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Abstract

Measurements have recently been made of the thermodynamic conditions at the
interface during steady state, liquid-vapour phase transitions. In these stationary,
nonequilibrium states discontinuities were recorded in the temperature and other
intensive properties. Independently of whether evaporation or condensation was
taking place, it was found that the interfacial temperature was higher in the vapour
phase than that in the liquid. The expression for the interfacial entropy production
during these phase change processes is formulated using statistical rate theory. The
interfacial entropy production rate is not a minimum when there is a phase change
process taking place, but if the system is required to be closed (no net phase change),
the interfacial entropy production rate is a minimum. States of minimum entropy
production rate can exist arbitrarily far from equilibrium, provided a certain relation
exists between the properties of the substance undergoing the phase change. For
water, it is found that states of minimum entropy production rate are only slightly
displaced from the stationary, nonequilibrium states existing when a net phase change
rate is present.

1. Introduction

If an open, two-phase system were maintained in a steady state with discontinuities in
the intensive properties across the phase boundary, one would, in general, expect an
entropy production at the interface between the two phases. The interfacial conditions
during the steady state evaporation and condensation of water [1±4] and the
evaporation of methylcyclohexane and of octane [5] each held in such a state were
recently measured. Independently of the direction of net molecular transport at the
interface, the interfacial temperature was found to be higher in the vapour than in the
liquid. The largest temperature discontinuity was found during steady state water
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evaporation and was 7.8 �C. The interfacial temperature in each phase was the lowest
temperature in that phase. Thermal energy was transported from within each phase to
the interface. This energy went into the latent heat associated with the net phase
change rate [3].

Herein, the expression for the interfacial entropy production rate, _�LV is formulated
using statistical rate theory (SRT) [1±21]. This theory is based on conventional
(Copenhagen) quantum mechanics (QM) and a hypothesis that claims the rate of
exchange between QM states of an isolated system has the same value. Although the
conventional quantum mechanics approach for predicting irreversibility has been
questioned by some [22], for an isolated system SRT predicts an irreversible
evolution to an equilibrium con®guration that corresponds to the maximum number
of QM states [1]. The approach has been examined in a number of nonequilibrium
circumstances, including unsteady evaporation [2], gas adsorption kinetics on
homogeneous and heterogeneous surfaces [7±14], surface diffusion [15], membrane
transport [16], electron transfer reactions [17], crystal dissolution [18] and gas
absorption by liquids [19±21]. In each case, the SRT procedure received support from
the comparison with experimental measurements, but it received particularly strong
support from the comparison with measurements of the predicted phase change rate
of water [1±4], thermal desorption of CO from Ni(111) [11] and gas absorption by
liquids [19±21]. In these latter cases, predictions could be made of the kinetics in
which there were no ®tting parameters, and the results compared with measurements.

Using the SRT approach, we show that the stationary, nonequilibrium states of open
systems associated with the liquid-vapour phase transition are characterized by the
change in entropy that results from one molecule transferring from the liquid to the
vapour phase, �sLV [1±5]. The sign of this quantity determines the direction of the
net molecular transport at the interface, i.e., whether there is evaporation or
condensation taking place [1], and when �sLV is zero the rate of entropy production
is a minimum. When used with SRT, the conditions at the interface when a phase
change process is taking place at a particular rate can be predicted and compared with
measurements. When there is a stationary, net phase change rate, we ®nd that _�LV is
not a minimum. Requiring _�LV to be a minimum is tantamount to requiring the net
phase change rate to be zero. Such states can exist arbitrarily far from equilibrium
provided a special relation exists between the properties of the substance considered.
We show that for water, states of minimum entropy production rate could easily exist
in which large discontinuities in the intensive properties would be present across the
phase boundary.

2. Statistical rate theory expression for the net evaporation ¯ux
and entropy production rate

Suppose that at one instant, a volume liquid phase is in contact with a small volume
of its vapour. The system will be assumed to be partitioned into three phases ± the
substrate liquid, the surface phase and vapour phase. The substrate liquid, surface and
vapour form an isolated system. Each portion of the system is assumed to be in local
equilibrium, but disequilibrium exists between the surface phase and the vapour
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phase. If the instantaneous values of the temperatures and pressures in the liquid and
vapour phases, TL, TV , PL and PV , are known, as well as the molecular and material
properties of the substance changing phase, the objective of SRT is to predict the
evaporation ¯ux at that instant. We suppose that the surface is spherical and of radius
R0, and that the pressures in the respective phases are related to the curvature through
the Laplace relation:

PL ÿ PV � 2
LV

R0

�1�

where 
LV is the surface tension.

At the instant considered, the change in entropy resulting from one molecule
transferring from the surface to the vapour phase is denoted as �s�V . If the chemical
potentials are denoted as ��, �V , and the enthalpy in the volatile phase as hV , the
Euler relation may be used to express the total entropy of the vapour

SV � NV hV ÿ �V

TV

� �
�2�

and that of the surface phase as

S� � N� u� ÿ ��
T�

� �
ÿ 
A

T�
�3�

where the intensive internal energy of the surface phase is denoted as u�, its surface
tension as 
, its area as A and its temperature as T�. When there are N� molecules in
the surface phase and NV in the vapour phase, the total entropy of the isolated system
may be written

S�NV ;N�� � N� u� ÿ ��
T�

� �
ÿ 
A

T�
� NV hV ÿ �V

TV

� �
� SL�NV ;N�� �4�

where SL�NV ;N�� is the entropy of the substrate liquid at the instant considered, A is
the surface area. Now suppose a molecule is transferred from the surface phase to the
vapour. Since the system is isolated, in this transition there must be both conservation
of molecular number and of energy. Also, we assume the intensive properties are
unchanged as a result of this transition. Then the change in entropy of the isolated
system, �s�V may be written

�s�V � hV ÿ �V

TV

� �
� �� ÿ u�

T�

� �
� SL�NV � 1; N� ÿ 1� ÿ SL�NV ;N��

�5�
and conservation of energy gives

NV hV � N�u� � UL�NV ;N�� � �NV � 1�hV � �N� ÿ 1�u�
� UL�NV � 1; N� ÿ 1�
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or

UL�NV � 1; N� ÿ 1� ÿ UL�NV ;N�� � u� ÿ hV �6�
We approximate the substrate liquid as a reservoir for this transition, then

�s�V � hV ÿ �V

TV

� �
� �� ÿ u�

T�

� �
� u� ÿ hV

TL
�7�

We neglect any difference between the temperatures and the chemical potentials of
the substrate liquid and those of the surface phase. The change in entropy resulting
from one molecule transferring from the liquid to the vapour phase, now denoted as
�sLV becomes

�sLV � �L

TL
ÿ �

V

TV

� �
� hV 1

TV
ÿ 1

TL

� �
�8�

We note that the expression for �sLV given in Eq. (8) is the same as that obtained
when the molecule was assumed to transfer directly from the liquid phase to the
vapour phase [4]. With the approximations made, Eq. (3) becomes

S� � N� u� ÿ �L

TL

� �
ÿ 
A

TL
�9�

As may be seen by comparing Eq. (9) with Eq. (2), even with these approximations,
the two expressions for the entropy are different, but the expression for the change in
entropy that results from one molecule transferring from one phase to the other phase
is the same.

From statistical mechanics, an approximate expression for �sLV may be obtained [4]

�sLV

k
� 4 1ÿ TV

TL

� �
� 1

TV
ÿ 1

TL

� �X3

l�1

�h!l

2k
� �h!l=k

exp�h!l=kTV� ÿ 1

� �

� vL
sat

kTL
�PL ÿ Psat�TL�� � ln

TV

TL

� �4
Psat�TL�

PV

� �" #
� ln

qvib�TV�
qvib�TL�
� �

;

�10�

where, qvib is the vibrational partition function:

qvib �
Y3

l�1

exp�ÿ�h!l=�2kT��
1ÿ exp�ÿ�h!l=kT� : �11�

For the water molecule, the three measured vibrational frequencies have values of
1590, 3651 and 3756 cmÿ1 [23].
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If it is assumed that in the isolated system: i) the rate of transition between quantum
states is the same for all the available states of the isolated system, i.e., all the states
that are within the energy uncertainty, and ii) the Boltzmann de®nition of entropy is
valid, then the expression for the instantaneous, unidirectional evaporation ¯ux, �LV

that is obtained from the transition probability concept of quantum mechanics may be
written [4]

�LV � A0jV�"j2��E

�h
exp

�sLV

k

� �� �
�12�

where jV�"j2 is the matrix element corresponding to a transition between quantum
mechanical (QM) states of different molecular distributions, ��E is the QM state
density which has been assumed uniform over the range of quantum states that are
within the energy uncertainty of the isolated system, and A0 is the value of the
integral

A0 �
��=2

ÿ�=2

sin�y�
y

dy

and k is the Boltzmann constant. Note that according to the assumptions made,
jV�"j2��E is a constant for the isolated system. Similarly, one ®nds that the
unidirectional condensation ¯ux may be written

�VL � A0jV�"j2��E

�h
exp
ÿ�sLV

k

� �� �
�13�

Since �sLV vanishes under equilibrium conditions, the values of �VL and �LV are equal
at this condition. Each has the value �A0jV�"j2��E�=�h and this quantity has been
interpreted as the equilibrium exchange rate between the phases [1±4]. This provides
an enormous simpli®cation because the integrals appearing in jV�"j2 do not have to be
performed. Rather, an approximate expression for the equilibrium exchange rate
between the phases may be determined from a physical model. For example, if the
vapour phase is approximated as an ideal gas and it is assumed that each molecule
from the vapour phase that strikes the liquid-vapour interface condenses, the
equilibrium exchange rate between the phases would be equal to the collision
frequency of the vapour phase molecules with the liquid [1, 4] then:

A0jV�"j2��E

�h
� PV

e����������������
2�mkTe

p �14�

where the equilibrium temperature and pressure in the isolated system are denoted as
Te, PV

e , and m denotes the mass of the molecules transported between phases. The
values of Te, Pe would depend on the constraints existing on the isolated system, but
the values of these equilibrium properties are determined by the values of the total energy,
volume and mass of the isolated system using the entropy-maximum principle.
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The net evaporation ¯ux jLV is the difference between �LV and �VL. From Eqs. (12)
and (13), one ®nds

jLV � 2
A0jV�"j2��E

�h

 !
sinh

�sLV

k

� �
�15�

Note that the expression for the unidirectional evaporation ¯ux depends on both the
chemical potentials and the temperatures in the liquid and vapour phases. Thus,
unlike the assumption made in classical kinetic theory [24], the rate at which the
liquid is predicted to evaporate depends on the conditions in both the liquid and
vapour phases.

The interfacial entropy production rate, _�LV is given by the product of jLV�sLV or

_�LV � 2�sLV

A0jV�"j2��E

�h

 !
sinh

�sLV

k

� �
�16�

This expression for _�LV is never negative. It has a minimum when �sLV is zero and its
value at the minimum is zero. A necessary condition for equilibrium across the phase
boundary is that �sLV vanishes, but it is not a suf®cient condition.

3. States of minimum interfacial entropy production rate

In order for the rate of interfacial entropy production to be a minimum, it is only
necessary that �sLV is zero. This condition requires that a special relation exists
between the properties in the liquid and vapour phases. We ®rst establish these
conditions.

The expression for �sLV is given in Eq. (8). If one combines the Euler relation in
each phase:

� j � hj ÿ T js j j � L or V �17�

with the expression for �sLV, then one ®nds

�sLV � �sV ÿ sL� ÿ 1

TL
�hV ÿ hL� �18�

Hence, in order for �sLV to vanish

�sV ÿ sL� � 1

TL
�hV ÿ hL� �19�

Physically, this result indicates �sLV vanishes when the entropy increase during
evaporation (or decrease during condensation) that results from the change in phase
�sV ÿ sL� is balanced by the entropy decrease during evaporation (or increase during
condensation) of the liquid phase due to the transfer of energy �hV ÿ hL�.

294 C.A. Ward

J. Non-Equilib. Thermodyn. � 2002 �Vol. 27 �No. 3



As will be seen, the interfacial conditions that are required to predict the evaporation
¯ux at one instant in an isolated system are the interfacial radius R0, the interfacial
temperatures in each phase TL, TV and the pressure in the vapour phase, PV . We
suppose that if the same interfacial conditions existed at one instant in the isolated
system and in a system operating in steady state, then at that instant, the phase change
¯ux, jLV would be the same in the two systems [1, 4]. The future in the two systems
would be totally different. The isolated system would evolve to a ®nal equilibrium
state, but the steady state system could remain unchanged.

If Eq. (19) were satis®ed in an isolated system at one instant, the system could not be
maintained in that state because neither energy nor mass could be supplied to
maintain that state. However, in principle such a state could be maintained in an open
system, since both energy and mass could be supplied (or withdrawn) to (from) such
a system.

3.1 Calculations of the interfacial entropy production rate

We assume that the liquid-phase volume in the isolated system would be suf®cient
so that the ®nal, equilibrium temperature in the isolated system would be
approximately the same as the instantaneous interfacial temperature, TL of the
liquid phase:

Te � TL �20�

and that when the isolated system has evolved to equilibrium, the radius of the liquid-
vapour interface will be approximately equal to the instantaneous value, R0. Under
equilibrium conditions, the chemical potentials in the liquid and vapour phases must
be equal.

If the liquid phase is approximated as incompressible and the vapour phase as an ideal
gas, then the equality of the chemical potentials allows the pressure in the vapour
phase to be expressed in terms of properties in the liquid phase [4]:

PV
e � Psat�TL�exp

vL
sat

kT
�PL

e ÿ Psat�TL��
� �

�21�

and when this expression is combined with Eq. (1), one ®nds

PL
e � Psat�TL�exp

vL
sat

kTL
�PL

e ÿ Psat�TL��
� �

� 2
LV�TL�
R0

�22�

For given values of the instantaneous properties TL;R0 the value of PL
e may now be

calculated iteratively from Eq. (22). The value of PV
e may then be calculated from

Eq. (21), and the value of �A0jV�"j2��E=�h� from Eq. (14). Thus, the measured values
of TL;R0 allow one to determine the equilibrium exchange rate between the liquid
and vapour phases of the isolated system.
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4. Steady state evaporation or condensation of water

We now compare the conditions existing at the interface when water undergoes a
steady state phase change with the conditions that would exist if the interfacial
entropy production rate were a minimum. The measured conditions in the liquid and
vapour phases during steady state evaporation and steady state condensation of water
were reported in Ref. [1] and are listed in Table 1.

4.1 Steady state evaporation

Brie¯y, the experimental procedure was to maintain water at the mouth of a small
funnel. The pressure above the funnel was reduced to produce evaporation, and
simultaneously water was pumped into the bottom of the funnel at a rate equal to the
total evaporation rate, JLV of the water at the mouth of the funnel. Hence, the liquid-
vapour interface position was maintained constant. The value of JLV was measured in
each experiment. The mouth opening of the funnel was 7 mm and the height of the
liquid-vapour interface above the funnel mouth was �1 mm in each experiment. As a
result, the interface was approximately spherical. The conditions measured on the
centreline included the interfacial radius R0, and the interfacial temperatures in each
phase TL;TV . The pressure in the vapour phase, PV a few centimeters above the
interface, was also measured. The average evaporation ¯ux, jLV was then determined
from these measurements.

4.2 Steady state condensation

In the condensation experiments of Ref. [1], the annular region between two
concentric cylinders was partially ®lled with water. The funnel with water at the
mouth was on the centreline of the cylinders. The water in the annular region was
heated and the water in the funnel was cooled. This produced condensation at the
liquid-vapour interface that was maintained at the mouth of the funnel. Water was
withdrawn from the bottom of the funnel at a rate that kept the position of the liquid-
vapour interface at the funnel mouth constant. Thus, the total rate of condensation
could be measured by measuring the rate at which the liquid was withdrawn. The
conditions on the centreline that were measured included the interfacial radius R0, the
interfacial temperatures in each phase TL; TV and the pressure in the vapour phase,
PV . Since the interface curvature was approximately spherical, the average condensa-
tion ¯ux, jVL could be determined from the measurements. (Note that the condensa-
tion ¯ux is a negative evaporation ¯ux, jVL � ÿjLV .)

Since the instantaneous pressure in the vapour phase is the variable that can be
measured with the least accuracy, the procedure adopted has been to predict the
pressure in the vapour phase at which a given evaporation ¯ux, jLV would occur and
then to compare the measured pressure in the vapour with that predicted [1±5]. Thus,
to predict the pressure in the vapour phase, PV one inserts the measured values of
jLV ; T

V ; TL, and R0 into Eq. (15) and iterates on PV until the equation is satis®ed. The
values of the pressure in the vapour phase calculated by this procedure, denoted as
PR are listed in Table 1. Note that the predicted value of the pressure is not
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distinguishable from the measured pressure for either evaporation or condensation of
water. Similar results were found for the evaporation of octane or methylcyclohexane
[5].

By making use of Eq. (16) and the measured values of jLV ;T
V ; TL, and R0, a similar

numerical procedure may be followed to calculate the interfacial entropy production
at the liquid-vapour interface, _�LV as a function of PV . For the evaporation and the
condensation experiments labeled El and Cl in Table 1, the calculated values of _�LV

as a function of PV are shown in Figs. 1 and 2, respectively. Note that there is
a minimum in the local rate of entropy production and that at the minimum the phase
change rate is zero.

The pressures, denoted as PMEP corresponding to the minimum in _�LV for each
experiment are listed in Table 1 where they may be compared with PR. Note that for
each evaporation experiment, the pressure in the vapour phase when there was a
nonzero evaporation rate, is less than the pressure corresponding to a minimum rate of
interfacial entropy production. Thus, for given values of TV ;TL, and R0, to bring the
system to a condition where there is a minimum rate of interfacial entropy production
requires the pressure to be raised. However, raising the vapour-phase pressure to this
value has the effect of reducing the evaporation ¯ux to zero. A similar result is found

Fig. 1. Interfacial entropy production during steady state evaporation as a function of the
vapour-phase pressure. The calculations were made for the values of TL, TV and R0 of
evaporation experiment E1 (Table 1). The measured evaporation rate was 1.017g/m2 s and the
predicted pressure was 592.404 Pa. If the steady state system were operating at the minimum
rate of interfacial entropy production, the vapour-phase pressure would have to be increased to
592.86 Pa. If the pressure were raised to this value, there would be no net evaporation ¯ux.
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Fig. 2. Rate of interfacial entropy production steady state evaporation as a function of the
vapour-phase pressure. The calculations were made for TL, TV and R0 of the condensation
experiment C1 (Table 1). The measured condensation ¯ux was 0.315 g/m2s and the predicted
pressure at this condition was 3282.04 Pa. To have the process occurring at the minimum
interfacial entropy production rate would require the vapour-phase pressure to be reduced to
3281.89 Pa which would also reduce the condensation ¯ux to zero.

Table 1. Measured and predicted conditions during evaporation (E1±E4) or condensation
(C1±C4) of water from Ref. [1].

Exp.
No.

Liquid
Inter-
facial
Temp.
TL

�C

Vapour
Inter-
facial
Temp.
TV

�C

Radius
on
Centre-
line,
R0

mm

Avg.
Evap
Flux
g/m2 s

Measured
Vapour-
phase
Pressure
Pa

Vapour-
phase
Pressure
PR

Pa

Vapour-
phase
Pressure
PMEP

Pa

E1 ÿ0:4� 0:05 2:6� 0:05 6.088 1.017 593� 34 592.4 592.86
C1 25:6� 0:05 26:0� 0:05 7.119 ÿ0:315� 0:003 3181� 127 3282.04 3281.89
E2 ÿ0:1� 0:05 2:8� 0:05 6.20 0.797 639� 34 605.6 605.97
C2 19:2� 0:05 19:5� 0:05 4.545 ÿ0:177 2161� 86 2224:5 2224.39
E3 ÿ0:2� 0:05 2:4� 0:05 6.506 0.595 616� 34 601.3 601.63
C3 12:6� 0:05 13:0� 0:05 6.690 ÿ0:150 1463� 45 1458.8 1458.7
E4 ÿ0:1� 0:10 2:5� 0:10 6.143 0.419 629� 34 605.8 605.99
C4 6:9� 0:06 7:5� 0:06 5.628 ÿ0:040 959� 32 994.81 994.79
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in the case of condensation. To stop the steady state condensation process, the
pressure in the vapour phase must be reduced (see Fig. 2). This would not bring the
system to equilibrium because in principle the temperature discontinuity could be
maintained, but it would stop the phase change process, even if the temperature
discontinuity were maintained.

5. Discussion and conclusion

If the two phase, open system considered were restricted to the case where there was
no net molecular transport across the interface, but the discontinuities in the intensive
properties were present, the circumstance would correspond to one considered earlier
by Prigogine [25]. He showed that provided the Onsager reciprocal relations were
valid and the phenomenological coef®cients were independent of both the state
variables and the generalized forces, such states corresponded to a minimum in the
entropy production rate. However, when proved in this way, states corresponding to a
minimum rate of entropy production would be limited to those states that were only
very slightly displaced from equilibrium (the so called `̀ linear'' regime [26]).

If one restricts the open, stationary nonequilibrium system that we have considered to
being closed (no net phase change), then as indicated by Eq. (15), �sLV must be zero.
When discontinuities in the temperature and chemical potential exist across the phase
boundary, this condition could only be met if the property relation given in Eq. (19)
were valid. It should be noted that Eq. (19) does not restrict the system to being close
to equilibrium. The condition, Eq. (19), was close to being satis®ed in each of the
water phase-change experiments. Small adjustments in the pressure would have
brought the system to the minimum _�LV state in each case (see Table 1). In these
experiments, the largest temperature discontinuity was 3 �C. In others [3], it was as
much as 7.8 �C.

The basis for the prediction of _�LV is statistical rate theory. This theoretical approach
is based on the transition probability concept of (conventional) quantum mechanics
which was used to calculate each of the unidirectional rates. To apply the transition
probability concept, one must say both what phase the molecule is coming from and
what phase it is going to. As a result, each of the unidirectional rates is predicted to
depend on the thermodynamic state in each of the phases. (See Eqs. (8), (12) and
(13)).

It has been previously pointed out that this prediction is in contrast to the predictions
obtained from classical kinetic theory [1]. That approach indicates that the
unidirectional rate of evaporation only depends on the thermodynamic properties
in the liquid phase [e.g., see [24]]. However, the results of classical kinetic theory
approach have been recently brought into question by a survey of the values of the
evaporation and condensation coef®cients reported by different investigators at
nominally the same conditions. Merek and Straub [27] report that the values of each
coef®cient differ from one experiment to another by several orders of magnitude.

A similar circumstance exists with some theories of gas adsorption. For example,
transition state theory `̀ supposes'' (there is no derivation of the rate expression [28])
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that the isothermal, unidirectional rate of gas desorption depends only on the
conditions in the adsorbed phase. Whereas, the transition probability concept used in
SRT indicates that the unidirectional gas desorption rate depends on properties in
both the adsorbed phase and in the gas phase. Ideally, the question of the dependence
of the unidirectional rate expression should be resolved by experiments. However, to
apply either theory requires the expression for the chemical potential of the adsorbed
gas. One has been developed [29], and for the CO-Ni(111) system, the parameters
appearing in the expression have been determined. This expression for the chemical
potential has been used to predict the coverage dependence of the heat of adsorption.
When compared with measurements, close agreement was found over a range of
coverages [29]. This expression for the chemical potential was also used with SRT to
examine beam-dosing adsorption kinetics [10), but certain apparatus constants were
not given with the measurements. Although the calculations were in close agreement
with the measurements, it was only concluded that the SRT expression for the
adsorption rate gave explicitly the coverage dependence and was consistent with the
measurements. A more complete examination of SRT and the expression for the
chemical potential was possible from experiments that measured the thermal
desorption spectra of CO desorbed from Ni(111). Since in the thermal desorption
study, a number of experiments were performed in which only the initial surface
concentration of CO was changed before the heating process was begun, the
apparatus constants that were not given could be determined from one experiment,
and then the pressure spectra of the other experiments could be predicted. The
comparison between the measurements and the predictions give strong support to the
SRT expression for adsorption kinetics [11, 30].

Ideally one would use the same expression for the chemical potential of CO adsorbed
on Ni(111) and determine if transition state theory would give similar results for the
thermal desorption spectra of the CO-Ni(111) system. However, the expression for
the chemical potential that can: 1) successfully be used to calculate the equilibrium
adsorption isotherms and to predict the coverage dependence of the heat of adsorption
[29], and 2) used with SRT to predict the thermal desorption spectra of CO-Ni(111)
[11] indicates that transition state theory is internally inconsistent [7].

Statistical rate theory also receives experimental support from the kinetics of gas
absorption by liquids [19±21]. In this case, SRT predicts that the unidirectional rates
of gas absorption depends on the properties in the liquid and the gas phases. As in the
case of evaporation, an approximate expression for the equilibrium exchange rate of
the absorbing gas may be determined. This expression is in terms of the radius of the
gas molecule being absorbed by the liquid phase. The SRT expression was evaluated
by determining the value of the molecular radius that gave the best ®t of the measured
amount of gas absorbed as a function of time. For O2 being absorbed by H2O at a
temperature of 22.2 �C, the molecular radius of the water molecule was found to be
1:8� 10ÿ10 m; whereas the average value of this radius determined by three other
techniques is 1:78� 10ÿ10 m [21]. Thus, gas absorption kinetics, as well as phase-
change kinetics and gas adsorption kinetics, indicate that the SRT prediction of the
unidirectional rates depending on the condition in both phases has signi®cant
experimental support.
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