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In the present work, reversed-flow gas chromatography (RF-GC) is utilized for the
study of the evaporation of volatile liquids. Evaporation rates and the respective diffusion
coefficients are determined for the evaporation of ethanol and 1,1, 1-trichloroethane in
nitrogen, at 306.2 K. The precision (>99.5%) and accuracy of the method, as well as the
uncertainty of the determined parameters, ascertain the potential of the presented meth-
odology. The experimentally obtained evaporation rates have units of velocity, and for
high volatility compounds their values are identified with the liquid film mass-transfer
coefficients. The latter compare successfully to available literature values, further ascer-
taining the validity of the presented methodology. The variation of the evaporation rates
of ethanol and 1,1, 1-trichloroethane, in the presence of various amounts of Triton X-100,
indicates that different, but in any case high amounts of surfactant are required for the
drastic retardation of the vaporization rate. The reduction of the evaporation rate can be
attributed either to the formation of densely packed surface monolayers or to the
formation of an insoluble monolayer. © 2006 American Institute of Chemical Engineers
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Introduction

Transport of chemicals from water bodies to the atmosphere
(volatilization or evaporation) can be an important environ-
mental pathway for certain chemicals. Evaporation is an im-
portant environmental fate for compounds introduced into both
freshwater and marine environments by inadvertent spills, by
agricultural runoff, and by industrial effluents, or introduced
directly into the air from industrial unit processes such as
bioreactors and cooling towers.'-7

Several groups have reported various methods for estimating
volatilization or evaporation rates of organic chemicals from
natural water bodies.!*7 The methods described in the litera-
ture for the measurement of evaporation rates can be classified
in two main classes. The first involves the measurement of
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weight gain of a vapor adsorbent placed above the liquid
surface. This method allows relative rates across a quiescent
gas space. The second class involves measurement of the rate
of liquid loss into a gas stream flowing horizontally across the
liquid surface. In the majority of these techniques relative
evaporation rates,® which cannot be related to the physical
properties of the evaporating species, as well as evaporation
halftimes are measured.!->¢

The novel technique of reversed-flow gas chromatography
(RF-GC) has been used for various physicochemical measure-
ments, such as of rate coefficients and diffusion coefficients for
the evaporation of pure liquids,” mass transfer coefficients
regarding the evaporation of liquids,'© activity coefficients, and
mass transfer coefficients and diffusion coefficients in multi-
component liquid mixtures,!! as well as for the estimation of
the solubility and interaction parameters in binary liquid mix-
tures.!?

Certain monolayers have been found to cause a significant
reduction in the evaporation rate of a liquid; for example, long
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chain alcohols decrease the volatilization rate of the water on
an actual lake by a factor of 46-50%.!3-1°

In the present work, the utilization of RF-GC is extended in
the study of the evaporation of two volatile organic com-
pounds, that is 1,1,1-trichloroethane and ethanol, under the
influence of the liquid free surface area as well as under various
amounts of the nonionic surfactant Triton X-100.

Methods
Preparation of the surfactant-containing solutions

In order to prepare the various surfactant+solvent solutions,
the amount of the surfactant adsorbed per unit area of inter-
phase was calculated by using the appropriate form of the Gibbs
adsorption equation (for solutions of nonionic surfactants)>®

I, = _; & (1)
! 2.303RT \dlog C,/,

where v is the surface tension in N'm™' or J'm™> C; is the

molar concentration of the surfactant at the experimental ab-
solute temperature 7 = 298.2 K, R = 8.314 Jmol 'K ! is the
ideal gas constant, and I'; is the surface excess concentration of
the surfactant in mol'm 2. In order to estimate the surface area
per molecule, a, of Triton X-100 at the interphase, the surface
tension (y) was plotted against the log of the concentration (C,)
of Triton X-100, as shown in Figure 1.

From the slope of Figure 1, the surface excess concentration
of the surfactant was determined: I', = (2.67 = 0.07)-10°¢
mol'-m 2. Using the I'; value so obtained, specific surface area
per molecule at the interphase, ], was calculated from the
following relation?°:

1020
TN
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a

where N, is the Avogadro’s number and I'; is in mol-m 2. It
was found that o} = (62.294 + 0.002)-10 '® m?. Both I'; and
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Figure 1. Plot of the surface tension (y /J-m~2) against
the log of C, where C, is the bulk phase con-
centration of the various aqueous solutions of
surfactant Triton X-100, at 25°C.

CMC = Critical micelle concentration of surfactant.
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Figure 2. Instrumentation of the reversed-flow gas chro-
matography technique for the simultaneous
measurement of diffusion coefficients and rate
transfer coefficients of evaporating liquids.

o values are of the same order of magnitude with the values
given on page 78 of Ref. 20 for similar nonionic compounds of
homogeneous head group.

For the aqueous solutions of Triton X-100 used in the
surface tension experiments, the critical micelle concentration
was found to be C; = 1.56:10~* M or 0.0094% vol. Since both
the surface area of the bottle containing the evaporating liquid
under study, a;, as well as the specific surface area per mole-
cule at the interphase, «] are known, the amount of surfactant
compatible with the theoretical coverage ranging from 1 to 4
monolayers of Triton X-100 was estimated, and the respective
solutions of surfactant in ethanol and in 1,1,1-trichloroethane
were prepared.

Materials

1,1,1-trichloroethane and ethanol from MERCK-Schuchardt,
England, were used as evaporating liquids (stationary phase).

Nonionic surfactant Triton X-100 (iso-Octylphenoxypoly-
ethoxyethanol, d = 1.06 g'ml~ ' and M = 646.37 g'mol ') was
equipped from BDH Laboratory Supplies, England. Nonionic
surfactants are compatible with all other types of surfactants,
and they are soluble in water and organic solvents including
hydrocarbons. Triton X-100 is more soluble than other non-
ionic surface active agents and ~90% biodegradable.

Nitrogen of 99.999% purity from BOC Gases, Athens,
Greece, was used as the carrier-gas (mobile phase).

Techniques

In RF-GC, another column (diffusion column) is placed
perpendicularly in the center of the usual chromatographic
column (sampling column), as shown in Figure 2. The carrier
gas flows continuously through the sampling column [ + /',
while it is stagnant inside the diffusion column L. The evapo-
rating liquid (stationary phase) is placed into a glass bottle at
the lower closed end of the diffusion column.

In contrast with conventional GC, where the mobile phase is
the center of interest, in RF-GC the solid or liquid substance
placed into the closed end of the diffusion column is under
investigation. Thus, RF-GC can be considered as an inverse gas

July 2006 Vol. 52, No. 7 AIChE Journal



Erbanal

Sample peak Etbancl

Sample peak
- “a

A prak height

SORIHANS CORCRMITALON-BMY Curve

Flow reversal for 63
Flow reversal for o

Fi0 signal (arbitracy units)

.

t{min} -

Figure 3. A reversed-flow chromatogram showing two
sample peaks for the diffusion of ethanol va-
pors into carrier gas nitrogen at 306.2 K and
101325 Pa (volumetric flow rate = 60
cm®min~7).

chromatographic method. Column sections [/ + [’ form the
so-called sampling column, at which junction with the diffu-
sion column L, the sampling of the physicochemical phenom-
ena taking place into the diffusion column L is done. In our
case, the physicochemical phenomena occurring into the dif-
fusion column are: (a) the evaporation of small amounts of the
studied liquid solvents, and (b) the diffusion of the evaporating
vapors into the stagnant carrier gas. Consequently, the dis-
placement of the vapors of the evaporating liquid into the
diffusion column depends on the properties of the stationary
phase and the diffusion of its vapors into the stagnant carrier
gas (mobile phase), while it is independent of carrier gas
flow-rate.

Another feature of RF-GC is the sampling procedure of the
physicochemical phenomena, which take place in the diffusion
column. The sampling procedure is carried out by using a
four-port valve enabling reversals of the flow of the carrier gas
for a short time, as well as restoring its flow in its original
direction. The above-mentioned flow reversal procedure results
in a brief enrichment of the solute quantity into the carrier gas
and, thus, extra chromatographic peaks, like those of Figure 3,
are created on the continuous concentration-time curve (chro-
matogram). The extra peaks are symmetrical and their height
(or the area) measured from the continuous baseline is propor-
tional to the concentration of the diffusing vapors of the liquid
stationary phase at the junction of the diffusion and sampling
columns, giving to RF-GC a higher sensitivity and accuracy,
resulting in accurate data collection and limiting the need for
computer data reduction that seems necessary for other elution
methods.

Surface tension measurements were performed by using a
Torsion Balance from White Elec. Inst. Co. Ltd.

Procedure
The experimental setup for the application of reversed-flow
gas chromatography to study the evaporation is shown in
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Figure 2, the details of which have been described else-
where,2!22 except that the system was modified for the peri-
odic flow reversal of the carrier gas with an automatic Shi-
madzu four-port valve. The computer programming during the
whole experiment controlled the flow reversals.

A multi-detector gas chromatograph (Shimadzu GC-14 A),
equipped with a flame ionization detector along with other
detectors, contained in its oven two sections of length / and [’
of the stainless-steel sampling column / + /" [(50 + 50) cm X
5.3 mm i.d], which were empty of any chromatographic ma-
terial. A stainless-steel diffusion column, having length L = 45
cm (Figure 2), was connected perpendicularly in the middle of
the sampling column. The glass bottle containing the liquid
stationary phase was connected at the lower end of the diffu-
sion column, L, with a ¥4 inch stainless steel tee. The ends D,
and D, of the sampling column / + [ were connected with the
carrier gas inlet and the flame lionization detector via an
automatic four-port Shimadzu valve.

After placing the liquid under study in its position, the
automatic valve was regulated in such a way that as soon as the
monotonously rising concentration-time curve for the vapor of
the liquid appeared on the monitor, the chromatographic sam-
pling procedure started by reversing the flow of carrier gas for
an exact time period of 6 s. This interval is a shorter time period
than the gas hold-up time in both sections of [ and {’. As soon
as the carrier gas flow was restored in its original direction,
sample peaks, like those in Figure 3, were recorded, corre-
sponding to various times from the beginning of the experi-
ment. The automatic procedure operates continuously at vari-
ous time intervals, during the whole experiment lasting
approximately 4 h.

All the experiments were performed at 306.2 K, under a flow
rate equal to 1.0 cm®s ™', while the pressure drop along the
system was negligible. The volume of the glass bottle contain-
ing the evaporating liquids was 4.0 cm® and the height of the
liquid substance into the bottle was 1.0 cm.

Study of the evaporation under the influence of the
liquid surface area and surfactant monolayers

The influence of the liquid free surface area on the evapo-
ration of 1,1,1-trichloroethane and ethanol was studied by
using four different surface area, a;, glass bottles, which con-
tained the evaporating liquids, at a fixed temperature of 306.2
K and pressure of 101325 Pa. The four bottles used in these
experiments were: 0.613, 2.333, 4.250, and 4.677-107° m”’,
respectively.

Five different experiments were performed for each studied
liquid, starting from pure liquid and subsequently under the
influence of 1-4 theoretical monolayer(s) of Triton X-100, on a
glass bottle of surface area, a; , equal to 4.250-107° m?, at 306.2
K and pressure of 101325 Pa.

Theoretical Basis
Mathematical model

The variation of the sampling peaks height as a function of
time #,, for the vaporization of ethanol into nitrogen at 306.2 K,
is shown in Figure 4. A steep rise and then leveling off with
time of the sample peak height is observed, as is expected for
the process of the evaporation.'s

DOI 10.1002/aic 2383
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Figure 4. Diffusion band (plot of sample peaks height, h,
against time, t,, from the beginning of the ex-
periment) for the volatilization of ethanol, at
306.2 K and 101325 Pa.

h., is the infinity value of the sample peak height, taken as the
mean of the values found in the long time interval.

It has been shown earlier that each sample peak, produced by
two successive reversals in RF-GC, is symmetrical and its
maximum height /# from the ending baseline is given by?:

h=2c(l', t,) 3)

Thus, the concentration of the vapors of an evaporating liquid,
c(l' ty), at x = I" and time t, is proportional to the height or the
area of the experimentally obtained sampling peaks, and it is
interrelated with the rate coefficient for the evaporation pro-
cess, k., the diffusion coefficient of the vapor into the carrier
gas, D, and the geometrical details of the diffusion column
through the relation®:

, . k.Dc, 2
c(l', 1) = m {1 — exp[—2(k.L + D)t,/L"T} (4)
where L is the length of the diffusion column and v the
volumetric flow rate of the carrier-gas. Figure 4 represents the
sampling of the above-mentioned processes against time. It
becomes obvious that after a period of time, which is charac-
teristic of each particular interaction system, a steady-state
situation is achieved. From this plot, at long times an infinite
value for the peak height 4., can be obtained. This infinity 4.,
value is used for the linearization of the resulting relation®:

h. = 2k.Dcy/[v(k L + D)] (5)
Using the former approximation, one obtains®:
In(h., — h) = 1In h,, — [2(k.L + D)/L*]t, (6)

Thus, at long enough times, for which Eq. 4 was derived, a plot
of In(h., — h) vs. 1, is expected to be linear, and from its slope
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—2(k,L + D)/L? a first value of k. can be calculated from the
known value of L and a literature or theoretically calculated
value of D.?3-25

The value of k. can now be used to plot small-time data
according to Eq. 14 of Ref. 9, which is substituted now for
c(l',1y) in Eq. 2. After rearrangement logarithms are taken, and
there results:

(L] [ (DL 2L
n 2t(')/2+”t0 I T 4Dy, )

Now a plot of the lefthand side of this relation versus 1/, will
yield a first approximation experimental value for D from the
slope —L?/4D of this new linear plot.

Calculations

The analysis of the experimental chromatographic findings is
done from Eqgs. 6 and 7 as follows. Leaving out the first 3-4
points, which correspond to small times, the rest of the exper-
imental points are plotted according to Eq. 6. As infinity value
h., was taken, the mean of the values found in the time interval
was 135-180 min. From the slope of this plot, using a theoret-
ically calculated value of D (such as equal to 1.32:10 > m-s ™"
for the diffusion of ethanol in nitrogen) and the actual value of
L (45.0 cm), a first value for k. is calculated. The value of L is
experimentally measured, while the value of D can be reliably
determined either experimentally or predicted by theoretical
approaches. Several empirical methods to estimate D for binary
gas systems have been presented. The most widely used
method is that of Fuller-Schettler-Giddings, which results from
the correlation of more than 340 experimental diffusion coef-
ficients for 153 different binary mixtures and combines sim-
plicity and accuracy.?® In a recent review article, the determi-
nation of diffusion coefficients by gas chromatography was
demonstrated and evaluated.?* In the same work, a big data
base of literature D values is available.

The above k. value is now used to plot all the points except
those close to A, which correspond to long times, according to
Eq. 7. From the slope of this latter plot, an experimental value
for D is found. If this is combined with the slope of the
previous plot, a second value for k. is calculated and further
used to re-plot the data according to Eq. 7. The new value for
D found coincides with the previous one, and thus the iteration
procedure can be stopped.

Possible sources of errors

The uncertainty in the experimentally determined evapora-
tion parameters mostly depends on the accuracy of the temper-
ature control. The uncertainty in the sample temperature is
+0.1 K. The main source of error in the determination of the
diffusion coefficient is the accuracy with which the length of
the diffusion column, L, is measured, since D is proportional to
L?. Instead of measuring L directly, one can use a solute of
accurately known diffusion coefficient in the given carrier gas
(such as C,Hg in N,23) and carry out a calibration experiment
for L. The value of L so determined (45 cm) can now be used
to estimate unknown diffusion coefficients. The determination
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Table 1. Rate Coefficients for the Evaporation of Ethanol, k., and Diffusion Coefficients of Its Vapors into Nitrogen, Dy, a5
Under the Effect of Liquid Free Surface Area, a;, at 306.2 K and 101325 Pa

Vessel No 10°a; /m? 10%k /m s~ 10°D ;o una/m>s ™! 10°Dy;/m?s~" 10°Dy;/m?s~! Deviation, % Deviation, %
1 0.613 470 £0.13* 1.30 £ 0.006* 1.32F 1.37% 1.5 5.1%
2 2.333 5.34 £0.15% 1.32 = 0.008* 1.327 1.37% 0* 3.6*
3 4.250 6.32 = 0.17* 1.32 £ 0.009* 1.32F 1.37% 0f 3.6%
4 4.677 6.86 £ 0.14* 1.33 = 0.007¢ 1.327 1.37% 0.8" 2.97
Mean values 1.32 = 0.006 0.6y (3.8%)%x
Precision, % 99.5%

“Uncertainty obtained from the standard errors of the k. and D values, estimated from the slopes of the linear plots of Eqgs. 6 and 7, respectively.
*Precision determined from the mean value and the standard error of the experimentally obtained diffusion coefficients.
*#*Mean deviation of the experimental diffusion coefficients from the respective predicted” and experimental® literature values, D;,.

of the evaporation rate depends also on the accuracy of the
length of the diffusion column, L.

Results and Discussion

The evaporation of pure liquids as well as of liquid mixtures
has been studied in the past utilizing RF-GC.%-12 However, the
evaporation in the presence of surfactants is a more complex
process than that of a simple liquid mixture. For this reason a
preliminary evaluation of the technique was done for the first
time, by performing evaporation experiments under various
liquid surface areas. It is well known that the rate of the
evaporation of a liquid, at a fixed temperature, is expected to
increase with rising liquid surface area, while the diffusivity of
the liquid vapors is expected to be unaffected. From the above
mentioned experiments, the precision and the accuracy of the
methodology can be determined by utilizing the experimentally
obtained by means of RF-GC diffusion coefficients of the
vapors of the evaporating liquid into the carrier gas (nitrogen).
The reason for the use of diffusivities is that accurate diffusion
coefficient data are more accessible in the literature, in contrast
with evaporation data, for which relative evaporation rates and
evaporation halftimes are usually found in the literature.

Several groups have reported various methods for estimating
evaporation rates. The volatilization rate constant expressed in
terms of the mass-transfer rates of a solute obeying Henry’s
law, across liquid-, gas- and surfactant-layer phase boundaries,
according to the classical two-film mass transfer model?° is®:

_Vky_[1 RT _RT]" .
- Hk, " HE, ®

c ap - kl
where k_ is the experimentally obtained volatilization rate of

the present work (cmes '), ky is the volatilization rate constant
(s ", a, is the interfacial area (cm?), V is the liquid volume

(cm?), k; is the liquid-film mass-transfer coefficient (cm's '), R
is the gas constant (J’K~"mol "), T is the temperature (K), H,
is the Henry’s law constant (Jrmol "), kg is the gas-film mass
transfer-coefficient (cm-s~ '), and k, is the mass-transport co-
efficient at the surfactant film. The major problem with this
approach is that it is difficult to measure or estimate the
mass-transfer coefficients, k,, k;, and k. However, for high
volatility chemicals (high H_ values), such as ethanol and
1,1,1-trichloroethane studied in the present work, mass transfer
in the liquid phase controls about 95% of the volatilization rate
constant and, thus, the last term of Eq. 8 can be omitted.

Evaporation under the influence of liquid free surface
area

Tables 1 and 2 summarize the results obtained for ethanol
and 1,1,1-trichloroethane, respectively, performing evaporation
experiments under four different free surface areas of liquid, at
306.2 K.

The uncertainty of the used methodology is determined from
the standard errors of k. and D values estimated from the slopes
of the linear plots of Eqs. 6 and 7, respectively. In the same
tables, the values of diffusion coefficients found in the present
work, Dy > and the corresponding literature values, Dy,
either calculated by using the Fuller-Schettler-Giddings equa-
tion?’ or experimentally obtained for the diffusivity of ethanol
vapors in nitrogen, are also given.?” The accuracy of the
method is determined as % deviation of the experimental
values, Dy, ,.q» Obtained by means of RF-GC, from the respec-
tive literature ones, Dy;,.

.. |Dfnund - Dlil|
% Deviation = 100 X T p 9)
lit

The continuous elution GC method in a packed column was
used for the determination of the experimental value for the

Table 2. Rate Coefficients for the Evaporation of 1,1,1-Trichloroethane, k., and Diffusion Coefficients of Its Vapors Into
Nitrogen, Dy,,,.a» Under the Effect of Liquid Free Surface Area, a;, at 306.2 K and 101325 Pa

Vessel No 10°a, /m? 10°k/m s ! 10°Dyuna/ms ™! 10°Dy;/m?s ! Deviation, %
1 0.613 9.67 = 0.07* 0.92 £ 0.004* 0.877 5.7°
2 2.333 9.71 = 0.05° 0.90 + 0.007* 0.877 3.4°
3 4.250 10.0 £ 0.11* 0.92 £ 0.005* 0.877 5.7°
4 4.677 10.3 = 0.09° 0.91 = 0.006* 0.877 4.6
Mean values 0.91 = 0.005 (4.97)**
Precision, % 99.5*

“Uncertainty obtained from the standard errors of the k. and D values, estimated from the slopes of the linear plots of Egs. 6 and 7, respectively.
*Precision determined from the mean value and the standard error of the experimentally obtained diffusion coefficients.
*#Mean deviation of the experimental diffusion coefficients from the respective predicted” literature values, D,
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Figure 5. Variation of the rate, k., for the evaporation of
ethanol (M) and 1,1,1-trichloroethane (®), at
various liquid free surface areas, at 306.2 K
and 101325 Pa.

diffusion coefficient of ethanol in nitrogen.?” The calculation of
the diffusion coefficient was based on the van Deemter equa-
tion at low carrier gas flow rates while the accuracy of the D
value was 2.8%.%8

From the results given in Tables 1 and 2, the following
conclusions can be drawn.

From the experimentally found diffusion coefficients, the
precision determined was 99.5%. The precision of other chro-
matographic methods used for the determination of diffusion
coefficients, such as the continuous elution method, is about
98%, while that of the arrested-elution technique is also about
98%.73 Hence, the present methodology compares satisfacto-
rily with the other GC techniques.

The accuracy of the technique was checked by using the
ethanol-nitrogen system, for which literature values predicted
from the Fuller-Schettler-Giddings equation?’ as well as exper-
imental ones obtained from the continuous elution GC meth-
0d?7 are available. The comparison shows that the experimental
results obtained by means of RF-GC differ from the respective
literature in mean value by 3.8% and fall between predicted
and experimental literature values. The mean percent deviation
of the experimental values from the respective predicted ones
is much smaller, 0.6%.

The uncertainty of the experimental, Dy,,.4, values, is less
than 1.0%, ascertaining the reliability of the methodology. On

the other hand, the uncertainty of the experimental, k., values
is between 1.8 and 2.8%, which is slightly larger than that of
the D values. However, their uncertainty is satisfactory com-
pared to that of other techniques; for example, the uncertainty
in the measured evaporation rates by using a gravimetric tech-
nique varies from 1-4%.”

The variation of the experimentally obtained k. values under
the effect of the evaporating liquid free surface area is shown
in Figure 5. At the smaller studied liquid surface area of
0.613-10~° m?, k, values differ by a factor of ~two. At higher
liquid surface areas, the evaporation rates of the two different
studied liquids increase but their deviation decreases. Further-
more, it is obvious that in the studied liquid surface area range,
the rate of 1,1,1-trichloroethane vaporization is always higher
than that of ethanol but its increase is shorter than that of
ethanol. For high volatility liquids substances such as those
used in the present work, in the absence of surfactant layer(s),
Eq. 8 predicts that the rate of vaporization is proportional to the
interfacial area, a;, and the liquid-film mass transfer coeffi-
cient, k. Bearing in mind that the change of surface area only
affects a; , the increase of k. value is reasonable. Consequently,
the more the free surface area of the liquid, the more molecules
of liquid find their way to evaporate, in agreement with the
predictions of the two-film theory for the evaporation. The
values of k, show bigger increase in the case of ethanol com-
pared to 1,1,1-trichloroethane (Tables 1 and 2). This can at-
tributed to the different nature of each liquid, and it further
indicates that additional complications may be taken into ac-
count.

Evaporation under the influence of surfactant layers

Various resistances or barriers contribute in the evaporation
rate. Commonly, the major resistance arises from the presence
of “stagnant” gaseous and liquid layers close to the surface
across which the vapor must diffuse. Additional resistance to
evaporation, resulting in the drastic retardation of the evapo-
ration rate, is caused by the presence of adsorbed monolayers.

Tables 3 and 4 summarize the results obtained for the evap-
oration of ethanol and 1,1,1-trichloroethane under the influence
of various amounts of the nonionic surfactant Triton X-100,
respectively. In the same tables, the diffusion coefficients ex-
perimentally determined, Dy,,,q, are compared with predicted
ones from the Fuller-Schettler-Giddings equation? for ethanol
and for 1,1,1-trichloroethane and with experimentally obtained
values for the diffusion of ethanol in nitrogen.?” In the last
column of the tables, the deviation of the experimental values

Table 3. Rate Coefficients for the Evaporation of Ethanol, k., and Diffusion Coefficients of Its Vapors Into Nitrogen, Dy, a5
Under the Effect of Various Amounts of Surfactant Triton X-100, at 306.2 K and 101325 Pa

Monolayer Thickness Retardation Deviation, Deviation,
of Triton X-100 10°k /m s~ of k., % 10°Dyng/ms ™! 10°Dy;,/m?s ™! 10°D,;/m?s ™! % %
0 6.32 £0.12% — 1.32 = 0.009° 1.327 1.37% 0f 3.6*
1 6.22 = 0.14* 1.6 1.34 £0.011* 1.327 1.37% 1.57 2.2%
2 5.19 £0.10° 17.9 1.33 = 0.007° 1.327 1.37% 0.8" 2.9%
3 3.33 £0.13* 47.3 1.32 £ 0.010* 1.327 1.3 0f 3.6*
4 2.65 £0.15% 58.1 1.31 = 0.008" 1.327 1.37% 0.8" 4.4%
Mean values 1.32 £ 0.005 0.6y (3.4%)y*
Precision, % 99.6*

“Uncertainty obtained from the standard errors of the k. and D values, estimated from the slopes of the linear plots of Egs. 6 and 7, respectively.
*Precision determined from the mean value and the standard error of the experimentally obtained diffusion coefficients.
*#Mean deviation of the experimental diffusion coefficients from the respective predicted” and experimental® literature values, D,
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Table 4. Rate Coefficients for the Evaporation of 1,1,1-Trichloroethane, k., and Diffusion Coefficients of Its Vapors Into
Nitrogen, Dy, ,.a» Under the Effect of Various Amounts of Surfactant Triton X-100, at 306.2 K and 101325 Pa

Monolayer thickness Retardation
of Triton X-100 10°k/m s™! of k., % 10°Douna/m>s ™! 10°Dy;/m?s ™! Deviation, %

0 10 = 0.11* — 0.92 = 0.009* 0.87° 5.7°

1 9.70 + 0.14* 3.1 0.92 = 0.007* 0.87° 5.7

2 9.50 = 0.12* 5.1 0.91 = 0.005* 0.87° 4.6

3 9.30 = 0.16* 6.9 0.93 = 0.006" 0.87" 6.9°

4 7.30 = 0.13* 26.9 0.92 = 0.008* 0.87° 5.7°
Mean values 0.92 = 0.003 (5.87yx
Precision, % 99.7*

“Uncertainty obtained from the standard errors of the k. and D values, estimated from the slopes of the linear plots of Eqgs. 6 and 7, respectively.
*Precision determined from the mean value and the standard error of the experimentally obtained diffusion coefficients.
**Mean deviation of the experimental diffusion coefficients from the respective predicted’ literature values, D .

from the predicted and experimental literature values, Dy;,, is
given.

The values of the diffusion coefficients, Dg,,,q4» Show that
they are independent of the addition of surfactant, as is ex-
pected. In the case of ethanol, the mean deviation of the
experimentally obtained by means of RF-GC values, Dy 4,
from the respective predicted and experimental literature ones
is 0.6 and 3.4%, respectively. Dy, .4 Values fall between pre-
dicted and experimental literature ones. In the case of 1,1,1-
trichloroethane, the mean deviation of the experimental Dy, .4
values from the predicted ones is 5.5%. From the experimen-
tally obtained diffusion coefficients, Dy,,,4, both under various
liquid free surface areas and in the presence of surfactant, the
total reproducibility of the method is determined 99.6% in the
case of ethanol and 99.7% in the case of 1,1,1-trichloroethane.

The variation of the evaporation rates of ethanol and 1,1,1-
trichloroethane in the presence of surfactant against the surface
coverage of Triton X-100 is shown in Figure 6. The reduction
of the evaporation rates of both solvents is presented in
Figure 7.

The uncertainty in the determination of the vaporization
values, k., varies from 2.7 to 5.7% in the case of ethanol, and
from 2.2 to 3.6% in the case of 1,1,1-trichloroethane. Conse-
quently, the experimentally obtained by means of RF-GC rates
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Figure 6. Variation of the rate, k_, for the evaporation of
ethanol (M) and 1,1,1-trichloroethane (®), un-
der the influence of various apparent surface
coverages of surfactant Triton X-100, at 306.2
K and 101325 Pa.
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can be used in order to extract safe conclusions for the effect of
Triton X-100 in the evaporation of the studied solvents.

A general conclusion concerning the k. values in the pres-
ence of various amounts of Triton X-100, corresponding to the
formation of adsorbed monolayers at the liquid surface, is that
the evaporation rates decrease. However, the reduction of the &
values is different at each studied liquid. The retardation of the
evaporation rate of ethanol becomes significant (>18%) at
amounts of surfactant corresponding to more than two mono-
layers. Then, the k. values decrease decently from 18 to 58% as
the amount of Triton X-100 further increases. In the case of
1,1,1-trichloroethane, the reduction of k. is obviously more
slight. A small retardation of the vaporization rate of 1,1,1-
trichloroethane, varying from 3 to 7%, is observed at coverages
of surfactant corresponding from 1 to 3 theoretical monolayers.
A higher amount of Triton X-100 is necessary for the drastic
reduction (27%) of the vaporization rate of 1,1,1-trichloroeth-
ane.

The experimentally obtained evaporation rates are absolute
and not relative ones and, consequently, they can be related to
the physical properties of the evaporating species. They have
units of velocity and, for high volatility compounds, their
values are identified with the liquid film mass-transfer coeffi-
cients. They most likely indicate that the estimation of the cross
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Figure 7. Plots of the reduction (%) of the volatilization

rate of ethanol (M) and 1,1,1-trichloroethane

(@), under the influence of various apparent

surface coverages of surfactant Triton X-100,
at 306.2 K and 101325 Pa.
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sectional area, aj, does not provide the necessary quantities of
Triton X-100 required for the formation of the expected sur-
factant monolayers. In any case, it is obvious that higher
amounts of surfactant than those predicted for the formation of
a monolayer are necessary for the drastic reduction of the
evaporation rate, which is in agreement with the observation
that evaporation can be hindered only by very densely packed
adsorption layers.!*

Smith et al.® found that the addition of 0.003% v/v Triton
X-100 results in reduction of the volatilization or evaporation
rate of benzene at 20°C by a factor of 2. The retardation of the
vaporization rate by Triton X-100 was attributed to the increase
of the thickness of the boundary layer. Several workers have
shown that surface active agents reduce the volatilization
rate.'3-!8 For example, Bull and Kamp'> found a similar effect
for the oxygen reaeration constant. Davies and Rideal'® suggest
that the presence of surfactant can also affect the liquid-film
mass transfer coefficient, k;, by increasing the viscosity of the
surface. Similarly, Goodridge and Robb!? found that amounts
of C4 to C,, alcohols, corresponding to twice the amount
required to form a monolayer, reduced the value of the evap-
oration rate constant by a factor of 1.5-4. In terms of classical
two film theory, this is equivalent to an additional resistance,
decreasing the value of liquid diffusivity, D, , in the boundary
layer. In terms of penetration or surface renewal theory, either
D, or the residence time of a packet at the surface can be
reduced due to the surfactant monolayer(s).

The authors of a recent work examined by thermo-gravimet-
ric balance the evaporation of water molecules across three
kinds of interphases: (i) air/water, (ii) air/surfactant solution,
and (iii) air/water interphase covered by an insoluble mono-
layer.?® Their investigation of the first two interphases for three
types of surfactant solutions below and above the critical
micelle concentration showed that there was no difference in
the evaporation rate of water, meaning that the molecular
surface area from the Gibbs surface excess has nothing to do
with the evaporation rate. In contrast, by using insoluble mono-
layers of 1-hetadecanol, the evaporation rate of water de-
creased, indicating a clear difference between an insoluble
monolayer and an adsorbed film of soluble surfactant. The
experimental findings of the present work may be explained in
a similar way. The drastic reduction of the evaporation rate of
ethanol and 1,1,1,-trichloroethane at a coverage of 2 and 4
theoretical monolayers of Triton X-100, respectively, indicates
that different amounts of surfactant, higher than those predicted
from the Gibbs surface excess, are necessary for the formation
of an insoluble monolayer.

It is also clear that the addition of Triton X-100 affects less
the evaporation of 1,1,1-trichloroethane compared to that of
ethanol. A similar behavior was also observed in the case of the
effect of liquid surface area. This behavior can be related to the
different nature of the two liquids. Both are polar compounds;
however, ethanol is a protic solvent, which can stabilize both
the surfactant cationic group through uncoupled electron pairs,
as well as the anionic group through hydrogen bonds, probably
ensuring a more favorable orientation of densely packed ad-
sorption layers.

At nonionic surfactants, the surface-active portion bears no
apparent ionic charge, and adsorbs onto surfaces with either the
hydrophilic or the hydrophobic group oriented toward the
surface, depending upon the nature of the surface. If polar
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groups capable of H bonding with the hydrophilic group of the
surfactant are present on the surface, such as in the case of
ethanol, then the surfactant will probably be adsorbed with its
hydrophilic group oriented toward the surface.?’ At low cov-
erage, the nonionic surfactant molecule may lie prone on the
surface, while at higher coverages, the hydrophobic group may
be displaced from the surface by the hydrophilic group and
lateral interactions between adjacent hydrophobic groups
(hemimicele formation) may occur.’® Maximum adsorption,
which occurs near the critical micele concentration of the
surfactant, has been ascribed to both monolayer and multilayer
formation.?® The present evaporation study, in the presence of
Triton X-100, may indicate that maximum adsorption is asso-
ciated with multilayer formation.

If polar groups capable of H bonding are absent from the
surface, as in the case of 1,1,1,-trichloroethane, then the non-
ionic surfactant molecules will probably be oriented with their
hydrophobic group toward the surface. The slight reduction of
the evaporation rate of 1,1,1,-trichloroethane, at coverage from
1 to 3 monolayers of Triton X-100, may be more indicative of
micelle formation in the bulk than of monolayers at the solu-
tion/air interphase. Moroi et al.?® also support that it seems
quite fallacious to believe that the surface excess is concen-
trated at the air/solution interphase.

Comparative study

A direct comparison of the measured in the present work &,
values with other literature ones is not possible. The majority
of the literature volatilization rates are either evaporation half-
times!->-¢ or relative ones.® Dilling® measured evaporation rates
of 27 chlorohydrocarbons from dilute water solutions (~1
ppm) and found the evaporation halftime of 1,1,1-trichloroeth-
ane to vary from 17.3 to 24.9 min depending on its initial
aqueous concentration. Beverley et al.” measured the evapora-
tion rate of ethanol equal to 1.6 mg'm s~ ' at 298.2 K by a
gravimetric technique. The latter value multiplied with the
liquid free surface area, a;, and divided by the mass of the
evaporating liquid, which equals the product of ethanol vol-
ume, V, and its density, d (0.8 Kg-m73), results in a value equal
to 1.6:10° ms~'. This value is lower than the experimental
value of our work: 6.32:10> ms™ ' at 306.2 K. Unfortunately,
a proper comparison between the two values is not easy since
they are not only referred to different temperatures but more-
over the former has been measured by using a gravimetric
technique depending on the gas flow rate while the latter, by
RF-GC, which does not at all depend on the carrier gas flow
rate. In any case, they are of similar order of magnitude.

Based on the vapor pressures and the boiling points of the
two studied for their evaporation liquids as given by BDH
chemicals (59 hPa and 351.2 K in the case of ethanol and 13.3
kPa and 347.2 K in the case of 1,1,1-trichlorocthane), it is
expected for 1,1,1-trichloroethane to be more volatile. This is
exactly what is experimentally observed (Tables 1-4 and Fig-
ures 5 and 6), further validating the reliability of the present
work Additional complications may arise at high evaporation
rates because evaporation leads to a cooling of the liquid
surface with consequent reduction of the vapor pressure. In this
situation, the evaporation rate is coupled to the rate of heat
transfer in the surface region.”

The values of the experimentally determined vaporization
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rates for high volatility compounds are identified with the
liquid film mass-transfer coefficients (Eq. 8). Thus, the liquid
film mass transfer coefficients, k,, of ethanol and 1,1,1-trichlo-
roethane at 306.2 K are estimated equal to 6.32:10 > and
10-10 > mes~ ', respectively. The latter compare successfully to
literature values of k;, such as a value 5.55:10 > m's ' given by
Liss and Slater for CO, in water,?' further ascertaining the
validity of the present work. The thickness of the liquid stag-
nant film, z;, can be obtained from the ratio of the respective
diffusion coefficient, D, , divided by the mass transfer coeffi-
cient through the stagnant liquid film, k. Thus, the stagnant
liquid layer thickness can be experimentally determined from
the values of the self diffusion coefficient at 306.2 K (corre-
sponding to the diffusion of ethanol vapors into ethanol),
estimated from the semi-empirical equation of Wilke-Chang??:
1.6:10™ m*s™" for ethanol and 2.9-107° m>s™' for 1,1,1-
trichloroethane, and the experimentally known k, values. These
values are: 2.6:10~* m in the case of ethanol and 5.9:10 % m in
the case of 1,1,1-trichloroethane. The latter values are very
close to the respective literature value given by Liss and
Slater®! for the transfer of oxygen in water: 4.0-10~* m.

Advantages of the present methodology

The basic advantage of the technique is its precision and
experimental simplicity. Absolute evaporation rates, which are
independent of the carrier gas flow-rate and, furthermore, re-
lated to the physical properties of the evaporating liquids, are
determined simultaneously with the respective diffusion coef-
ficients of the evaporating vapors into the carrier gas. The
experimentally determined vaporization rates have units of
velocity and, for high volatility compounds, their values are
identified with the liquid film mass-transfer coefficients (Eq. 8),
which measurement or estimation is considered as a difficult
task in the literature.® The validity of the method lies also in the
fact that it yields the above parameters not only for pure liquids
but also for their solutions.

Conclusions

The presented methodology of reversed-flow gas chroma-
tography can be used to simultaneously determine accurate
absolute evaporation rates and vapors diffusivities of pure
liquids, precisely.

The use of RF-GC can be obviously extended in topics that
are related to processes of significant environmental interest,
such as: (i) Studies from dilute aqueous solutions of organic
and inorganic pollutant compounds; (ii) Investigation of water
evaporation (sea, lake, river water bodies); (iii) Effect of ionic
and zwitterionic surfactants; (iv) Experiments with a longer
duration (>1 day) in order to examine the change of the
evaporation rate in a broader time scale (determination of
evaporation rates at a time resolved procedure) and, more-
over, the life span of the studied surfactant; and (v) Exper-
iments with surfactants under steering conditions in order to
investigate their durability. In a future publication, experi-
mental results concerning evaporation studies from dilute
aqueous solutions of organic pollutant compounds are going
to be presented.
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