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OF SUSPENDED ALCOHOL DROPLETS

The influence of 390-nm ultraviolet radiation on the droplet evaporation under various pres-
sures in the atmosphere of dry nitrogen has been studied for a series of homologous alcohols
(n-propanol, n-butanol, n-pentanol, n-heptanol, n-octanol, and n-decanol). The alcohol evapo-
ration rates under and without irradiation are calculated. A significant increase in the evapo-
ration rate under low-power radiation is found for higher alcohols, and this growth is shown to
be not associated with the heating of a droplet. The obtained results are analyzed by comparing
them with experimental data on the slow neutron scattering.
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1. Introduction

An important direction of modern researches is the
study of the influence of radiation on the thermo-
dynamic behavior of condensed media, in particular,
on the evaporation processes which are used for the
fabrication of medical preparations, drugs, and dry
foodstuffs from solutions. There are both theoretical
and experimental works devoted to this issue [1-3].
However, the mechanism of radiation influence on
the processes running in liquids and liquid systems is
not clarified at length, so that the further researches
are required. This work aimed at studying the effect
of ultra-violet radiation on the evaporation rate of
droplets of various alcohols in the atmosphere of a
background gas (dry nitrogen) at pressures of 10, 30,
50, 100, and 200 mm Hg.

The examined substances (n-propanol, n-butanol,
n-pentanol, n-heptanol, n-octanol, and n-decanol)
form a homologous series of alcohols. The topicality
of studying the alcohols is explained by a variety of
their application regions, e.g., as a fuel, in the man-
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ufacture of synthetic detergents, solvents, perfumery
and cosmetics, in the food and pharmaceutical indus-
tries, and so forth [4]. At the same time, the scientific
literature mainly contains the results of theoretical
and experimental researches concerning the proper-
ties of lower alcohols, whereas the structural and dy-
namic characteristics of higher alcohols still remain
little studied [5]. Therefore, in our opinion, it is ex-
pedient to consider the behavior of alcohols in the ho-
mologous series during their evaporation, because the
addition of every CHs group changes the structure of
researched substances, their absorption spectra, and
the diffusion coefficient of alcohol molecules, which
may affect the evaporation rate of alcohols under the
influence of radiation.

2. Experimental Part

Measurements were carried out in a hermetic cham-
ber with a thermostat. A droplet of one of the alco-
hols to study was suspended on a special suspension
(the p—n transition of a chip transistor). The latter
simultaneously played the role of temperature sen-
sor with an error of droplet temperature measure-

ment of 0.03 K in the interval of 278-313 K. The re-
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quired values of the pressure and the temperature of
a surrounding gas (nitrogen) were maintained in the
working chamber. A laser light-emitting diode 0.1 W
in power was mounted at a distance of 2.5 cm from
the droplet. It generated light with a wavelength of
390 nm and served as a radiation source. In such
a manner, both the droplet and its gas-vapor en-
vironment were irradiated. During the evaporation,
the droplet and a scale ruler were periodically pho-
tographed in equal time intervals with the help of an
attached web-camera. The photos were automatically
registered in a computer. Then, using the method of
graphic integration, the surface area of the droplet
was determined at every time moment. Afterward,
from the dependence of the droplet surface area S on
the time ¢ in the course of droplet evaporation, the
corresponding evaporation rate d.S/dt was calculated
[6]. The detailed information on the experimental in-
stallation and procedure can be found in work [7].

In work [1], the results of experimental research
concerning the influence of optical radiation with var-
ious wavelengths (390, 565, and 625 nm) on the evap-
oration rate of droplets of a number of liquids in the
dry nitrogen atmosphere in a wide range of pressure
were reported. A considerable growth of the evapora-
tion rate under the action of radiation was revealed
for water (up to 25%), nitrobenzene (up to 40%), and
iodobenzene (up to 60%) droplets, provided their con-
stant temperature in the course of evaporation. It was
also found that the influence of irradiation on the
evaporation rate of the substances belonging to the
benzene series was the largest at pressures much lower
than the atmospheric one. In addition, the irradiation
with a wavelength of 390 nm turned out the most ef-
fective. Therefore, on the basis of the data presented
in work [1], we selected pressures of 10, 30, 50, 100,
and 200 mm Hg for studying the influence of radia-
tion on the process of evaporation of alcohol droplets.
Moreover, the researches were performed using ultra-
violet radiation with a wavelength of 390 nm.

3. Experimental Results

At the first stage of our researches, we used the
installation in a series of experiments to study the
evaporation of suspended droplets of alcohols in the
wide range of pressures from 10 mm Hg to the atmo-
spheric one without droplet irradiation. The evapora-
tion rates of ethyl and methyl alcohol droplets were
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Fig. 1. Dependences of the alcohol droplet evaporation rates
on the inverse external pressure for n-propanol (1), n-butanol

(2), n-pentanol (8), n-heptanol (4), n-octanol (5), and n-
decanol (6)

too high even at the atmospheric pressure and grew
as the environment pressure decreased. This fact did
not allow us to make a required number of photos dur-
ing the droplet evaporation for the reliable treatment
of experimental data. Therefore, the experiments on
the droplet evaporation at various external pressures
were performed only for alcohols from propanol to
decanol.

The time dependences of the droplet area at a con-
stant pressure are linear for all alcohols. This means
that the derivative dS/dt can be used to determine
the evaporation rate of alcohol droplets. It is neces-
sary to pay attention to that the temperatures of the
droplet and the gas environment throughout the ex-
periment practically did not change, so that the evap-
oration at a constant pressure occurred in a quasista-
tionary regime. For the sake of comparison between
the evaporation kinetics for the alcohols in the exam-
ined series, the dependences of the evaporation rates
on the inverse environment pressure are depicted for
some of them in Fig. 1. One can see that, as the mo-
lar masses of alcohols increase, the evaporation rates
of their droplets decrease provided that the external
pressure is constant. A similar behavior was observed
within the whole range of experimental pressures.

When the pressure decreased, the effect of alco-
hol droplet cooling at the evaporation became more
and more pronounced. For example, the temperature
of n-butanol droplets decreased from 453 to 303 K,
when the pressure was varied from the atmospheric
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Fig. 2. Dependences of the butanol and decanol droplet
temperatures on the inverse external pressure obtained under
droplet irradiation and without it
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Fig. 3. Dependences of the n-butanol evaporation rate in dry
nitrogen on the inverse external pressure in the dark regime
(1) and under light irradiation with a wavelength of 390 nm
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Fig. 4. The same as in Fig. 3, but for n-decanol
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one to 30 mm Hg. Moreover, the droplet tempera-
ture during the evaporation substantially grew when
changing from lower alcohols to higher ones (Fig. 2).

To study the influence of radiation on the evapora-
tion rate of alcohols, a low-power light-emitting diode
(P = 0,1 W) was used, which produced radiation
with the wavelength A = 390 nm. In Fig. 3, the de-
pendences of the evaporation rate dS/dt on the in-
verse pressure are shown for a low-molecular alcohol
(n-butanol), which were measured in two regimes:
dark (without irradiation) and with irradiation. In
both cases, the temperature of the surrounding gas
was 293 K. One can see that the evaporation rate of
n-butanol droplets almost did not change within the
experimental error. Small differences between both
regimes are explained by the insignificant heating of
n-butanol droplets (not exceeding 3-4 K) owing to ir-
radiation and the experimental error itself. The same
situation was observed for other low-molecular alco-
hols (n-propanol, n-butanol, and isoamyl alcohol) as
well. Hence, the change in the evaporation rates of
the indicated alcohols under the influence of radia-
tion was not detected.

Similar dependences on the environmental pressure
were obtained for other alcohols in the examined ho-
mologous series. In the experiments with n-pentanol,
the growth of the evaporation rate by 31% under
the action of radiation was observed at a pressure of
100 mm Hg. At a pressure of 50 mm Hg, the difference
was smaller (8%). The growth of the evaporation rate
under the influence of radiation was also observed for
other high-molecular alcohols, but no such variation
took place for low-molecular alcohols. Irradiation was
the most efficient for decanol (Fig. 4), for which the
evaporation rate increased by 85% at a pressure of
50 mm Hg.

In Table 1, the relative variations of the evapora-
tion rate under the action of radiation, AV/V, where
AV =V, — V, are quoted for all studied alcohols at
various environmental pressures. From whence, one
can see a substantial growth of the evaporation rates
of alcohol droplets under the droplet irradiation at
a wavelength of 390 nm, as compared with the dark
regime.

4. Analysis of Obtained Results

As follows from the results of our experiments, the
influence of radiation on the evaporation rate of alco-
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Table 1. Relative growth of the droplet

evaporation rate under irradiation for various alcohols and pressures

Alcohol 10 mm Hg 30 mm Hg 50 mm Hg 100 mm Hg 200 mm Hg
Propanol, % 1 2 3 3
Butanol, % 1 5 13 3
Pentanol, % 8 31 4
Heptanol, % 12 27 37 56 17
Octanol, % 27 24 35 45 48
Decanol, % 62 58 85

hol droplets becomes appreciable for alcohols starting
from pentanol, whereas the low-molecular members of
this series do not manifest such behavior. On the ba-
sis of the obtained data, it is possible to predict that
ethanol and methanol should not practically change
their evaporation rates at irradiation, although, as
was mentioned, experimental measurements for those
alcohols are rather difficult.

An evident reason for the obtained growth in the
evaporation rate of alcohols may be, first of all, the
heating of examined alcohol droplets under the action
of radiation in the course of evaporation. However,
the additional researches concerning the heating ef-
fect on the evaporation rate of alcohol droplets were
carried out, and their results demonstrated that
the growth of the droplet temperature by 1-3 K
(which took place at the droplet irradiation) induced
the increase in the evaporation rates of the studied
alcohols only by 3-7%. Such value cannot explain
the effect observed at the droplet irradiation (see
Table 1).

The growth of the alcohol evaporation rates un-
der the influence of radiation can also be explained
by the effect similar to the photoeffect, but for alco-
hols [8]. However, the researches carried out for the
dependence of the evaporated substance flux on the
irradiation light wavelength testify that this effect is
most likely not crucial. Therefore, we consider that
the increase of the evaporation rate of alcohols with
the growth of their number in the homologous series
can be explained by the known simultaneous enhance-
ment of the role of collective motions of molecules in
alcohols. A unique method that allows the collective
and one-particle motions in the liquid to be resolved
and their quantitative ratio to be estimated is the
scattering of slow neutrons in the examined liquids
[9]. Therefore, in order to explain the growth of the
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evaporation rate of alcohol droplets owing to the in-
crease in the collective contribution to the general
motion of alcohol molecules, we compared the ob-
tained experimental results with the available data
on quasielastic scattering of neutrons in the alcohols
under study.

The decreases in the evaporation rates of alco-
hol droplets with the growth of the alcohol molec-
ular mass are connected, first of all, with a reduc-
tion of the diffusion coefficient along the alcohol se-
ries. Therefore, it seemed to be expedient to compare
the obtained experimental data with the self-diffusion
coefficients calculated according to the data of the
quasielastic scattering of slow neutrons in the stud-
ied alcohols [9]. In Table 2, D is the self-diffusion co-
efficient of alcohol molecules, Dy the collective con-
tribution to the self-diffusion coefficient, and Dy the
one-particle contribution, so that D = Dy + Dgy. As
is seen from Table 2, when the effective length of the
alcohol molecule increases, the total diffusion coeffi-
cient D decreases, although the collective contribu-
tion grows. This fact testifies that alcohols are not
isostructural liquids. As the alcohol number grows,
the alcohol structure becomes denser.

In Fig. 5, the dependence of the ratio between the
collective contribution in the self-diffusion coefficient
of an alcohol molecule and the total value of this co-
efficient on the number of hydrogen atoms NV in the
molecule is plotted. The collective contribution to the
total self-diffusion coefficient grows with N. However,
the variation of this quantity is different for lower and
higher alcohols. Since the evaporation rate of alcohol
droplets is governed to a great extent by the diffusion
coefficient, such characteristic variations in the diffu-
sion coefficients for alcohols belonging to the homolo-
gous series can turn out useful at studying the evap-
oration processes for the liquids concerned. Really, if
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Table 2. Diffusion coefficients of alcohol
molecules obtained in neutron scattering experiments

Alcohol Chemical formula Number of D,107° m2?/s | Dy, 107° m2/s | Do, 1079 m?/s | D/Dy x 100%
hydrogen atoms
Methanol | CH3sOH 4 1.65 0.09 1.57 5.23
Ethanol CH3CH20H 6 1.59 0.18 1.42 11
Propanol | CH3(CHg2)2OH 8 1.41 0.22 1.19 15.8
Butanol CH3(CHz2)30H 10 1.24 0.24 1.01 19
Heptanol CH3(CHz2)sOH 16 0.96 0.22 0.73 23.4
Octanol CH3(CH2)7OH 18 0.92 0.27 0.66 29.2
Nonanol CH3(CH2)sOH 20 0.88 0.31 0.58 34.6
Decanol CH3(CHz2)9OH 22 0.78 0.36 0.42 46.1
504D, /D we compare the dependences of the ratio between the
/' evaporation rates at the droplet irradiation with 390-
40+ / nm light and in the dark regime on the ordinal num-
l ber of the alcohol, which were obtained at pressure
301 /'/ values of 30, 50, 100, and 200 mm Hg (Fig. 6), with
/,,-/ the same dependence for the relative value of collec-
201 P tive contribution to the diffusion coefficient (Fig. 5),
o e " their similar characters become evident.
./ Hence, the analysis of experimental results gives
o us grounds to consider that radiation affects, first of
2 4 6 8 10 12 14 16 18 20 22 24 all, the collective motions of molecules in the liquid,

n
Fig. 5. Dependence of the relative fraction of the collective
contribution to the self-diffusion coefficient of alcohols on the
ordinal alcohol number
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Fig. 6. Dependences of the alcohol droplet evaporation rate
change owing to irradiation with 390-nm light on the number
of hydrogen atoms in an alcohol molecule for environmental
pressures of 30 (1), 50 (2), and 100 mm Hg (3)
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and this effect is better observed in the case of sub-
stances with low evaporation rates, because the col-
lective motions play a more significant role in diffu-
sion processes under those conditions. The reduction
of the evaporation rate of alcohol droplets with the
growth of the alcohol molecular mass is associated,
first of all, with a decrease in the total diffusion co-
efficient in the alcohol series. Similar conclusions can
be made from the analysis of the results of computer
simulation [10].

In our opinion, the substantial growth of the evap-
oration rate for high-molecular alcohols under the in-
fluence of radiation is primarily connected with struc-
tural changes, namely, with the growth in the num-
ber of solvated complexes for larger alcohol num-
bers, which is testified by the increase of the col-
lective contribution to the self-diffusion coefficient
of alcohols. In low-molecular alcohols, one-particle
motions prevail. Therefore, single alcohol molecules
do not absorb light quanta. For the alcohols, in
which the role of collective motions is considerable,
the transmission of the energy of ultra-violet radi-
ation quanta by alcohol molecules becomes, most
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likely, possible owing to the existence of a consid-
erable number of complex formations in the liquid
structure. In such a manner, when obtaining the
additional energy under the influence of radiation,
some alcohol molecules leave the liquid surface at
a rate a little higher than under ordinary evapora-
tion conditions. As a result, the evaporation rate of
droplets increases, especially at lower pressures, be-
cause the concentration of gas molecules in the gas-
vapor medium strongly decreases. A similar mech-
anism of energy transfer is observed at the reso-
nance radiation emission or absorption of y-quanta
by atomic nuclei when no energy is spent on the nu-
clear recoil.

5. Conclusions

As was shown in the experiments on the quasielas-
tic scattering of slow neutrons in alcohols, the collec-
tive contribution of a molecular motion to the alcohol
self-diffusion coeflicient grows and has a little differ-
ent character for lower alcohols up to pentanol than
for higher alcohols. This fact manifested itself in our
experiments on the influence of radiation on the evap-
oration rates of alcohols.

1. Irradiation of droplets of higher alcohols (from
n-pentanol to n-decanol) with 390-nm light results in
an appreciable growth of the evaporation rate (up to
85%, depending on the alcohol number). No influence
of radiation on the droplet evaporation rate was found
for low-molecular alcohols.

2. Monitoring the droplet temperature in the
course of the experiment showed that droplets of all
studied alcohols were heated up insignificantly during
the radiation-induced evaporation, so that the corre-
sponding acceleration of the evaporation rate of high-
molecular alcohols cannot be substantial.

3. First of all, radiation influences the collective
motions of molecules in the liquid, and this effect
grows as the evaporation rate diminishes.

ISSN 2071-0194. Ukr. J. Phys. 2015. Vol. 60, No. 4

1. A.V. Brytan, G.M. Verbinska, V.M. Sysoev et al., Ukr. J.

Phys. 56, 456 (2011).
2. V.M. Nuzhny, T.A. Cheusova, O.A. Zagorodnya, and

V.A. Zagaynov, J. Aerosol. Sci. 32, Suppl. 1, 587 (2000).
3. C.C. Tseng and R. Viskanta, Combust. Sci. Technol. 77,

1511 (2005).
4. Alcohols: Advances in Research and Application/2011

(Scolary Editions, Atlanta, Georgia, 2012).
5. A. Jamnik, M. Tomsic, G. Fritz-Popovski, O. Glatter, and

L. Vicek, J. Phys. Chem. B 111, 1738 (2007).

6. L.A. Bulavin, G.M. Verbinska, and V.M. Nuzhnyi, Kinet-
ics of Liquid Droplet FEvaporation in a Vapor-Gas Medium

(Kyiv. Univ. Publ. House, Kyiv, 2003) (in Ukrainian).

7. G.M. Verbinska, A.V. Brytan, V.L. Karbovskyi, and
T.V. Cleshchonok, Fiz. Aerodisp. Syst. No. 47, 49 (2010).

8. A.V. Brytan, G.M. Verbinska, V.M. Sysoev, V.L. Kar-
bovskyi, and T.V. Cleshchonok, Ukr. Fiz. Zh. 56, 456
(2011).

9. L.A. Bulavin, G.M. Verbinska, and V.I. Slisenko, Ukr. Fiz.

Zh. 50, 1339 (2005).
10. J.C. Rasaian and R.M. Lynden-Bell, Phil. Trans. Roy. Soc.

Lond. A 359, 1545 (2001).
Received 04.03.14.

Translated from Ukrainian by O.I. Voitenko

0.B. Kopobxo, A.B. Bpuman,
.M. Bep6incvka, /. A. [asprowerro

JOCJILIXKEHHS BIVIMBY OITPOMIHEHHS
HA TIPOLIEC BUITAPOBYBAHHS IIIJIBIINTEHX
KPAILJIMH CITMPTIB

Peszmowme

HocutizkeHo BIIIMB  yIbTPadioeTOBOrO BHIIPOMIHIOBAHHS 3
nopxkuHOIO xBmii 390 HM Ha IpOIEC BUIIAPOBYBAHHA Kpa-
IWIMH psfly cnupTiB (a came, n-IIponaHoily, n-OyTaHouy, n-
[IEHTAHOJLY, N-TE€ITAHOJLY, N-OKTAHOJLY Ta N-JE€KAHOJLY) JJIs TH-
ckiB 10, 30, 50, 100 Ta 200 MM pT. cT. B aTMOcdepi cyXoro a3ory,
00YINCIIEHO 3HAYEHHSI IIBUAKOCTI BHIAPOBYBAaHHS CIUPTIB Mifg
OIIPOMiHEHHSAM Ta 3a #oro BifcyTHocTi. BusiBiieno 3ua4une 3po-
CTaHHS IIBUJKOCTI BHIIAPOBYBAaHHS IIiJT Ji€I0 MaJIOIOTY>KHOT'O
BUIIPOMIHIOBAHHS JJIsi KPAIUJIUH BUIIAX CHUPTIB, HOYHMHAIOYN
3 N-IIEHTAHOJLYy, IPUYOMY IIi IIPOIECH He IOB’sA3aHi 3 HArpiBaH-
aaM kpamue. Ogeprkani pe3yIbraTi IPOaHaIi30BaHO Ha OCHO-
Bl OPIBHSHHS 3 €KCIEPUMEHTAJIbHUMU JTAHUMU 10 PO3CISTHHIO
MOBIJIBHUX HEMTPOHIB CIIUPTaMH.
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