critical aggregation 
concentration. The comparison with the surface tension isotherms (Δ 
symbols) of menthol and geraniol aqueous solutions measured at T =
20 ◦C using the Wilhelmy plate method [14] demonstrates that the 
agreement is quite good. The concurrence between surface tension iso-
therms measured using dynamic (MBPM) and static (Wilhelmy plate) 
methods proves the purity of the used fragrance samples [67].

The solid lines plotted with the left axis in Figs. 3a and 3b represent 
the best theoretical fits using three adjustable parameters: adsorption 
constant K; excluded area per molecule α; interaction parameter β. The 
obtained best fit parameters of the van der Waals isotherms for menthol 
and geraniol and those taken from Ref. [15] for linalool, benzyl acetate, 
and citronellol aqueous solutions are summarized in Table S1 (Appendix 

Fig. 3. Surface tension isotherms for (a) menthol and (b) geraniol aqueous solutions: ο – experimental data measured at T = 25 ◦C using MBPM (see Section 2.2); Δ – 
experimental data measured at T = 20 ◦C using the Wilhelmy plate method [14]; solid lines – the best theoretical curves for the surface tension vs concentration (left 
axis) and the respective calculated curves for the adsorption vs concentration (right axis). Theoretically predicted (c) surface elasticities, Es, and (d) diffusional time 
scales, τdiff, vs concentrations of menthol (M), geraniol (G), linalool (L), benzyl acetate (B), and citronellol (C).
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A). It is clearly evident that the excluded area per molecule, α, of 
menthol (34.6 Å2) is slightly lower than that of benzyl acetate (35.6 Å2). 
Note that the menthol chemical structure consists of a cyclohexanol ring 
(Fig. 1), while that of benzyl acetate – of a benzene ring (Fig. S3, Ap-
pendix A). In contrast, the excluded areas per molecule of geraniol, 
linalool, and citronellol are approximately equal (30 Å2). This result is in 
agreement with the chemical structure of the volatiles. With respect to 
the free energy of adsorption, E, the fragrances can be ordered from the 
most to the least surface active as follows: citronellol (9.80 kBT) >
menthol (9.51 kBT) > geraniol (9.07 kBT) > linalool (9.05 kBT) > benzyl 
acetate (6.64 kBT). This order correlates well with the water solubilities 
of the volatile compounds (Table S1, Appendix A) – high E refers to low 
solubility limit, Csol. The calculated values of the adsorptions vs con-
centrations are shown in Figs. 3a and 3b (the solid lines affiliated with 
the right axis). As it should be, the saturation adsorption of menthol 
(3.64 μmol/m2) is lower than that of geraniol (4.42 μmol/m2).

The limiting surface elasticity, Es, is a thermodynamic property of the 
adsorption layer and Es is defined as follows [64,65]: 

Es ≡
∂πs

∂ln Γ
= kBT

Γ
(1 − Γα)2 − 2β Γ2 (3) 

The Gibbs elasticity, EGibbs, is a dynamic property of the adsorption 
layer, which characterizes the dilatational elasticity at a given rate of 
dilatational deformation [65]. In all cases, Es ≥ EGibbs – for more details 
see Ref. [65]. Fig. 3c summarizes the dependencies of Es on C, calculated 
from Eq. (3), for all studied volatile compounds. The highest surface 
elasticity pertains to the citronellol adsorption layer and the lowest one – 
to the benzyl acetate adsorption layer. The limiting surface elasticity, Es, 
of menthol is higher than that of geraniol for C < 0.4 mM but it becomes 
lower than that of the geraniol adsorption layer at higher 
concentrations.

The depth of aqueous solution needed to re-establish adsorption 
equilibrium is estimated by the characteristic adsorption length, ha, 
defined by the following relationship [65]: 

ha ≡
∂Γ
∂C

= kBT
Γ2

EsC
(4) 

If the diffusion coefficient of the volatile molecules in water is Dd (see 
Table S1 in Appendix A), then the diffusional length, (Ddτdiff)1/2, is of the 
order of the adsorption length, ha, whence the diffusional time scale is 
τdiff = ha

2/Dd [65]. Fig. 3d shows the calculated dependencies of τdiff on C 
for the studied fragrances. For low adsorptions (Γα ≪ 1), f(Γ) ≈ 1, ha ≈

K/α, and the diffusional time scale is approximately constant. At large 
enough concentrations, the adsorption is close to the saturation 
adsorption (Figs. 3a and 3b), both the concentration and the limiting 
surface elasticity increase (Fig. 3c), and the characteristic adsorption 
length, ha, decreases considerably, as shown in Eq. (4).

The obtained physicochemical parameters of the adsorption iso-
therms (Table S1 in Appendix A) are used in Section 4 to calculate the 
surface tension theoretically from the adsorption. In Section 5, the 2D 
equation of surface state in its implicit form, Γ = Γ(T,σ), is applied to 
calculate the instantaneous values of the adsorption, Γ(t), from the 
respective experimental data of the surface tension, σ(t).

4. Mass transfer of volatiles from vapors to aqueous drops and 
vice versa

Formulation of the mixed barrier-diffusion-controlled model. The diffu-
sional time scales of volatile molecules in aqueous solutions, τdiff(s), are 
quite short (see Fig. 3d). The values of their diffusion coefficients in the 
vapor phase, Dv, are four orders of magnitude larger than those in the 
aqueous phase, Dd, and the saturation concentrations in air, Csat, are 
about three orders of magnitude lower than the solubility concentra-
tions, Csol (see Table S1 in Appendix A). The diffusional time scale in 
vapor, τdiff(v), is estimated from the equilibrium values of the 

parameters, see Eq. (4), when the ratio between the fragrance concen-
tration in water and that in vapor is equal to the partition coefficient, 
Csol/Csat. Hence the following relationship between the diffusional time 
scales in vapor, τdiff(v), and in the aqueous solution, τdiff(s), takes place: 

τdiff(v)=
DdC2

sol
DvC2

sat
τdiff(s) (5) 

It is shown in Table S1 (Appendix A) that 46 < τdiff(v)/τdiff(s) < 768 
for all studied volatile molecules. Thus, the diffusional time scale in the 
vapor phase is considerably larger than that in the aqueous solution. 
Nevertheless τdiff(v) is much smaller than the characteristic experi-
mental time scales illustrated in Figs. 2d and S2a (Appendix A). As a 
result: i) an intensive mass transfer of the volatiles appears in order to 
saturate the aqueous solution in the drop and vice versa; ii) the relax-
ation of the interfacial tension is considerably slower; iii) the diffusion 
problems in both phases (vapor and aqueous solution) must be solved 
simultaneously.

To simplify the numerical calculations, a spherical symmetry of the 
diffusion problem is considered in Ref. [15] and below. The local bulk 
concentration of volatile molecules in the aqueous drop solution, cd (t,r), 
and the local concentration in vapor, cv (t,r), depend on the time, t, and 
the radial coordinate, r, of the spherical coordinate system positioned in 
the drop center. The effective drop radius, a, is a constant (see Section 2) 
and from the experimental drop’s volume, V, and drop’s area, A, we 
estimate the average volume to surface value of a = 3V/A. The boundary 
condition of the diffusion equations written in both bulk phases, Eqs. 
(S2) and (S3) in Appendix A, states that the rate of change of the 
adsorption, Γ, of the volatile molecules is compensated by the diffusion 
fluxes from vapor, jv, and from the aqueous phase, jd, Eqs. (S4) and (S5) 
in Appendix A. To close the diffusion problem, one specifies the mech-
anisms of adsorption of volatile molecules from both contiguous bulk 
phases.

First, the experimental data illustrated in Figs. 2a and S1 (Appendix 
A) show that the mechanism of adsorption from the aqueous solution is 
diffusion controlled. Thus, the instantaneous adsorption, Γ(t), is in a 
quasi-equilibrium with the instantaneous bulk concentration cd at the 
interface, cd,s(t) = cd (t,a), see Eq. (S6) in Appendix A. Second, the 
adsorption of volatile molecules from the vapor phase to the interface is 
slower than and/or comparable to the diffusion [15,16]. For that reason, 
the contiguous vapor phase is not in equilibrium with the interfacial 
phase and the mechanism of adsorption in the vapor phase is mixed 
barrier-diffusion controlled. The mass balance of fluxes in the vapor 
phase requires that the vapor diffusion flux, jv, should be equal to the 
difference between the adsorption flux from vapor to the surface and the 
desorption flux from the surface to the vapor phase. From the Baret 
expression [66] for the non-localized adsorption (van der Waals type of 
isotherm), one obtains the following boundary condition [15]: 

jv = kv,adscv,s − kv,desΓf(Γ) for t > 0 (6) 

Here: cv,s(t) = cv (t,a) is the instantaneous bulk concentration cv in the 
contiguous vapor phase at the place r = a which is immediately adjacent 
to the interface; kv,ads is the adsorption rate constant; Kv is the equilib-
rium adsorption constant corresponding to the vapor phase, Kv = KCsol/ 
Csat; kv,des is the desorption rate constant, kv,des = αkv,ads/Kv (the latter 
relationship follow from jv = 0 at equilibrium).

The concrete numerical solution of the formulated diffusion problem 
depends on the initial conditions, which are different in both studied 
cases: adsorption of volatile molecules from vapors; evaporation of 
fragrances from drop. The details of the numerical procedure and the 
respective algorithm for the numerical calculations are described in 
Ref. [15].

Adsorption of volatile compounds from vapors. In this case, the initial 
concentration of volatile molecules in the vapor phase, cv (0,r) for r > a, 
is equal to the saturation concentration, Csat. A drop of deionized water 
is formed (as fast as possible) in the saturated vapor atmosphere. Hence 
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the initial concentration in the drop, cd (0,r) for r < a, and the initial 
adsorption, Γ(0), are both equal to zero (see Section 2). Finally, the 
effective radius, ac, of a sphere whose volume equals the cuvette’s vol-
ume, Vc, is ac

3 = 3Vc/(4π) and the respective boundary condition at r = ac 
is cv (t,ac) = Csat. Note that in the mixed barrier-diffusion-controlled 
model, all physicochemical parameters of the studied system are 
known (Table S1 in Appendix A) except for the adsorption rate constant, 
kv,ads.

Figs. 4a and 4b show the experimental data (symbols) for the inter-
facial tension in the adsorption regime from menthol or geraniol vapors. 
For the sake of better illustration, the number of plotted data in Figs. 4a 
and 4b is reduced quite notably, see the original data presented in 
Figs. 2b and S2a (Appendix A). The used experimental method (DSA) 
gave possibility to measure the interfacial tension 1 s after the drop 
formation. The first experimental values for menthol and geraniol were 
61.3 mN/m and 69.2 mN/m, respectively. It is obvious that the slower 
relaxation of σ(t) for geraniol allows one to make a comparison between 
the experiment and the theoretical predictions even for short times. In 
contrast, the interfacial tension in the presence of menthol vapor sharply 
decreases from 72.2 mN/m to 61.3 mN/m for 1 s and the experimental 
relaxation of σ(t) for the initial time interval is omitted.

The dashed lines in Figs. 4a and 4b correspond to the diffusion- 
controlled adsorption model, in which a quasi-equilibrium is assumed 
between both vapor and aqueous solution contiguous phases and the 
interfacial phase, so that there are no adjustable parameters. The theo-
retical predictions using the diffusion-controlled model deviate consid-
erably from the experimental data. The solid lines in Figs. 4a and 4b 
show the best theoretical fit using the mixed barrier-diffusion-controlled 
adsorption model for the vapor phase, with diffusion control for the drop 
phase. In this model, the only adjustable parameter is the adsorption rate 
constant, kv,ads. All experimental data are used for the data processing 
(5348 data points for menthol and 3355 – for geraniol), resulting in 

excellent descriptions of the experimental dependencies, σ(t). The ob-
tained most probable values of kv,ads are 7.50 ± 0.02 mm/s for menthol 
and 3.20 ± 0.01 mm/s for geraniol. The corresponding values of the 
desorption rate constants, kv,des, for all studied volatile amphiphiles are 
summarized in Table S1 (Appendix A). The desorption time of molecules 
from the surface to the vapor is characterized by the value of the inverse 
desorption constant, 1/kv,des. Comparison with respect to the charac-
teristic desorption time reveals that the citronellol, geraniol, and 
linalool molecules escape the surface for 15.7 s, 7.35 s, and 0.820 s, 
respectively. This order of volatile molecules corresponds to their sur-
face activities (from higher to lower), surface tension isotherms, solu-
bilities in water, and their chemical structures (see Section 3). 
Analogously, the menthol molecules contain cyclohexanol rings, they 
are less soluble in water and more surface active than the benzyl acetate 
molecules, which contain benzene rings. As a result, the characteristic 
desorption time of 1.30 s for menthol is more than 3 times longer than 
that for benzyl acetate (0.412 s).

The detailed diffusion model allows calculations of the subsurface 
concentrations, cd,s and cv,s, and the fragrance concentration at the drop 
center, cd,0(t) = cd (t,0), as functions of time for given values of kv,ads and 
other physicochemical parameters (Figs. 4c and 4d). As expected: cd,s >

cd,0; the subsurface concentration in the drop rises faster to the molar 
solubility limit, Csol, as compared to cd,0; both cd,s and cd,0 reach Csol after 
sufficiently long time, and the drop’s aqueous solution becomes satu-
rated. The menthol subsurface concentration in the vapor phase, cv,s(t), 
initially decreases, reaching a minimum of cv,s (tmin) = 0.517Csat at tmin 
= 0.722 s (Fig. 4c). In the case of geraniol (Fig. 4d), the minimum of cv,s 
is calculated at a longer time, tmin = 5.89 s and cv,s (tmin) = 0.616Csat, 
because of the more pronounced barrier mechanism of adsorption. For t 
> tmin, the subsurface concentration in the vapor phase, cv,s, gradually 
increases over time to the value of the saturation concentration, Csat. The 
corresponding profiles of the concentrations versus r in the drop and 

Fig. 4. Relaxation of the interfacial tension, σ(t), in the course of adsorption from (a) menthol and (b) geraniol vapors: symbols – experimental data; dashed lines – 
diffusion-controlled model (no adjustable parameters); solid lines – the best theoretical fits using the mixed barrier-diffusion-controlled model (one adjustable 
parameter, kv,ads). Results from calculations for (c) menthol and (d) geraniol concentrations using the mixed barrier-diffusion-controlled model – dependencies of cd,0, 
cd,s, and cv,s on time.
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vapor phases at given times are shown in Figs. S4 and S5 (Appendix A). 
The profiles of concentrations in both phases are not uniform and the 
fragrance mass transfer from vapors to the drop’s aqueous solution is 
affected by the physicochemical properties in both phases and at the 
interface between them. With time, the systems become closer and 
closer to the equilibrium states but with considerably different time 
scales.

It is important to note, that the steady state values of the interfacial 
tensions at long times in Figs. 4a and 4b correspond exactly to the 
respective values of the surface tensions measured for the solubility 
concentrations in Figs. 3a and 3b. Thus, the systems have reached 
equilibrium states in which the chemical potentials of volatiles in the 
bulk vapor and aqueous solution phases are equal to that in the inter-
facial adsorption layer.

Evaporation of volatiles from drops. At a certain moment of time, ta, the 
cuvette containing fragrance vapors is rapidly replaced by the cuvette 
with saturated water vapors (see Section 2). Thus, the initial conditions 
of the diffusion problem at t = ta state that: i) the concentration in the 
aqueous solutions is cd (ta,r); ii) the adsorption is Γ(ta); iii) the concen-
tration in the vapor phase is low and equals the initial residual con-
centration, cv,res (0.0849 μM for menthol and 0.0398 μM for geraniol). 
The respective boundary condition at r = ac reads cv (t,ac) = cv,res. The 
numerical calculations of the diffusion problem continue for t > ta.

Figs. 5a and 5b show the experimental data (symbols) for the inter-
facial tension in the course of evaporation from drops initially con-
taining saturated menthol or geraniol aqueous solutions. For better 
illustration, the number of plotted data is reduced (see Figs. 2c and 2d). 
The solid lines in Figs. 5a and 5b show the numerical results from the 
mixed barrier-diffusion-controlled model with previously determined 
values of the adsorption rate constants, kv,ads. The theoretical prediction 
for menthol deviates to a certain extent from the experimental data 
(Fig. 5a) whereas that for geraniol accurately describes the measured 

relaxation of the interfacial tension (Fig. 5b). The omitting of the 
possible convection fluxes in the drop leads to a deviation of the model 
predictions from experimental data (see Section 5).

The calculated dependencies of the subsurface concentrations, cd,s 
and cv,s, and the concentration at the drop center, cd,0, on time are 
summarized in Figs. S6a and S7a (Appendix A) for menthol and geraniol, 
respectively. Oppositely to the regime of adsorption from vapors: cd,s <

cd,0; the subsurface concentration in the drop decreases faster than cd,0. 
The menthol subsurface concentration in the vapor phase, cv,s(t), 
initially increases and has a maximum of cv,s (tmax) = 0.485Csat at tmax – 
ta = 0.944 s (Fig. S6a in Appendix A). In the case of geraniol (Fig. S7a in 
Appendix A), the maximum of cv,s is calculated at a longer time, tmax – ta 
= 7.05 s and cv,s (tmax) = 0.396Csat. For t > tmax, the subsurface con-
centration in the vapor phase, cv,s, gradually decreases over time to the 
value of the residual concentration, cv,res. The corresponding profiles of 
the concentrations versus r in the drop phase at given times are shown in 
Figs. S6b and S7b (Appendix A) for menthol and geraniol, respectively. 
As expected, the profile of the concentration in the drop becomes closer 
and closer to the uniform radial distribution of cd (t,r).

Figs. 5c and 5d show the calculated results for menthol and geraniol 
concentration profiles in the vapor phase, respectively; they are plotted 
as functions of the inverse radial distance. It is evident, that the 
dependence of cv (t,r) is linear concerning 1/r for times greater than 10 s. 
This linear dependence is a solution of the diffusion problem corre-
sponding to a quasi-steady state when the term ∂/∂t is negligible 
compared to the diffusion term. This conclusion is a starting point to 
construct the semiempirical model in Section 5.

5. Semiempirical model in the course of evaporation from drop

One possible “engineering” approach is proposed in Refs. [16,17] to 
estimate the change of cd,s with time in the course of evaporation from 

Fig. 5. Relaxation of the interfacial tension, σ(t), in the regime of evaporation from (a) menthol and (b) geraniol saturated drops: symbols – experimental data; solid 
lines – the calculated values using the mixed barrier-diffusion-controlled model without adjustable parameters. Calculated results for (c) menthol and (d) geraniol 
concentration profiles in the vapor phase plotted as functions of the inverse radial distance.
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drop: cd,s(t) ∝ exp (− αmtt), where αmt is called “the mass transfer coef-
ficient”. Below, we discuss the applicability of the corresponding semi-
empirical model, the relationship between αmt and the physicochemical 
and geometrical parameters of the studied system, and the main as-
sumptions behind this approach.

First assumption. After a relatively short initial time, t – ta, the 
fragrance concentration in the vapor phase becomes a solution of the 
steady-state diffusion problem (Figs. 5c and 5d). Thus, the radial dis-
tribution of cv (t,r) obeys the following relationship: 

cv = cv,res +
(
cv,s − cv,res

)(ac

r
− 1

)(ac

a
− 1

)− 1
for t> ta (7) 

From Eq. (7), the expression for the corresponding diffusion flux 
toward the vapor phase at the drop’s surface reads: 

jv = −
Dvac

(
cv,s − cv,res

)

a(ac − a)
for t> ta (8) 

The general mass balance equation, Eq. (6), with the left-hand side 
substituted from Eq. (8), yields the explicit dependence of the subsurface 
concentration in the vapor phase, cv,s, on the subsurface concentration in 
the aqueous phase, cd,s: 

cv,s − cv,res =
Csat

Csol

(
cd,s − cd,res

)
[

1 +
Dvac

kv,adsa(ac − a)

]− 1

for t > ta (9) 

Here cd,res = Csolcv,res/Csat is the residual volatile molecules concentra-
tion in the drop which is in equilibrium with the vapor phase of con-
centration cv,res.

Second assumption. Figs. S6b and S7b (Appendix A) show that the 
profiles of the fragrance concentrations in the aqueous phase, cd (t,r), are 
not uniform even after excessively long times. This was a result of the 
absence of convection in the drops – only the diffusion fluxes are 
responsible for the re-distribution of the concentration. In our experi-
ments, the fast exchange of cuvettes (see Section 2) could lead to 
intensive convective fluxes inside the drop. Consequently, the aqueous 
solution becomes homogeneously mixed and the distribution of the 
fragrance concentration in the drop should be uniform, that is cd (t,r) ≈
cd,s(t). Thus, the general mass balance equation acquires a simple form – 
the rate of change of the total amount of the volatile molecules in the 
drop and at the surface, cd,sV + ΓA, is compensated by the total mass flux 
from the vapor phase, jvA. This assumption, combined with Eqs. (8) and 
(9), leads to the final form of the considered semiempirical model: 
(

1+
3ha

a

)
dcd,s

dt
= − αmt

(
cd,s − cd,res

)
for t> ta (10) 

Here the explicit expression for the mass transfer coefficient, αmt, reads: 

αmt =
Dvac

a(ac − a)kv,ads + Dvac

3kv,adsCsat

aCsol
(11) 

The calculated values of the ratio, 3ha/a, for all studied substances 
and typical values of the drop’s radius, a = 1.5 mm, show that 3ha/a ≪ 1 
(Fig. S8 in Appendix A). Hence the exact solution of Eq. (10) for 3ha/a ≪ 
1 gives the following exponential decay of the concentration in the drop 
solution: 

cd,s(t)= cd,res +
(
Csol − cd,res

)
exp[ − αmt(t − ta)] for t> ta (12) 

The following conclusions can be drawn from the obtained formula 
for the mass transfer coefficient, Eq. (11). The mass transfer coefficient, 
αmt, depends on: i) the physicochemical properties of the vapor phase 
(Dv and Csat); ii) the solubility of volatile molecules in water (Csol); iii) 
the mechanism of adsorption (kv,ads); iv) the geometrical configuration 
of the system (e.g. a and ac). The values of αmt increase with the rise of 
the diffusion coefficient, Dv, the saturation concentration, Csat, and the 
adsorption rate constant, kv,ads. The increase of the drop radius, a, and 
the molar solubility limit in water, Csol, both lead to lower values of αmt. 

The diffusion-controlled adsorption in the vapor phase is realized when 
akv,ads ≫ Dv, so that αmt becomes proportional to 1/a2 and independent 
of kv,ads, see Eq. (S8) in Appendix A. If the barrier-controlled mechanism 
of adsorption prevails, akv,ads ≪ Dv, then the values of the mass transfer 
coefficient are proportional to 1/a and αmt does not depend on the 
diffusion coefficient in the vapor phase, Dv, see Eq. (S9) in Appendix A. 
Note that in our experiments, the drops’ radii are of the order of 1.5 mm 
and the values of akv,ads are comparable to Dv, see Table S1 (Appendix 
A). Thus, the mixed barrier-diffusion-controlled adsorption model is 
operative.

The experimental data for the interfacial tension, σ(t), in the regime 
of evaporation from menthol and geraniol saturated drops are shown in 
Figs. 6a and 6b (the symbols affiliated with the left axis), respectively. 
From the given measured values of σexp and the respective surface ten-
sion isotherms, we calculated the experimental values of the adsorption, 
Γexp, they are further substituted into the adsorption isotherms, Γ(C), so 
as to calculate the corresponding experimental values of the subsurface 
concentrations in the aqueous solution, cd,s. These “experimental” sub-
surface concentrations for menthol and geraniol are plotted in Figs. 6a 
and 6b (the symbols affiliated with the right axis), respectively. In the 
case of menthol: i) the experimental effective drop’s radius during the 
whole process of evaporation is a constant and a = 1.52 ± 0.02 mm; ii) 
the calculated from Eq. (11) value of the mass transfer coefficient is αmt 
= 6.11 × 10− 3 s− 1, see Table S1 (Appendix A). Thus, all parameters in 
the semiempirical formula, Eq. (12), are known and the solid line plotted 
in Fig. 6a (affiliated with the right axis) excellently describes the 
experimental data for the subsurface concentrations. The theoretically 
predicted values of the interfacial tension (stemming from the theoret-
ically predicted values of cd,s, and Γ derived therefrom) are represented 
by the solid line affiliated with the left axis in Fig. 6a. They practically 
coincide with the measured data in the range of experimental errors. In 
the case of geraniol, the experimental effective drop’s radius is a = 1.54 
± 0.02 mm and the calculated value of the mass transfer coefficient is 
approximately five times lower, αmt = 1.26 × 10− 3 s− 1. The calculated 
theoretical dependencies of the interfacial tension and the subsurface 
concentration on time without using any adjustable parameter (solid 
lines in Fig. 6b) excellently describe the experimental data shown 
therein. Thus, the theoretical model based on the convection-enhanced 
mechanism of adsorption from water and the mixed barrier-diffusion- 
controlled mechanism of adsorption from the vapor phase describes 
the obtained experimental data during evaporation from the drop.

If both water and volatile compounds evaporate [15], the drop vol-
ume decreases with time and the effective drop radius, a(t), becomes a 
function of time, t. As a result, the mass balance equation, Eq. (10), for 
3ha/a ≪ 1 obtains the following form, see Eq. (S12) (Appendix A): 

dcd,s

dt
= − βmtcd,s + αmtcd,res for t > ta and βmt ≡ αmt +

3
a

da
dt

(13) 

The mass transfer coefficient, αmt(t), in the right-hand side of Eq. (13)
depends on time, see Eq. (11), because of the dependence of the effective 
drop radius on time, a(t). The experimental data for the evaporation 
from the linalool-saturated drop in Fig. 2c allow the calculation of the 
effective drop’s radius, a(t). The experimental data for a(t) are inter-
polated with a high precision using a cubic polynomial, see Fig. S9
(Appendix A). As a result, one calculates the dependence of the coeffi-
cient, βmt(t), on time – as shown in Fig. 7b; thus, all parameters in Eq. 
(13) are known. The calculated solid lines in Fig. 7a (without adjustable 
parameters) excellently describe the experimental data for the interfa-
cial tension (ο – symbols) and the re-constructed experimental data for 
the subsurface concentration (Δ– symbols). Therefore, the semi-
empirical approach works for both a constant value of the mass transfer 
coefficient, αmt, (see Fig. 6), and for the known dependence of the 
effective drop’s radius, a(t), on time.

On the other hand, having in mind the cases when one wishes to 
avoid extensive computational work or when the dependence of the 
effective drop’s radius on time is unknown, the semiempirical model, 
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Eq. (12), can be applied using an effective mean mass transfer coeffi-
cient, α*

mt. In fact, α*
mt = αmt = 6.11 × 10− 3 s− 1 for menthol (Fig. 6a) and 

α*
mt = αmt = 1.26 × 10− 3 s− 1 for geraniol (Fig. 6b). The processing of the 

experimental data for cd,s(t) in Fig. 7a using Eq. (12) leads to α*
mt = 5.31 

± 0.02 × 10− 3 s− 1 with a regression coefficient of 0.9999. The dashed 
lines in Fig. 7a show the interpolated values for the interfacial tension 
and the subsurface concentration. It is obvious that the description of 
experimental data is excellent and there are no pronounced differences 
between the detailed model, Eq. (13), and its simplified version, Eq. 
(12). The differences between the calculated interfacial tensions, Δσ, 
and the subsurface concentrations, Δcd,s, from the semiempirical model, 
Eq. (12), using the constant mass transfer coefficient, α*

mt, and the 

theoretical model, Eq. (13), using the time dependent mass transfer 
coefficient, αmt(t), are shown in Fig. S10. One sees that max|Δσ| < 0.4 
mN/m and max|Δcd,s | < 0.04 mM. The comparison between the 
dependence of the coefficient, βmt, appearing in the right-hand side of 
Eq. (13), on time, and the mean mass transfer coefficient, α*

mt, is shown 
in Fig. 7b.

The simplified approach, Eq. (12) with mean mass transfer coeffi-
cient α*

mt, is convenient for the express comparison and characterization 
of the evaporation rates. Fig. 7c shows the experimental dependencies of 
σ(t) and cd,s(t) in the case of benzyl acetate [15]. The obtained result is 
α*

mt = 5.7 ± 0.2 × 10− 3 s− 1 with a regression coefficient of 0.997. The 
respective data for citronellol are shown in Fig. 7d for α*

mt = 4.9 ± 0.2 ×
10− 3 s− 1 with a regression coefficient of 0.998. Thus, the best 

Fig. 6. Relaxation of the interfacial tension, σ(t), and the subsurface concentration in the drop phase, cd,s, in the regime of evaporation from (a) menthol and (b) 
geraniol-saturated drops: ο – experimental data for σ(t); Δ – experimental values of cd,s(t); solid lines – the calculated values using the semiempirical expression for cd, 

s, Eq. (12), and the respective 2D equation of state, Eq. (2). The “experimental” values of the concentrations, cd,s, are re-constructed using the adsorption and surface 
tension isotherms, which are taken in the form Γ(cd,s) and σ(cd,s), correspondingly.

Fig. 7. Relaxation of the interfacial tension, σ(t), and the subsurface concentration in the drop phase, cd,s(t), in the regime of evaporation from (a) linalool, (c) benzyl 
acetate, and (d) citronellol saturated drops: ο – experimental data for σ(t); Δ – experimental values of cd,s(t). Dashed lines – the calculated values using the semi-
empirical expression for cd,s, Eq. (12), and the respective 2D equation of state, Eq. (2), with one (“average”) adjustable parameter, α*

mt. Solid lines – the calculated 
values using Eq. (13) without adjustable parameters. (b) Comparison between the dependence of the coefficient, βmt, appearing in the right-hand side of Eq. (13), on 
time, and the mean mass transfer coefficient, α*

mt, for the experimental data shown in Fig. 7a.
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interpolation lines (dashed lines in Figs. 7c and 7d) describe relatively 
well the experimental data, and the obtained values of α*

mt can be used to 
rank the fragrances with respect to their rates of evaporation. In a 
sequence form high to low rates – menthol has the highest mass transfer 
coefficient and the lowest value of αmt is obtained for geraniol.

6. Conclusions

Menthol and geraniol are volatile molecules, which possess low 
saturated vapor pressures, Psat, appreciable solubilities in water, well 
pronounced surface activities, and have gained wide applications in 
pharmacy, medicine, cosmetics, and diverse areas of industry. For their 
controlled use, it is crucial to study not only their bulk properties in 
vapors and aqueous solutions, but also the adsorption at interfaces and 
the rate of mass transfer between their vapors and aqueous solutions. 
The mechanism of their mass transfer is considerably different from that 
of volatile organic compounds miscible with water. For example, the 
saturation vapor pressure of ethanol (5.9 kPa) is 1000 times higher than 
those pressures of geraniol and menthol; the ethanol does not form 
adsorption layers at the (ethanol + water) solution vapor interfaces, and 
the ethanol mass transfer between both phases is orders of magnitude 
faster [68,69].

Here, we: i) applied to menthol and geraniol our methodology [15], 
that was previously developed for the experimental and theoretical 
study of benzyl acetate, linalool, and citronellol interfacial and mass 
transfer properties; ii) obtained the respective physicochemical param-
eters and mass transfer coefficients; iii) developed а simplified approach, 
which is convenient for the express comparison and characterization of 
the evaporation rates of all five volatiles.

The general methodology consists of three main steps. First, the 
equilibrium interfacial tension isotherms are measured and processed 
using the van der Waals type of adsorption model. As a result, reliable 
values of the adsorption free energy, the excluded area per molecule, 
and the interaction parameter are obtained, see Section 3 and Table S1
(Appendix A). The excluded area per molecule of menthol (34.6 Å2) is 
lower than that of benzyl acetate (35.6 Å2), which may be attributed to 
the difference in their chemical structures: menthol consists of a cyclo-
hexanol ring, while benzyl acetate contains a benzene ring. Geraniol, 
linalool, and citronellol have approximately equal values of α (30 Å2). 
The volatiles can be ordered from the most to the least surface-active 
ones according to their energies of adsorptions as follows: citronellol 
(9.80 kBT) > menthol (9.51 kBT) > geraniol (9.07 kBT) > linalool (9.05 
kBT) > benzyl acetate (6.64 kBT). This order correlates with the water 
solubilities of the fragrances, Csol (high E matches low solubility). The 
thermodynamic limiting surface elasticity of the citronellol adsorption 
layer is the highest, while that of the benzyl acetate adsorption layer is 
the lowest (Fig. 3c). The diffusional time scales in the aqueous solutions 
of all studied volatile molecules are low (Fig. 3d), while those in the 
vapor phases are from 46 to 768 times higher, see Eq. (5) and Table S1
(Appendix A).

Second, small millimeter-sized water drops are formed in the 
fragrance saturated vapor and the relaxation of the interfacial tension, 
σ(t), is measured to characterize the dynamics of adsorption and the 
mass transfer from vapor to the aqueous solution. In the aqueous phase, 
the diffusional time scale related to adsorption is much shorter than the 
characteristic bulk diffusion time. Thus: i) the mechanism of adsorption 
in the aqueous phase is diffusion controlled; ii) from the instantaneous 
experimental values of σ(t) and the respective 2D equation of state and 
adsorption isotherm, the instantaneous values of the adsorbed amount, 
Γ(t), and of the subsurface concentration in the aqueous phase, cd,s(t), 
can be re-constructed. In contrast, the diffusional time scale in the vapor 
phase is comparable to the characteristic bulk diffusion time in vapor. As 
a result, the mechanism of adsorption from vapor is mixed barrier- 
diffusion controlled. The Baret expression for the non-localized 
adsorption [66] gives the adsorption and desorption fluxes in the 

vapor phase and the adsorption rate constant in the vapor phase, kv,ads, 
see Eq. (6). The experimental data for σ(t) are processed using the nu-
merical solution of the diffusion problem to obtain the most probable 
value of the single unknown parameter, kv,ads. The excellent theoretical 
descriptions of the experimental data for menthol and geraniol (Figs. 4a 
and 4b) and for benzyl acetate, linalool, and citronellol [15] prove the 
validity of the proposed model for the mechanism of adsorption and the 
possible classification of the volatile amphiphiles according to their 
adsorption rate constants, kv,ads.

Third, aqueous drops saturated with given volatiles are placed in 
contact with saturated water vapor to prevent water evaporation and to 
keep the drop volume constant (Figs. 2c and 2d). The mass transfer of 
the solute from the aqueous solution to the vapor phase leads to increase 
of the measured interfacial tension, σ(t). All interfacial physicochemical 
parameters to model are completely determined from the first two steps. 
The qualitative agreement between the theoretical model and the 
experimental data (Figs. 5a and 5b) suggests looking for other possible 
factors affecting the diffusion process in the drop phase. It is quite 
plausible to assume that the rapid exchange in the external conditions 
for the drop phase (just after the saturation stage) gives rise to intensive 
convective fluxes in the drop. The mechanism of diffusion in the drop 
switches to enhanced-convective diffusion (Figs. 6a and 6b).

After a short initial time in the evaporation regime, the dependence 
of the concentration in the vapor phase on the radial distance becomes 
close to the steady-state distribution (Figs. 5c and 5d). Assuming an 
enhanced-convection diffusion in the drop, we derived a semiempirical 
model for the mass transfer, which predicts an exponential decay of the 
fragrance concentration in the drop with time, Eq. (12). The analytical 
expression, Eq. (11), for the introduces “mass transfer coefficient”, αmt, 
shows that αmt depends on both physicochemical properties (Psat, Dv, 
Csol, and kv,ads) and geometrical characteristics of the system. This 
simple approach excellently describes experimental data both without 
water evaporation – for constant values of drop radii (Figs. 6a and 6b), 
and for known dependences of drop radii on time (Fig. 7a). The semi-
empirical model is also suitable for express characterization of the 
fragrance mass transfer using a constant mean value of αmt (Figs. 7c and 
7d). All reliable values of the obtained physicochemical parameters are 
summarized in Table S1 (Appendix A), and they can be used for rigorous 
numerical modeling of the evaporation/condensation of complex fluids 
containing volatile amphiphiles as components.
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