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Abstract 
The removal of low molecular weight products of the reaction and heat withdrawal is one of the problems of bulk 
polycondensation. Polycondensation under spray conditions is an effective way to solve these problems.
Based on the example of the reversible reaction of lactic acid polycondensation, it was shown that size effects can significantly 
affect the conversion rate, the degree of polymerization, and the rate of processes. Chemical thermodynamics suggests 
that chemical equilibrium in a spray shifts towards the formation of polylactide. In addition, the recondensation of volatile 
components (water, lactic acid, solvent) stabilizes the concentration of reagents and the temperature in the spray drops 
throughout the entire process. Model experiments confirming the obtained regularities are presented. Microscopic 
observation of sessile drops of aqueous and aqueous-alcoholic lactic acid solutions demonstrated the formation of polylactide 
under normal conditions (without heating, catalyst, evacuation). 
The described regularities are of a thermodynamic nature and are relevant for polymerization and polycondensation 
processes involving volatile monomers and solvents.
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1. Introduction 
The increased interest in spray technologies 

is due to the possibility of obtaining products 
and materials with unique properties. The ease 
of implementation and the efficiency of spray 
technologies allow using them in the production 
of polymeric materials [1, 2], pharmaceutical 
preparations [3], and in organic synthesis [4]. 
There are good prospects for spray technologies 
in which polymerization and other chemical 
processes occur inside or on the surface of aerosol 
particles [5]. This allows creating functional 
materials with a special morphology, for example, 
inorganic particles coated with a polymer shell 
[6, 7] or organic particles with an oxide shell [8], 
hollow spheres [9] and polymer microcapsules 
filled with components for various purposes [10].

Features and benefits of spray technologies 
are based on size effects, which contribute to the 
emergence of conditions and states not typical for 
macroscopic systems. Size effects are understood 
as the dependence of the properties and dynamics 
of processes on the size or volume of the system. In 
the spray, they become significant for submillimeter 
drops. In particular, size effects during phase 
transformations of the liquid–liquid type allow 
reagents to be involved in the processes for which 
their interactions with each other is complicated 
by low mutual solubility [11, 12]. Thermodynamic 
estimates show that a decrease in volume can lead 
to the complete mutual solubility of low-soluble 
components [13,14]. 

The assessment of the use of the spray 
technology in organic synthesis was provided in 
[15], where the synthesis of polylactide (PLA) was 
one of the examples. 

PLA has a wide range of applications as a 
biocompatible, biodegradable, and thermoplastic 
polymer. One of the methods for its production is 
direct synthesis using aqueous organic solutions 
of lactic acid [16, 17]. The main difficulties of the 
technology are associated with the removal of a 
low molecular weight polycondensation product 
(water), which, like the formation of a high 
molecular weight product, is accompanied by an 
increase in viscosity and a slowdown in the heat 
and mass transfer processes. The consequence is 
local overheating of the reaction mixture, tarring, 
and other undesirable chemical transformations. 

In the spray, the problems associated with an 
increase in the viscosity of the reaction mixture 

are effectively removed due to interfacial heat and 
mass transfer, and the removal of a low molecular 
weight product is facilitated by a large specific 
surface area and surface curvature. 

The vapour pressure above the surface of 
spray drops is higher than in a macrosystem of 
the same composition, and the concentration of 
water in the reaction mixture equilibrium with 
the gaseous medium, decreases with a decrease in 
the radius of drops (Kelvin equation). This should 
shift the equilibrium in the polycondensation 
reaction towards polymer formation. 

Size effects at chemical equilibrium can be 
associated with the difference in the chemical 
potentials of the components in the bulk and in 
the near-surface layer. In this case, the effective 
constant of chemical equilibrium and the rate 
of processes become a function of the specific 
surface area, surface activity, and molar volume 
of the components [15, 18]. 

In the spray, chemical and phase equilibrium 
are interconnected through the chemical 
potentials of the components in different phases. 
A large specific surface area and small diffusion 
paths allow to stabilize the temperature and 
concentrations of reagents due to mass and heat 
transfer during the recondensation of volatile 
components between drops [19, 20]. All low 
molecular weight components of the reaction 
(water and lactic acid) are present in the gas phase 
and participate in the recondensation during the 
polycondensation of lactic acid. 

In the formation of insoluble products (polymer) 
or separation of the solution, size effects change 
the mutual solubility of the components and lower 
the upper critical temperature of separation [21, 
22]. An increase in the solubility of lactic acid and 
its oligomers additionally shifts the equilibrium 
towards polymerization. 

The aim of this study was theoretical 
substantiation of the statement about the 
advisability of using spray technology as the best 
alternative to existing methods for the synthesis 
of PLA. The task of the above model experiments 
was to experimentally confirm this statement.

2. Results and discussion 
2.1. Thermodynamic model of polycondensation 
under spray conditions

The scheme of equilibrium transformations 
involving lactic acid, lactide, PLA, and their 
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thermodynamic properties are given in [23]. The 
equilibrium constant of the polycondensation 
reaction K  at low degrees of polymerization and 
low conversion has the form:
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where p  is the degree of polymerization, x0 , x1 , 
xp  are the concentration (mole fraction) of water, 
monomer, and polymer in the solution, respec-
tively. 

At high degrees of polymerization, the 
polymer passes into the solid phase. If no 
solid solutions are formed, then xp = 1  and the 
equilibrium constant takes the form: 
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The values of K  and K*  differ by the correction 
for the transition energy of the polymer into 
solution. The reactions of the formation of lactide 
and PLA from lactic acid are characterized by 
small positive values of the Gibbs energy [23] and, 
accordingly, by equilibrium constants close to one.

Phase equilibrium and chemical equilibrium 
are related through the chemical potentials of 
the components. This relationship determines 
the state of drops (radius, composition) and the 
equilibrium concentrations of components in 
different phases [19, 20]. For ideal solutions, the 
condition of equality of chemical potentials in 
coexisting phases is converted to the equations of 
Kelvin and Freundlich and Raoult’s law. For real 
solutions, the relationship between the solution 
concentration xk , drop radius r , partial pressure 
in the vicinity of the drop P r xk k,( )  or external 
environment Pex k,  has a more complex form: 
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Here s is the surface tension, Vk  is the molar 
volume of the component k, R is the universal gas 
constant, T is temperature, P k•,  is the vapour pressure 
above the flat surface of the pure component. Values 
of g k  and s in general depend on the composition 
of the solution. The equilibrium state of the drop 
corresponds to the condition P r x Pk k ex k, ,( ) = , 
where Pex k,  is the partial pressure in the external 
environment. For low-soluble components, the 

expression (3) is given in [19,24]. The temperature 
dependence of the vapour pressure of lactic acid is 
given in [23]. Its extrapolation to T = 298 K gives P•,1  
~ 1.5 Pa. Saturated vapour pressure of water at the 
same temperature P•,0  = 3.2 kPa. 

According to (3) the equilibrium concentration 
of the volatile component is determined by the 
droplet radius, vapour pressure, and activity 
coefficient: 
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If all components of the solution are volatile, 
the following identity is established:
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Ratios (3)–(5) determine the equilibrium size 
and composition of the drops corresponding to 
the composition of the gaseous medium. For 
volatile components, this identity limits the 
conditions for the appearance and existence 
of a spray by the inequality P Pex k k k, ,•Â >g 1 , 
otherwise the drops evaporate completely. The 
value S P Pex k= •Â ,k ,  can be interpreted as the 
relative supersaturation of vapour. 

Identity (5) allows to state that the increase 
in relative supersaturation S  leads to a 
decrease in the equilibrium drop radius. Positive 
deviation from the ideal behaviour g i > 1  
contributes to an increase in the equilibrium 
drop radius. Negative deviation from the ideal 
behaviour g i < 1  lowers the equilibrium drop 
radius. Drops of solutions with a negative 
deviation from the ideal behaviour can exist 
at S < 1. These patterns are more complex for 
solutions containing non-volatile or partially 
soluble components [19, 20].

Equations (1)–(3) describe the relationship 
between equilibrium concentrations, degree of 
polymerization, gas phase composition, and spray 
drop radius: 
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the composition of the gas phase and, taking into 
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account g gk k ix= ( ) , on the concentration of the 
solution. 

The equation (6) describes the main laws of 
chemical equilibrium in the spray. For example, 
a decrease in the drop radius (an increase 
in the exponential) should be compensated 
by a corresponding decrease in the values of 
xp , x0  or p . The decrease in the value of k  (at 
r = const ) is compensated for by the increase 
in xp  or p  shifting the equilibrium towards 
polycondensation. In other words, the chemical 
equilibrium in small drops is shifted towards 
polymer formation, while a decrease in the 
average radius of spray drops enhances this 
effect by increasing Pex ,1  in a spray cloud (3). The 
transfer of drops in the environment with lower 
humidity ( Pex ,0 ) must be accompanied by both a 
decrease in the radius and an increase in xp  or p . 

The decrease in the g g1 0  ratio leads to a shift 
of equilibrium towards the formation of a polymer 
in real solutions. This explains the effectiveness 
of methods based on the azeotropic distillation of 
water in the synthesis of PLA [16, 17]. For spray 
technology, mixtures with g 0 1> , characterized 
by the lower equilibrium concentration of water 
in drops  are preferable. This further improves the 
efficiency of the process.

Let us estimate the effect of the solvent 
composition on the activity coefficients in water–
lactic acid–co-solvent mixtures. Let’s consider a 
solution of lactic acid with a concentration of 80 
wt. % ( x x0 1 1 27/ .= ) diluted with two volumes of 
co-solvent. The values of the activity coefficients 
of water and monomer are equal in the presence 
of methyl isobutyl ketone – g 0 0 4= . , g1 1 9= .  
( g g1 0 4 75= . ), ethanol – g 0 1 1= . , g1 0 8= .  
( g g1 0 0 73= . ), propanol – g 0 1 2= . , g1 0 8= .  
( ³ ³1 0 0 67= . ), n-butanol – g 0 1 2= . , g1 1 1= .  
( g g1 0 0 92= . ), 2-butanol – g 0 1 3= . , g1 1 0= .  
( g g1 0 0 77= . ). The NRTL parameters for the 
systems water–lactic acid–methyl isobutyl ketone 
[25], water–propanol [26], water–ethanol [27], 
water–butanol-2 [28], water–lactic acid–n-butanol 
[29] were used in the estimates. The interaction 
parameters for water–lactic acid provided in the 
literature for different ternary mixtures can differ 
significantly [25, 28–30]. Missing parameters of 
the lactic acid–alcohol interaction were replaced 
by zeros. In addition to butanol, the authors of [29] 
describe the use of the NRTL model for aqueous 

alcoholic solutions of lactic acid with n-pentanol, 
n-hexanol, and n-heptanol, which form a two-
phase system upon such dilution. 

From these estimates and equations (3), (4)  
it follows that in drops of aqueous-alcoholic 
solutions of lactic acid, the chemical equilibrium 
will be shifted towards the formation of a polymer. 
The greatest effect can be expected from solutions 
containing propanol and 2-butanol.

The use of co-solvents partly solves the problem 
of viscosity and overheating of the reaction 
medium [16]. For the azeotropic distillation of 
water from lactic acid solutions, organic substances 
of different classes can be used [17].

2.2. Experimental observations 
of polycondensation in sessile drops

Direct monitoring of the physical and 
chemical processes occurring in the spray is 
practically impossible. However, microscopic 
observations of the behaviour of sessile drops 
obtained by the deposition of a spray on a solid 
surface provide some notions. The conducted 
experiments qualitatively confirmed the 
possibility of obtaining PLA in a spray and also 
allowed to reveal some kinetic regularities.

The result of the evolution of drops of lactic 
acid solutions on a hydrophobized glass slide is 
shown in Fig. 1. The method described in [15] was 
used. The drops were in the air gap between the 
glass slides, which reduced the evaporation rate 
and eliminated convective currents. 

In the general case, after the creation of the 
spray, rapid evaporation of the droplets occurred, 
then they were covered with a shell slowing down 
the evaporation. On the surface of large drops, the 
appearance, growth and movement of folds was 
noted. These changes indicated the formation 
of polymeric capsules in which the processes of 
polycondensation continued. 

The surface shell can be a PLA layer or a 
saturated solution of oligomers [31]. 

To test this assumption, a layer of distilled water 
was applied on a glass slide with capsules formed 
from an aqueous solution of lactic acid (80 wt%). 
Drops that fell into the distilled water, without 
dissolving, were destroyed and detached from the 
slide, and moved around inside the water layer. 
The state of the system after water evaporation is 
shown in Fig. 1a. It shows particles wetted with a 
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thin layer of non-evaporating solution. The water-
insoluble dispersed phase was probably formed 
by the shells of the destroyed capsules, and the 
solution surrounding the particles was probably 
formed by the soluble components (monomer and 
oligomers) released during the destruction of the 
capsules. The faceting of individual particles of the 
dispersed phase (Fig. 1a) shows that the capsule 
shell was formed either by crystalline PLA or low-
soluble oligomers. 

The final state of one of the drops of an 
aqueous-alcoholic solution of lactic acid, prepared 
by diluting an aqueous solution (80 wt%) with 
isopropyl alcohol in a ratio of 1 to 2 is shown 
in Fig. 1b. This state remained unchanged for 
several days. In the process of evaporation and 

polycondensation, in the drop appeared inclusions, 
and many small non-evaporating drops were 
detected around it. The formation of a fraction 
of small drops was observed in experiments with 
both water-alcohol and aqueous solutions of lactic 
acid. They originate both in the vicinity of large 
drops and at a considerable distance from them. 
The causes and examples of the appearance of 
such satellite drops are described in [20, 32, 33]. 

The dynamics of the evaporation of drops 
of a water-alcohol solution of lactic acid at t = 
23–25 °С and humidity ~35% is shown in Fig. 
2. The radius of drops was determined based 
on a sequence of micrographs. The shape of 
the contact spot of most drops initially differed 
from round and changed during evaporation; 

a                                                                                                        b
Fig. 1. Structures formed during the destruction of encapsulated drops with distilled water after the evapora-
tion of water (a); the result of the evolution of a large drop of water-alcohol (isopropyl alcohol) lactic acid 
solution with an indication of the initial and final diameter of the drop (b)

Fig. 2. Dynamics of changes in the relative radius of drops of an aqueous-alcoholic lactic acid solution 
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therefore, the radius was calculated as half the 
sum of the maximum and minimum diameters. 
Normalization of drop sizes by to the initial radius 
r0  allows to compare the evaporation rates of 
drops of different sizes.

The plots shown in Fig. 2 reflect the non-
monotonic nature of the process. The evaporation 
rate was determined based on the change in the 
drop radius d r r dt( / ) /0 . The maximal evaporation 
rate was revealed in the first 5-10 min after the 
creation of the spray (~ 4%/min). Probably, at this 
stage, the excess of isopropyl alcohol evaporates, 
and the solution in drops approaches the azeotrope. 
After that, the drop sizes stabilized for some time, 
then decreased again, and the rate increased from 
zero to ~3%/h. In the last section of the plots, it 
again asymptotically decreased to 0. 

Heterogeneities in the solution, indicating 
the onset of polycondensation, appeared in large 
drops 10–15 min after creating the spray. The 
subsequent decrease in the size of the drops 
was obviously associated with the processes of 
polycondensation and azeotropic distillation of 
the water released in the reaction. The asymptotic 
slowdown of the processes can be explained by the 
encapsulation of the drops, which complicated the 
removal of water, and the increase in conversion.

As can be clearly seen in Fig. 2, the described 
stages have different durations for large and small 
drops. In the first minutes, the radius of drops with 
a radius of 10–20 µm decreased 2 times faster 
than that of drops with a radius of 40–90 µm. The 
transition to the asymptotic stage occurred 4–5 h 
after the creation of the spray for small drops and 
5–8 h after the creation of the spray for large drops. 

The non-monotonic change of the rate can be 
explained by the action of at least two reasons:

1 . The  inf luence  of  convers ion on 
t h e  r a t e  o f  p o l yco n d e n s a t i o n . F r o m 
x n n n pn np s0 0 0 1= + - +/ ( ),S , where n0 , ns , and 
n1,S  are the number of moles of water, alcohol, and 
the total number of moles of monomer in a drop, 
we obtain n n pn np s0 1~ ( ),S - + . Whence it follows 
that the increase in conversion ( pnp ) and removal 
of the co-solvent (ns ) during azeotropic distillation 
leads to a decrease in the amount of water in the 
drop and, accordingly, to a decrease in its radius. 

2. The separation of the solution as a result of 
the formation and increase in the concentration of 
low-soluble products (oligomers and polymer). The 

core-shell configuration most often occurs in drops 
as the result of the separation of the solution. In 
water-organic mixtures, the shell is usually formed 
by an organic phase with a lower surface tension. 
A polymer or a concentrated solution of oligomers 
encapsulate an aqueous solution of low molecular 
weight components. Encapsulation occurs in 
experiments with a spray of both aqueous and 
water-alcohol solutions. The appearance of a new 
phase should be accompanied by a change in the 
chemical equilibrium constants (6) from K  till K* , 
shifting the equilibrium towards PLA formation. 

The dependence of water concentration on 
radius (4) enhances these effects. 

The second aspect is also of separate 
interest. Polymer capsules have many practical 
applications [34]. For medical applications, it is 
important that the PLA-coated capsules formed 
in the spray do not contain catalysts. Their core 
may contain concentrated aqueous solutions of 
pharmaceutical dosage forms and biologically 
active substances added to the spray solution. 
At the same time, co-solvents partially miscible 
with water stimulate the formation of capsules 
even before the polycondensation stage, which 
allows to control the properties of the shell, 
taking into account differences in the equilibrium 
composition of coexisting phases [35].

3. Conclusions 
The above theoretical consideration describes 

the relationship between the equilibrium 
composition, the volume of condensed phases, 
the composition of the gaseous medium, and 
the drop sizes. The performed estimates allowed 
stating that during the polycondensation of lactic 
acid solutions in a spray, the chemical equilibrium 
shifts towards the formation of a polymer and a 
significant increase in the conversion and the rate 
of the process are possible. 

Size effects increase the conversion and the rate 
of polycondensation. In particular, the equilibrium 
concentration of water in drops is lower than in 
the macrosystem (4), which leads to a shift in the 
chemical equilibrium towards polymer formation. 
The recondensation of solvents and reagents stabi-
lizes the temperature of the droplets and the con-
centrations of the components in them, contribut-
ing to the isothermal course of the reaction with-
out overheating of the reaction medium. 
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The described patterns are reproduced in 
model experiments with ensembles of sessile 
drops of aqueous and aqueous-alcoholic solutions 
of lactic acid. Experiments demonstrate that the 
polycondensation in a spray of lactic acid solution 
proceeds without the use of catalysts, heating, 
and vacuuming. Under the same conditions, the 
formation of oligomers and PLA do not occur in 
the macrosystem.

The results of the theoretical consideration 
and the experiment allowed stating that the spray 
technology is the basis for the development of 
an efficient resource-saving production of PLA, 
including PLA for medical applications.

These regularities are of a thermodynamic 
nature and should be exhibited in polycondensation 
processes involving volatile monomers and 
solvents. They are relevant in the development 
of new efficient technologies for the production 
of polymeric materials. 
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