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Effect of a thin spreading solvent film on the efficiency
of the hexadecan-1-ol monolayer deposited
for water evaporation retardation
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The influence of a thin spreading solvent film (ethanol, diethyl ether, and three fractions of
petroleum ether boiling at 30—60 °C, 60—90 °C, and 90—120 °C) on the properties of hexa-
decan-1-ol (C;4H;30H) monolayers at the air—water interface was studied. The specific
evaporation resistance and the surface pressure were determined to describe the spreading
behavior of the C;¢H330H monolayers. The physical properties of the solvents and the images
obtained in an atomic force microscope were examined. The time of establishing the equilibri-
um spreading surface pressure of monolayers can be reduced using a more volatile solvent with
a lower boiling point and a lower relative density. The influence of the monolayer nature on
water evaporation corresponds to the order of changing the solvent spreading rate: petroleum
ether (30—60 °C) > diethyl ether > ethanol > petroleum ether (60—90 °C) > petroleum ether
(90—120 °C). The monolayers formed upon petroleum ether (30—60 °C) spreading form a film
with a less deficient and relatively planar surface. When ethanol is used as a spreading solvent,
water evaporation is accelerated rather than retarded, while petroleum ether (30—60 °C) is
more appropriate for this purpose.

Key words: hexadecan-1-ol, monolayers, solvents, specific evaporation resistance, surface

pressure, atomic force microscopic images.

Large areas, such as Western China, have experienced
drought conditions over the past decades because of de-
creased rainfalls. As a consequence, efficient use of the
limited available water in arid climates is highly desirable,
but large amounts of water are frequently lost mainly ow-
ing to evaporation from open water storages. Researchers
have shown that water evaporation can considerably be
reduced by spreading water-insoluble monolayers of fatty
acids and long-chain alcohols over the water surface.1—6
Moreover, it was revealed that the evaporation rate de-
creased with the elongation of the alkyl moiety or an in-
crease in the intensity of interactions between alkan-1-ol
molecules in the insoluble monolayer.” A linear relation-
ship was found between the logarithm of the specific evap-
oration resistance and inverse absolute temperature.438.
Many available studies reported the physical properties of
binary monolayers of simple long-chain compounds, such
as alcohols, esters, amines, or other surfactants at the
air—water interface.?—11

Usually, investigations of monomolecular layers are
carried out by spreading a surfactant insoluble in the sol-
vent over the water surface. However, the most part of

previous studies paid much attention to the monolayer
material. Only few studies systematically dealt with the
effect of the spreading solvent on the evaporation rate and
monolayer spreading.1-12

The first assumptions about the influence of various
volatile water-insoluble solvents on the properties of mono-
layers at the air—water interface had been published at the
mid-20th century.! Solvents and substances after deep pu-
rification were used in the later studies.!? It was revealed
that the film substance was partially dissolved in the sub-
phase if ethanol or mixtures with ethanol are used as the
solvent spreading over the water surface. The intensity of
film dissolution can be decreased due to using syringes
with smaller needles. Although the IR spectra provide in-
formation on the conformational ordering and arrange-
ment of molecules in the films, additional studies are nec-
essary to refine the structural morphological organization
of the films.

In the present study, a structural morphological ap-
proach to investigation of the effect of the solvent spread-
ing rate on the properties of monolayers was proposed.
The experiments were carried out with ethanol and diethyl
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and petroleum ether films using saturated hexadecan-1-ol
(CcH330H) as a film-forming substance. The following
parameters were determined to describe C;cH3;OH mono-
layer spreading: spreading coefficient (5), specific evapo-
ration resistance (r), water evaporation resistance (X), sur-
face pressure (w), and physical properties of the solvents.
The monolayer microstructure was studied by atomic force
microscope (AFM).

Experimental

Materials. Hexadecan-1-ol (m.p. 49.2—49.6 °C) was puri-
fied by recrystallization from am n-hexane solution, and the
purity was tested by melting point determination and gas chro-
matography (GC). The solvents were twice-distilled etha-
nol (fraction 78.4 °C), diethyl ether (fraction 34.5°C), and
petroleum ether (three fractions: 30—60 °C, 60—90 °C, and
90—120 °C), all solvents being analytically pure grade. The main
physical properties of the solvents are given in Table 1. The
water subphase was obtained by double distillation using a Pyrex
distillation apparatus. Water quality was monitored by extraction
with hexane followed by GC analysis.

Spreading technique. Water-insoluble monolayers were spread
on the water surface from dilute solutions.313 Spreading solu-
tion droplets were distributed over the whole surface area of the
cell. Before starting the experiment, the solvent was allowed to
evaporate for 30 min. The system was placed in a water bath at
a constant temperature of 25+0.5 °C. The scheme of the film
localized at the air—water interface is shown in Fig. 1.

Specific evaporation resistance. The rate of evaporation
from the water surface was measured by an increase in the weight
of lithium chloride used as dessicant. At first lithium chloride
was heated at 105 °C for water removal and then stored for
a certain time at a distance of 2 mm from the water surface.
The specific evaporation resistance () was determined by the
equation!2:

r=A(w —wg)(t/m;— t/my), (1)

where m; and m, are the amount of water vapor absorbed
within time ¢ in the presence and in the absence of the mono-
layer on the water surface, respectively; w and w, are the
concentrations of water vapor equilibrated with the water
surface and dessicant, respectively; A4 is the water surface area
covered with the dessicant. The w and w, values used were ac-
cepted as equal to 23.03-107° and 2.33-10~° g mL~!, res-
pectively.

Table 1. Main physical properties of the solvents studied

Phase 3
Film 2

Interface

Phase 1

Fig. 1. Scheme of film 2 localized at the interface of phases 1 and 3.

Surface pressure. The surface pressure (n) was determined
by the equation®:

T=Y—Y 2

where y and vy, are the surface tension values in the presence and
in the absence of the monolayer at the air—water interface, re-
spectively.

Isotherms "surface pressure—surface area per molecule." The
isotherms in the "surface pressure—surface area per molecule"
coordinates (n—A isotherms) were measured at 25°C with
a KSV1100 automatic Langmuir—Adam haul-film balance. At
first, a certain amount of a spreading solution was added with
a microsyringe to the slot of the automatic balance. After 15 min,
i.e., after processes of surface diffusion and solvent spreading
and evaporation on the surface completed, the pressure was mea-
sured and the isotherm in the n—A coordinates was plotted. The
temperature of the aqueous subphase was maintained constant
(25£0.2 °C) using a thermostat with circulating water.

Spreading coefficient. If a drop of the liquid (2) is placed on
the water surface (in our experiment, at the air—water (3/1)
interface), the possibility of spontaneous spreading depends in
the spreading coefficient (S) value of liquid 2. The § coefficient
can be expressed as follows!4:

S/ =M13— Y12 — 123 = Y13 — N12)3 (3)

where v; is the surface tension of the phases i and j; yy()3 is the
interface surface tension of film 2 covering the interface of phas-
es 1and 3. Thus, y;3 denotes the surface tension of water equal to
72 mN m~!. If Sis positive, liquid 2 can spread spontaneously at
the interface of phases 1 and 3.

AFM images. The microstructure of monolayers was studied
by atomic force microscopy (AFM) on a JSPM-5200 instru-
ment. The monolayer was prepared for investigation by the hor-
izontal lifting method using mica as a supporting solid substrate.
The topography of the monolayers was observed by AFM at
298.2+2 K in a tapping mode, providing both a topographic

Solvent Ethanol? Diethyl Petroleum ether, fractions
ether?
30—60 °C 60—90 °C 90—120 °C
Relative density (25 °C) 0.7893 0.7135 0.6372 0.6535 0.6743
Solubility in water Soluble Insoluble Insoluble Insoluble Insoluble

aB.p.78.4°C.
bB.p.34.5°C.
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image and phase contrast. The Si;Ny tips on integral cantilevers
were used in the tapping mode at a scanning range of 1 um.

Results and Discussion

Spreading coefficient. The spreading coefficient value
(8) is very important for analysis of the spreading rate of
the monolayer with the solvent over the water surface. The
coefficient describes both the possibility of spontaneous
spreading and relative differences between spreading of
the monolayers obtained from various solvents. The data
in Table 2 indicate that at positive .S values all spreading
solutions can spontaneously form a film at the air—water
interface. The difference between the behaviors of various
solutions shows that the spreading rate of the solvent sig-
nificantly affects the film-forming ability. The spreading
ability order for the solvents studied is as follows: petro-
leum ether (30—60 °C) > diethyl ether > ethanol > petro-
leum ether (60—90 °C) > petroleum ether (90—120 °C).

Isotherms in the n—A4 coordinates. The isotherms for
the C;,H3;30H monolayers in the n—A coordinates are
shown in Fig. 2. All isotherms are similar in shape, espe-
cially those for the monolayers obtained from diethyl ether
and diethyl ether (30—60 °C). Figure 2 shows that, when
using various solvents, C;cH3;30H can form incompress-
ible films. However, the spreading rates of the monolayers
from diethyl ether or petroleum ether (30—60 °C) and
ethanol differ noticeably. The reason is that the molecules
of diethyl and petroleum (30—60 °C) ethers squeeze out
from the monolayer more rapidly due to lower boiling
points and higher volatilities than those of ethanol. Petro-
leum ether (30—60 °C) molecules with a lower density are
removed especially rapidly. Therefore, the monolayers
spreading from petroleum ether (30—60 °C) are charac-
terized by the highest cohesion work and the smallest
(about 0.191 nm?2) surface area per molecule.

Isotherms in the ©—7 coordinates. The surface pressure
() exerts a strong effect on the retardation of water evap-
oration. The higher the surface pressure, the stronger the
cohesion work in the monolayers. Therefore, the change
in the surface pressure with time for monolayers can be
used for studying the distribution and pervasion of a film-
forming materiel into the surface layer of water.

In this work, the change in n value with time (7) for the
monolayers was studied under atmospheric pressure, which
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Fig. 2. Isotherms in the n=—A coordinates for the C;sH;;0H
monolayers obtained from various spreading solvents: ethanol (7),
diethyl ether (2), and three fractions of petroleum ether:
30—60 °C (3), 60—90 °C (4), and 90—120 °C (35).

makes it possible to determine the equilibrium surface
spreading pressure (ESP) and the time of equilibration.
The results presented in Fig. 3 show that & increases rap-
idly during the short initial period and then continues to
increase very slowly. This agrees with the theoretical as-
sumptions that the surface pressure tends to achieve more
or less constant value.15

However, the behaviors of the monolayers obtained
from various solvents differ. As follows from Fig. 3, if
diethyl ether and petroleum ether (30—60 °C) are used as
solvents, the metastable equilibrium is achieved rather
quickly, and the equilibrium pressure is detected already in
~80 min. At the same time, in the case of ethanol, the ESP
isachieved only after ~200 min, whereas for petroleum ether
(90—120 °C) the equilibration is achieved after ~250 min.

Therefore, it can be concluded that the rate of achieve-
ment of the monolayer ESR is related to the physical prop-
erties of spreading solvents, such as the boiling point, vol-
atility, and density. The achievement of the equilibrium
surface pressure of monolayers can be accelerated due to
the use of a solvent with a higher volatility and lower
boiling point and relative density.

Table 2. Spreading coefficients (Sy(3/1)) of the solvents and the interfacial surface tension (yy(z)3)) of the film at

the air—water interface

Parameter Ethanol Diethyl Petroleum ether, fractions
th
ethet 30—60 °C 60—90 °C 90—120 °C
Y12)3/mN m! 50.7 49.7 46.8 53.2 60.7
Sy3/1)/mN m! 21.3 22.3 25.2 18.8 11.3
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Fig. 3. Change in the surface spreading pressure of the C;sH;3;0H
monolayers in time for various spreading solvents: ethanol (/),
diethyl ether (2), and three fractions of petroleum ether:
30—60 °C (3), 60—90 °C (4), and 90—120 °C (5).

t/min

Isotherms in the —7 coordinates. The results of studies
of the effect of various spreading solvents on the character
of the isotherms plotted in the "specific evaporation resis-
tance—time" coordinates are presented in Fig. 4. It can be
seen that at the initial time period the effects of retarda-
tion of the evaporation rate by the monolayers obtained
from various solvents are very small and r is only ~0.2.
Then r increases rapidly and after some time achieves
a constant value. Among the three systems studied con-
taining petroleum ethers, a comparatively constant » value
was detected most quickly (after 80 min) for petroleum
ether boiling at 30—60 °C. The longer time (120 min) was
needed in experiments with petroleum ether boiling in the
range 60—90 °C. The achievement of a constant r value
took the longest time (almost 250 min) in experiments
with petroleum ether boiling at 90—120 °C. The systems
stabilized completely after 480 min, and the r value
for petroleum ether (30—60 °C) was 1.31, while it de-
creases to 0.86 and 0.68 for petroleum ethers (60—90 °C)
and (90—120 °C), respectively. The effect evaporation re-
tardation for five monolayer samples decreases in the fol-
lowing order: petroleum ether (30—60 °C) > diethyl
ether > ethanol > petroleum ether (60—90 °C) > petro-
leum ether (90—120 °C). The differences in the character
of the dependences of » on ¢ can be due to the fact that
some solvent molecules are first retained in the C;cH;30H
monolayer formed upon film spreading. The gradual
"squeezing out" of these molecules from the dense film
packing increases r with time. Therefore, the results pre-
sented in Fig. 4 suggest that various solvents are charac-
terized by different » values and the reason lies, first of all,
in a large difference in the boiling points and volatilities of
the solvents.
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Fig. 4. Change in the specific resistance of the C;sH3;30H mono-
layers in time for various spreading solvents: ethanol (/), diethyl
ether (2), and three fractions of petroleum ether: 30—60 °C (3),
60—90 °C (4), and 90—120 °C (5).

t/min

Effect of foreign molecules. Resistance of the mono-
layers is related to the energy necessary for the formation
of a vacancy in the film. Therefore, the presence of small
amounts of solvent and foreign molecules can exert a rather
strong effect on the retardation of water evaporation, since
these molecules form vacancies in the insoluble monolayers. !

In order to interpret the effect of solvent spreading on
retardation of water evaporation by monolayers, one can
use the equation! that describes the resistance of hexa-
decan-1-ol molecules to the presence of obstructed sol-
vent molecules

1/": l/rC16H33OH + no/ro, (4)

where r¢, p, o is the specific resistance of C;¢H3;0H in
the absence of the inclusion effect of obstructed solvent
molecules equal to 1.4 s cm~! (see Ref. 2), n is the mole
fraction of obstructed solvent molecules, and r is the spe-
cific resistance of free sites occupied by obstructed solvent
molecules equal to 1.9+ 1073 s cm™! (see Ref. 1).

In this study, the mole fraction of obstructed solvent
molecules was calculated by Eq. (4) from the experimen-
tal values of specific resistance detected after 8§ h. The
corresponding results are listed in Table 3. The calcu-
lations show that the mole fraction of solvent mole-
cules obstructed in the monolayers for petroleum ether
(30—60 °C) is much smaller than for other solvents. Pe-
troleum ether (30—60 °C) molecules cannot be retained
in the monolayers due to its lower boiling point and insol-
ubility in water and, thus, they cannot affect their com-
pressibility. In addition, the density of petroleum ether
(30—60 °C) is the lowest compared to those of other sol-
vents, which can decrease solvent sinking into the sub-
phase of water and, therefore, the character of the water
subphase remains unchanged and does not prevent film
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Table 3. Specific resistance (#;) and mole fractions (#n,) of molecules obstructed in the monolayers

obtained from various spreading solvents

Parameter Ethanol Diethyl Petroleum ether, fractions
ether
30—60 °C 60—90 °C 90—120 °C
ro/s cm~! 0.92 1.01 1.31 0.87 0.68
o 0.71-1073 0.52-1073 0.93-10~* 0.83-1073 1.44-1073

formation and the compression and resistance of the
monolayers. That is why the best effect of retardation of
the evaporation rate is observed for the monolayer ob-
tained from petroleum ether (30—60 °C). This layer has
the best spreading ability over the surface and contains the
minimum number of obstructed solvent molecules.
Atomic force microscopic images. The AFM images
(1x1 um) of the topography of the C;4H;30H monolayers
transferred onto mica at the ESP at different times are
shown in Figs 5 and 6. As can be seen from Fig. 5, some
domains of the crystalline phase appear during the initial
spreading period, and the monolayers are poorly ordered
and loosely packed. They are dispersed with time and,

15 min

90 min

210 min

finally, it is visible that the monolayer on the water surface
becomes homogeneous, although the pattern differs for
various solvents. Figure 6, a shows that the C;4H;;0H
monolayers contain defect wells 4.1 nm in depth, whereas
the monolayer obtained from an ethanolic solution con-
tain elliptical voids 10—100 nm in diameter, which can be
ascribed to the presence of solvent molecules in the mono-
layer. In the case of the monolayers from diethyl ether and
petroleum ether (30—60 °C), a relatively flat topography
with a less deficient surface can be observed (see Fig. 6, b, ¢),
although the monolayer obtained from diethyl ether has
no homogeneity characteristic of the layer obtained from
petroleum ether (30—60 °C).

330 min 480 min

Fig. 5. The AFM images (scale 1x1 pm) obtained at 25 °C 15—480 min after the C;H3;30H monolayers were transferred onto mica
from ethanol (a), diethyl ether (b), and petroleum ether (30—60 °C) (¢).
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Fig. 6. The AFM images (scale 1x1 um) and the data on the height obtained at 25 °C 480 min after the C,H3;350H monolayers were
transferred onto mica from ethanol (a), diethyl ether (b), and petroleum ether (30—60 °C) (c).
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Therefore, we studied the spreading effect of ethanol,
diethyl ether, and petroleum ether (fractions boiling at
30—60 °C, 60—90 °C, and 90—120 °C) on the properties
of the hexadecan-1-ol monolayers at the air—water inter-
face. The results showed that the rate of achievement of
the equilibrium surface spreading pressure of the mono-
layers can be increased using a solvent that better spreads
over the surface and has a higher volatility and reduced
boiling point and density. All AFM images show that with
time the monolayers in the water surface become homo-
geneous and the monolayers obtained from petroleum
ether (30—60 °C) can form a film with a less deficient and
relatively flat surface. The combined analysis of the iso-
therms plotted in the coordinates t—A, n—t, r—t, and X—t
and the AFM images suggests that ethanol used as the
solvent does not decrease and, on the contrary, enhances
the evaporation rate. Petroleum ether (fraction 30—60 °C)
turned out to be the most promising spreading solvent.

So, the properties of the monolayers at the air—water
interface depend strongly on the nature of the thin spread-
ing solvent film. The better the solvent spreading, the
more efficient the retardation of water evaporation by the
monolayer.

This work was financially supported by the Tianjin
Natural Science Foundation (Grant 09JCYBJC06100) and
the Foundation of Tianjin Science and Technology De-
velopment Program (Grant 20 060 513).
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