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Abstract

Evaporation is the phase transition process playing a significant role in many spheres of life and
science. Volatilization of hazardous materials, pesticides, petroleum spills, etc., impacts the
environment and biosphere. Predicting evaporation fluxes in specific environmental conditions is
challenging from theoretical and empirical points of view. A new practical method for estimating
fluxes is proposed based on our experimental results and previously published data. It is
demonstrated that some parameters in theoretical equations for near-equilibrium evaporation can be
estimated from experiments, and these formulas can be exploited to predict steady-state evaporation
fluxes in the air in a range of eight orders of magnitude based on a single experiment carried out for
nontoxic volatile compounds.

Key words: evaporation into the air, evaporation kinetics, vapor pressure, hazardous materials,
pesticides.

Evaporation is a liquid-gas phase transfer process commonly occurring in nature. It has multiple
applications in the industry and is vital for environmental science. The evaporation of crude oil and
petroleum products in industrial storage tanks has not only large economic significance [1], but also
contaminates the environment [2]. Air and soil pollution by herbicides impacts human health [3].
Using hazardous compounds in agriculture, chemical plants or laboratories, and even dwellings
creates risks to the health and safety of people and animals. For example, one of the critical parameters
is the volatilization time of solid or liquid pesticides from crops, plants, and soil [4,5]. These are
challenges for environmental science, stimulating the development of methods for predicting the time
scale of evaporative loss from chemical spills or estimating the concentrations of hazardous materials
in the air.

The molecular mechanisms of evaporation are still not elucidated in most cases. Theoretical
investigations of fluid kinetics are limited due to the complexity of the tasks [6]. The two most popular
theories of evaporation are Hertz-Knudsen (HK) [7,8] and statistical rate theory (SRT) [9,10].
However, their application is restricted by near-equilibrium and low vapor pressure cases. Under non-
equilibrium conditions, evaporation and condensation are coupled. Evaporation depends on the
properties of the liquid surface, while condensation depends on the liquid's and the vapor's properties
[11]. As a result, the evaporation and condensation coefficients used in the HK theory are different
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and extremely hard to measure [8]. The coefficients depend on liquid and vapor temperatures, heat
flux, and interface geometry [12].

The SRT provides an alternative expression for the evaporation flux and does not contain fitting
parameters. For some systems, calculated fluxes correspond to measured values [8]. The theory has
been used to solve areverse task. Using experimental fluxes, vapor pressures above the interface were
calculated and compared with experimental ones [11]. However, the calculations can be done for
particular experimental conditions, and compounds' thermodynamic and spectroscopic properties
(vibrational frequencies) must be known.

Generally, the evaporation flux depends on actual temperatures above and below the liquid-vapor
interface, vapor pressure, and interface contamination. Even the size and shape of liquid samples
affect evaporation. The theories of millimeter or micron-sized drop evaporation and evaporation from
thin films are discussed in review articles [13,14]. Atomistic computer simulations are possible only
for nanoscale systems whose properties significantly differ from macro systems [9,15,16].

For many practical applications and environmental science, predicting evaporation rates in the
air from planar surfaces of large areas under different conditions, including airflow or wind, is
necessary. Neglecting the high accuracy, based on accurately determined thermodynamic properties
of the liquid-vapor systems measured for pure liquids, we have attempted to exploit the functional
form of statistical theory equations to fit experimentally obtained evaporation fluxes, substituting
unknown parameters with empirical coefficients depending on environmental. The present work aims
to establish the relationship between evaporation fluxes and properties of volatile compounds, which
hold in different environmental conditions, and propose a method for predicting evaporation fluxes
based on minimal experimental measurements. For this purpose, we measured evaporation fluxes
from planar surfaces of several liquids using a weight loss method at two temperatures with and
without airflow. The obtained correlations are applied to previously published [4,17] experimental
data to test the method and generalize the results.

Our experimental data were plotted and linearly fitted according to Eq HK. The results are
presented in Figure 1a. If evaporation fluxes differ by several orders of magnitude, the coefficient of
determination R*> mostly depends on highly volatile liquids.
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Figure 1. Experimental evaporation fluxes from planar liquid surfaces measured at 293 K and
windless conditions (procedure 1) are linearly fitted according to Eq 6 (a) or Eq 7 (b)

The rate of evaporation of liquids poured into glasses can be regulated not only by the temperature
and speed of air flow, but also by their volume. Measurements performed under real ambient
conditions for reference fluids can be supplemented with results obtained in the laboratory for a larger
set of compounds. This will increase the accuracy of forecasts. Reference systems can be non-toxic
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volatile liquids. The generalized statistical physics equations were used to calculate evaporation
fluxes for the near-equilibrium states.

Based on our experiments and published data, we demonstrated that only one adjustable parameter
is enough to estimate the evaporation fluxes of compounds in a broad range, covering several orders
of magnitude. This parameter strongly depends on environmental conditions and weakly on the
material's properties. The reference and evaluated pure compounds' molar masses and saturation
pressures must be known for the estimation. For dissolved compounds, one must know solubility and
the Henry volatility.

A simple method for evaporation flux measurements has been proposed. It will increase the
accuracy of predictions. Nontoxic, highly volatile liquids can be the reference systems.

Prediction of evaporation flows in specific environmental conditions is a difficult task from a
theoretical and empirical point of view. A new practical flow estimation method is proposed based
on the obtained experimental results and previously published data. It has been demonstrated that
some parameters in the theoretical equations for near-equilibrium evaporation can be estimated from
experiments, and these formulas can be used to predict steady-state evaporation fluxes in air in the
range of eight orders of magnitude based on one experimented with non-toxic volatile compounds.
Based on the obtained results, it is possible to propose a new method of estimating the evaporation
rate for actual environmental conditions. For this, the conditions for the liquids selected for
experimental measurements must be the same. According to the HK or SRT equations, only one
adjustable parameter is needed to estimate other compounds' flux and evaporation rate. Thus, when
conducting an experiment, instead of measuring the rate of hazardous or low-volatility materials, the
evaporation parameters for non-toxic compounds with high volatility can be used. It can be any
reference liquid, even water, but in this case, the humidity of the air will affect the accuracy of the
prediction. Only molecular weight and saturation pressure of air are required for calculations.
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AHoOTAaIifA

BurmapoByBaHHs — 11€ riporiec a3oBoro nepexoy, KU Biirpae BaXIMBY poiib y Oaratbox cdepax >KHUTTs i
Hayky. BumapoByBaHHs HeOe3NEUHMX MarepiajiB, TMECTULMIIB, PO3IMBIB HA(TH TOIIO BIUIMBAIOTH HA
HABKOJIMILIHE ceperoBuiie Ta Oiocdepy. [IporHo3yBaHHS MOTOKIB BHIIAPOBYBAHHS B KOHKPETHHX YMOBAaxX
HABKOJIMIITHBOTO CEPEIOBHINIA € CKJIAIHUAM 3aBJAHHSAM 3 TEOPETUYHOI Ta EMITIPUYHOI TOHYOK 30py. Ha ocHOBI
HAIIIMX eKCIIEPIMEHTATIFHUX PE3YJIBTATIB 1 paHillle OrmyOTiKOBaHHX JAHHX 3aIIPOIIOHOBAHO HOBUIA TIPAKTHUHUI
METO/I OLIIHIOBaHHSI TIOTOKIB. I [poieMOHCTpOBaHO, 1110 JesIKi TapamMeTpy B TEOPETUYHMX PIBHSHHSX IS MaibKe
PIBHOB&KHOTO BUIIAPOBYBAHHSI MOXKHA OLUIHUTH 3 €KCIIEPHMEHTIB, 1 11l (JOpMYJIM MOXYTh OyTH BUKOPUCTaH1
U151 IPOTHO3YBAHHS CTAI[IOHAPHUX ITOTOKIB BUTIAPOBYBAHHSI B MOBITPI B JTialia30H1 BEJIMUMHN BOCBMH MOPSIIKIB
Ha OCHOBI OJTHOT'O ITPOBEICHOTO EKCIIEPUMEHTY JUTsI HETOKCHYHHX JIETKHX CITOMYK.
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