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The removal of organic solvent plays an important role in the fabrication of polymer spheres

by  emulsion-based solvent evaporation technique. Mathematical model describing the mass

transfer of fluorobenzene (FB) inside the O/W emulsion droplet, from the droplet to the

continuous phase and from the continuous phase to the atmosphere to produce millimeter-

sized polystyrene (PS) spheres was established. A novel approach based on finite volume

method was developed to numerically solve the mathematical equations concerning the

shrinkage of the solidifying droplet. Using this method, the variations of the droplet size

and the concentration field inside the droplet were captured. The details of the solidifica-

tion process which cannot be obtained using experimental methods were revealed. Several

factors influencing the curing rate and mass transfer process, such as droplet number, ini-

tial  droplet diameter, initial concentration and addition of FB in the continuous phase, were

investigated in detail. The simulation results indicated that changing the initial concentra-

tion or changing the initial diameter of the droplet to tune the solidified particle size were

essentially the same considering their effects on the details of the solidification process.

When adding FB in the continuous phase to reduce the curing rate and concentration gra-

dient, dispersing the added FB into droplets with the same diameter to that of the PS/FB
droplet to be solidified has the most significant effect.

©  2017 Institution of Chemical Engineers. Published by Elsevier B.V. All rights reserved.

of the polymer spheres, which will in turn influence the performance of
.  Introduction

mulsion-based microencapsulation technique has wide applications

n many areas such as drug delivery, pharmaceuticals, catalyst load-

ng, biological engineering and food industry (Gharsallaoui et al., 2007;

ai and Tsiang, 2004; Nazzaro et al., 2012; Vasiliauskas et al., 2015;

ang, 2012). It is usually used to fabricate polymeric microspheres

hich encapsulate active or functional compounds in their matrix.

esides nano- and micron-scale particles frequently appeared in the

iteratures, polymer spheres with diameters in millimeters have their

pecial applications in the area of high energy density physics, where
hey are used as cryogenic capsules for laser fusion experiments (Chen

Abbreviations: CP, continuous phase; DP, dispersed phase; FB, fluor
usion;  P�MS, poly(�-methylstyrene); PIV, particle image velocimetry;
lcohol.
∗ Corresponding author. Fax: +86 10 6277 2051.

E-mail address: yicheng@tsinghua.edu.cn (Y. Cheng).
ttp://dx.doi.org/10.1016/j.cherd.2017.04.022
263-8762/© 2017 Institution of Chemical Engineers. Published by Elsev
et al., 1991; Lambert et al., 1997; Paguio et al., 2006) or mandrels for the

fabrication of inertial confinement fusion (ICF) targets which are cap-

sules with nuclear fusion fuel encapsulated inside (Letts et al., 1995;

McQuillan et al., 1997).

The fabrication of polymer spheres using microencapsulation tech-

nique usually consists of three steps: the emulsification of the polymer

solution encapsulating other substance(s), the solidification of the

polymer matrix, followed by the washing and drying of the solidified

polymer spheres. Among these three steps, the second one is essen-

tially important to determine the final morphology and microstructure
obenzene; FVM, finite volume method; ICF, inertial confinement
 PLGA, poly(lactide-co-glycolide); PS, polystyrene; PVA, polyvinyl

the products in practical use (e.g., the encapsulation efficiency and the

ier B.V. All rights reserved.
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releasing profiles of the encapsulated drugs (Bile et al., 2015; Kiss et al.,

2013; Mao et al., 2008; Vay et al., 2012; Yang et al., 2001). There are sev-

eral ways to solidify the polymer matrix, such as in-situ polymerization,

thermal-induced phase separation and solvent extraction/evaporation,

among which the last one is the most straightforward and commonly

used, especially in the fields of pharmaceutical industry and ICF tar-

gets fabrication (Bile et al., 2015; Freitas et al., 2005; Jyothi et al., 2010;

Li et al., 2008; Michra et al., 2002; Vermillion et al., 2004). In the solvent

evaporation method, the polymer is first dissolved in an organic sol-

vent, forming a polymer solution which is subsequently dispersed as

droplets (encapsulate other droplets with smaller sizes inside in some

cases) in a water phase. The organic solvent is then removed from

the dispersed oil phase to the continuous water phase and evaporates

to the atmosphere thereafter, giving solidified polymer spheres. The

mass transfer of the organic solvent in this process is key in determin-

ing the morphologies, structures and sometimes sizes of the solidified

particles. For example, Izumikawa et al. (1991) has proved in their exper-

iments that slow solidification at atmosphere pressure would produce

particles with crystalline polymer matrices and rough surfaces while

fast solidification at reduced pressure would produce amorphous par-

ticles with polymer matrices and smooth surfaces. Jeyanthi et al. (1996)

adjusted the solvent removal rate by changing the bath temperature,

and found that a rapid ramp of temperature resulted in spheres with

large core and thin wall while a gradual temperature rise resulted in

spheres with smaller core. For the fabrication of poly(�-methylstyrene)

(P�MS) and PS spheres used for ICF targets, theoretical and experi-

mental studies have revealed that the radial change of concentration

determined the degree of the bumpiness around the surface of the

spheres. Lowering the curing rate would benefit the improvement of

the sphericity of the polymer spheres, which was a key index charac-

terizing the performance of the product spheres (Subramanian et al.,

2005).

The solidification of droplets using solvent evaporation technique is

a typical mass transfer-controlled process. Up to now, researches about

this process are mostly focused on the control of the overall curing

rate and its influence on the morphologies or structures of the product

spheres at macro-scale, while little attention has been paid to the kinet-

ics inside each individual droplet at micro-scale. However, an improved

understanding of the details of the mass transfer phenomenon at

micro-scale and the kinetics of this process is in fact very important

in many practical applications. For instance, the sphericity of the prod-

uct solidified sphere used for ICF targets has a close relationship with

the concentration field inside the solidifying droplet, just as mentioned

above. Due to the technical difficulties of experimental investigations

at the scale of single drop, the rarely existed researches on this aspect

are mainly theoretical ones (Li et al., 1995a,b, 2008; Katou et al., 2008).

A concrete model concerning the solidification of microspheres was

built only by Li et al. (1995a,b) to our knowledge. A coordinate transfor-

mation was applied in their studies to deal with the moving boundary

problem brought about by the shrinkage of the droplet during its solid-

ification. Katou et al. (2008) developed a mathematical diffusion model

to investigate the kinetics of solvent extraction/evaporation process
for poly(lactide-co-glycolide) (PLGA) microparticle fabrication. However,

the shrinkage of the droplet was not concerned in their work.

Fig. 1 – Schematic of the solidification process of O/W em
In the present work, we established a mathematical model to inves-

tigate the kinetics of solvent evaporation process with consideration of

the diffusion inside the droplet, the mass transfer from the droplet to

the surrounding phase and from the surrounding phase to the atmo-

sphere. Instead of applying complex coordinate transformation, a novel

strategy numerically solving the mathematical model was proposed

concerning the shrinkage of the solidifying droplet. The fabrication of

millimeter-sized PS spheres used for ICF targets was employed as the

research object. Using the mathematical model and the correspond-

ing solving strategy, the kinetics of the solidification process and the

factors influencing them were investigated in detail.

2.  Mathematical  model

2.1.  Governing  equation  of  mass  transfer

Fig. 1 illustrates schematically the solidification process of
O/W emulsion droplet using solvent evaporation method
which happened in a rotating flask. The organic solvent, i.e.,
FB in this work, is first extracted from the droplet (DP) into the
continuous phase (CP) and then evaporates from the CP into
the atmosphere. As the solvent diffuses out, the droplet size
becomes smaller while the PS (Mw  250,000) concentration gets
higher until it solidifies. Since the fluid flow in the continuous
phase is quite moderate, and the viscosity ratio of DP to CP is
high, we can infer that there would be no bulk flow inside the
droplet (Bryden and Brenner, 1999; Shao et al., 2012). There-
fore, the mass transfer model of FB in the droplet phase can be
established with the following reasonable assumptions: first,
the droplet is an ideal sphere; second, there is no bulk flow in
the DP where the mass transfer is accomplished by molecular
diffusion; third, the system is in quasi steady state; fourth, the
concentration of FB at the two sides of the liquid–liquid inter-
face was in balance with each other; and last, the thickness of
the film for interphase mass transfer, �m, is thin enough to be
ignored, which is to say that the organic solvent is distributed
uniformly in the CP.

∂Cd(r, t)
∂t

= 1
r2

∂

∂r

(
r2DA

∂Cd(r, t)
∂r

)
, 0 < r < R (t),  t > 0 (1)

where Cd(r, t) is the molar volume concentration of FB at radius
r and time t inside the droplet; the center of the droplet is
considered as the original point; R is the radius of the droplet at
time t, which will constantly change with the solvent diffusing
out; DA represents the diffusion coefficient of FB in the DP,

which is a function of Cd(r, t). All the parameters mentioned
above are illustrated in Fig. 1(b).

ulsion droplet using solvent evaporation method.
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Fig. 2 – Evaporation of FB in 40 mL  0.5% w/v  PVA solution at
50 ◦C.
The initial condition of the above equation is:

d(r, 0) = Cd0, 0 ≤ r ≤ R (t) (1a)

And the boundary conditions are:

∂Cd

∂r
|r = 0 = 0 (1b)

DA
∂Cd

∂r
|r = R = kc (HCd(R, t)- Cb(t)) (1c)

here kc is the interphase mass transfer coefficient of FB
etween DP and CP. H is the phase equilibrium coefficient of
B at the two sides of the liquid–liquid interface. Cb is the bulk
oncentration of FB in the CP.

Another equation is the mass conservation equation of FB
n the continuous phase:

T
dCb

dt
= N · 4�R2 · kc (HCd(R, t)- Cb(t)) − Ky (2)

here VT is the total volume of the CP; N denotes the number
f the droplets to be solidified; Ky is the evaporating rate of FB
rom the CP to the atmosphere.

For the CP which is not pre-saturated with FB, the initial
ondition of Eq. (2) is as follows:

b(0) = 0 (2a)

.2.  Determination  of  model  parameters

.2.1.  Convective  mass  transfer  coefficient,  kc

c was formulated using an empirical equation for spherical
articles suspended in an agitated vessel (Li et al., 1995a):

c
′ = �cDAC

R
(2+0.6Rec

0.5Sc0.33) (3)

c is the density of the CP. In the present study, a 0.5% w/v
queous solution of polyvinyl alcohol (PVA, Mw 75,000, 88%
ydrolyzed) was used as CP. The density of this solution was
easured as 989.1 kg/m3 by digital density meter (DDM 2910,

udolf Chemie). DAC is the diffusion coefficient of component
 (FB in our research) in the CP, i.e., 0.676 × 10−9 m2/s according

o Hayduk–Laudle equation. Sc = �c/(�cDAC) = 1.79 × 103. The
eynolds number Rec = 2Ruc�c/�c, where uc is the fluid velocity
f the CP. In this study, uc was estimated to be 0.04 m/s  based
n the PIV (Particle Image  Velocimetry) results.

Formula (3) gives the mass transfer coefficient, kc
′, with the

nit of kg/m2/s. Since the solubility of FB in the water phase
s very low, kc

′ can be transferred into kc with the unit of m/s
s follows:

c = kc
′ Ms

�c × 103[kg/m3]/[g/cm3]
(4)

here Ms is the molecular weight of FB.

.2.2.  Evaporation  rate  of  FB  from  CP  to  atmosphere,  Ky

y was experimentally measured with the method similar to Li
t al. (1995a). 80 mL  of 0.5% w/v PVA was quantitatively trans-
erred to two flasks. Then, a desired amount of FB was added
o one flask and dispersed into fine droplets in the water phase
s uniformly as possible. The other sample with no FB added

erved as a control. The two flasks were placed in an open
nvironment with exactly the same conditions of 50 ◦C and
100 rpm magnetic stirring rate. Both flasks were weighed every
20 or 10 min  to determine the total evaporated amount of FB,
as shown in Fig. 2.

It is evident from Fig. 2 that there are two  stages of evap-
oration. For the first one, the amount of the evaporated FB
increases linearly with respect of time. The 0.5% w/v  PVA
solution was saturated with FB at this stage, for many  FB
droplets were observed suspending in the water phase. Since
the concentration of FB dissolved in the water phase is con-
stant throughout this stage, the evaporation rate is a constant
as well:

Ky = K′
yCs

b = constant (5)

where Cs
b is the saturated concentration of FB in the 0.5% w/v

PVA solution. The values of Ky and K′
y can be obtained as

5.6 × 10−7 mol  s−1 and 2.9 × 10−8 m3 s−1 respectively by linear
fitting of the experimental data.

At the second stage, no FB droplets were observed while
the solution became clear, which implied that the water phase
was under-saturated with FB. The FB concentration should
satisfy the following equation:

VT
dCb

dt
= −K′

yCb (6)

K′
y in Eq. (6) was found to be 2.9 × 10−8 m3 s−1 by curve fitting,

which was the same as that obtained for the first stage. There-
fore, the evaporation rate of FB in 0.5% w/v  PVA solution can
be expressed as:

Ky = K′
yCb = 2.9 × 10−8 m3 s−1 · Cb (7)

2.2.3.  Diffusion  coefficient  of  FB  in  the  droplet  phase,  DA

The droplet phase mainly consists of two components: organic
solvent FB and polymer PS. The diffusion coefficient of
solvent–polymer system is highly concentration dependent (Li
et al., 1995a). The relationship between DA and the polymer
concentration was suggested by Reuvers and Smolders (1987)
as follows:

DA = r110−(r2+r3�P) (8)
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Fig. 3 – Apparent mass transfer rate of FB from the droplet

Fig. 4 – Comparison of droplet diameters versus curing
time for N = 50, N = 100 and N = 200 respectively, where N
to CP calculated from experimental results.

where �p is the volume fraction of the polymer. Since the
parameters r1, r2 and r3 are constants depending on the sys-
tem, Eq. (8) could be rewritten in the form of:

DA = a10−b�P (9)

where a equal to r110−r2 and b equal to r3 are constants. In
our research, the densities of PS, FB and PS-FB solution are
quite close to each other. Therefore, �p can be expressed as a
function of Cd as:

�p = 1 − Ms × 10−3 [kg/mol] · Cd

�s × 103
[
kg/m3

]
/
[
g/cm3

] (10)

2.2.4.  Phase  equilibrium  coefficient  of  FB,  H
H describes the relationship between Cd(R, t) and Cd

e(t) (as
shown in Fig. 1(b)). Fig. 3 gives the apparent average mass
transfer rate of FB from CP to DP calculated from the exper-
imentally measured droplet sizes versus curing time. It can be
observed clearly from this figure that no matter how many
droplets were cured simultaneously in a batch, the appar-
ent average mass transfer rates did not change remarkably
at the initial and middle stages. Instead, they all decreased
significantly when the average concentration of PS in the
droplet phase increased approximately to 0.75 g mL−1. It can
be assumed reasonably from this phenomenon that the con-
centration of FB at the CP side of the film, Cd

e(t), remained
unchanged (i.e., this side was FB-saturated) until that at the
droplet side, Cd(R, t), decreased to a critical value Cs (approx-
imately 1804 mol  m−3 calculated from the PS concentration
0.75 g mL−1). Another assumption is that when Cd(R, t) was
lower than Cs, Cd

e(t) had a linear relationship with Cd(R, t). So,
the phase equilibrium coefficient, H, can be expressed math-
ematically as follows:

Cd
e(t) = Cs

b; Cd(R, t) ≥ Cs

H = Cs
b · Ms × 10−3/�s; Cd(R, t) < Cs

(11)

where Cs
b is the saturated concentration of FB in the CP; �s is

the density of FB at 50 ◦C with the unit of kg m−3.
The finite volume method (FVM) was adopted to numer-

ically solve the mathematical model established above. The

droplet was divided into 100 discrete shell layers along its
radius with equal length step at first. Different from most
denotes the number of the solidifying droplets.

problems solved by FVM in the literature, the length step in
the present case was not fixed throughout the solidification
process. Instead, it would vary with time since the droplet gets
smaller with the solvent diffusing out. Consequently, the size
and concentration field cannot be obtained directly. To get over
this obstacle, the so-called fictitious concentration was intro-
duced to capture the variation of the size of each shell layer
and thus the shrinkage of the droplet. For each shell layer,
the flux of FB during a time step was first obtained by solving
the discrete equations. Given the concentration and volume of
the shell layer at the current time step as well as the relation-
ship between the density and concentration of the solution,
the concentration and volume at the next time step can be
obtained. The details of the numerical method and solving
strategy are given in Appendix A.

3.  Results  and  discussion

3.1.  Validation  of  the  model  and  solving  strategy

The numerical simulations are validated by the experimental
results in terms of the profiles of the droplet diameters. The
comparison of the profiles of droplet diameters versus curing
time at three different experimental conditions is shown in
Fig. 4. As can be clearly seen in this figure, the numerical sim-
ulation results have reasonably good agreement with those of
the experiments, though some errors can be justified.

3.2.  Factors  that  influence  the  solidification  process

Although the apparent mass transfer rate can be estimated
from the experimental results, the details which may influ-
ence the ultimate morphologies of the solidified particles
cannot be obtained. Using the numerical simulation method
proposed above, several factors influencing the mass transfer
of FB will be investigated in detail in this section.

3.2.1.  Number  of  the  droplets  to  be  solidified
It is already known from Fig. 4 that the apparent mass transfer
rate would decrease with increased number of the droplets.
Fig. 5 gives the radial distribution of residual FB inside the
droplets at different curing times. It is clear that the four
images in this figure show a similar appearance. The resid-

ual FB distributes nearly uniformly and the gradients increase
slowly at the initial stage when the droplet radius is no larger
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nic solvent in the droplet at different curing time.
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Fig. 6 – Average concentration gradient of the residual
solvent defined in Eq. (12) versus the normalized droplet
Fig. 5 – Radial distribution of the residual orga

han 0.7R0. However, the concentration gradient increases sig-
ificantly faster as the droplet gets smaller. When the droplet
iameter decreases to 0.6 times of its initial value, the mass
raction difference between the center and boundary of the
roplet is even higher than 20 wt%. On the other hand, for each

ndividual curve, the concentration gradient at the boundary
rea is higher than that at the central area. It can be identified
y comparing the four images qualitatively that the concen-
ration gradient of the residual FB would decrease to a certain
xtent as the droplet number increases.

To compare the concentration gradients more  straightfor-
ardly, the mass fraction-based average gradient is defined as

ollows:

w = wd(0) − wd(R)
R

(12)

here wd is the mass fraction of the residual solvent. Based
n this definition, the variation of the average concentration
radient versus the normalized droplet diameter at the four
ifferent conditions mentioned above is shown in Fig. 6. It can
e seen from this figure that the concentration gradient of the
esidual solvent first increases and then decreases as the solid-
fication proceeds. Comparison of the four curves indicates
hat increasing the solidified droplets number will decrease
he average gradient obviously.

The significant effect of the droplets number on the mass
ransfer rate can be explained by the concentration of FB dis-
olved in the CP. As Fig. 7 shows, the concentration of FB in

P increases significantly with increasing droplets number,
hich will definitely lead to reduction of the concentration
diameter for N = 25, N = 50, N = 100 and N = 200 respectively.

difference between the film and bulk phase. With the mass
transfer coefficient fixed, the reduction of concentration dif-
ference will decrease the mass transfer rate directly.

3.2.2.  Addition  of  FB  in  the  continuous  phase
Besides tuning the number of the droplets to be solidified,
another similar way to adjust the curing rate is to directly
add pure FB droplets in CP. It is undoubted that the more  FB
is added, the more  significantly the mass transfer rate will
decrease. So, the effect of the added FB quantity is not inves-

tigated here. Instead, influences of the initial diameters of the
added FB droplets are compared with the basis that the total

kpark
Highlight
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Fig. 7 – Concentration of the organic solvent dissolved in CP
versus curing time for N = 25, N = 50, N = 100 and N = 200

Fig. 9 – Concentration of the organic solvent dissolved in CP
versus curing time for no FB added; n = 25, r0 = 2R0; n = 200,
r0 = R0 and n = 1600, r0 = 0.5R0 respectively.
respectively.

mass of these FB droplets is fixed. In the following, the num-
ber and initial diameter of the added FB droplets are denoted
as n and r0 respectively, while the initial diameter of the PS/FB
droplets is denoted as R0. Three different ways are adopted to
add a certain amount of FB in CP where n = 25, r0 = 2R0 (Case 1);
n = 200, r0 = R0 (Case 2); and n = 1600, r0 = 0.5R0 (Case 3) respec-
tively.

The influence of the addition of FB in CP on the local curing
rate, � (mol m−3 s−1), is firstly investigated where � is defined
as follows:

� = −dCd

dt
(13)

As seen in Fig. 8, adding FB in these three ways will all
lower the curing rate compared with the condition where no
FB is added. Nevertheless, there still exists remarkable differ-
ence among these ways. When the FB droplets have an initial
diameter of 0.5R0, its effect on the curing rate is significant at
the initial stage but becomes weaker as the solidification pro-
ceeds. The curing rates at the middle and final stages are quite
close and even equal to those of the condition where no FB is
added. However, when the added droplets diameters are equal
to or larger than R0, their influence on the curing rate lasts
throughout the whole curing process. These two cases show

a similar tendency where the influence at the initial stage is
much more  significant than that at the final stage. Compared

Fig. 8 – Comparison of the effect of adding FB in CP with differen
of the droplet. (a) The area where r/R = 0; (b) the area where r/R = 0
the volume of the continuous phase is 40 mL  in all cases.
to Case 1, Case 2 has an even more  significant effect, which is
to say, from the decreasing-curing-rate point of view, the way
where the added FB droplets have an initial diameter to that
of the solidified PS/FB droplets has a best effect.

The results shown in Fig. 8 are consistent with the varia-
tions of FB concentration dissolved in CP illustrated in Fig. 9.
As this figure shows, adding a certain amount of FB in CP
can increase the dissolved FB concentration remarkably, no
matter how the added FB is dispersed. On the other hand,
when the dispersed FB droplets have a small diameter, the
high mass transfer rate brought about by their high specific
surface areas leads to a high increase of FB concentration in
CP. However, since the FB droplets will be consumed shortly
after their addition with such high mass transfer rate, the
FB concentration in CP will decrease rapidly thereafter. As a
result, the curing rates of the PS/FB droplets will increase until
they are equal to those of the condition where no FB is added,
just as the green lines show in Fig. 10. With the increase of
the FB droplets diameters, the variation of FB concentration
in CP throughout the whole solidification process becomes
milder. However, increasing diameter suppresses the increas-
ing amplitude of FB concentration in CP as well, as Fig. 11
illustrates. So, increasing added FB droplet diameter further
(i.e., from r0 = R0 to r0 = 2R0) will weaken its effect on reducing
the curing rate of PS/FB droplet instead.
t ways using curing rate defined in Eq. (13) in certain areas
.4. The number of the droplets to be solidified is N = 50, and
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Fig. 10 – Average concentration gradient of the residual
solvent defined in Eq. (12) versus the normalized droplet
diameter for no FB added; n = 25, r0 = 2R0; n = 200, r0 = R0 and
n = 1600, r0 = 0.5R0 respectively. (For interpretation of the
references to color in the text, the reader is referred to the
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eb version of this article.)

Fig. 10 gives the average concentration gradients of the
esidual solvent along the radial direction. Similar to the
esults shown in Fig. 6, the concentration gradients first
ncrease and reach their individual peak values at about
/R0 = 0.6 and then decrease. Compared to the condition where
o FB is added, adding a certain amount of FB in CP in the
hree ways mentioned above all reduces the gradients. When
he FB droplets have an initial diameter of 0.5R0, they have
bvious influence on the gradient only before R/R0 decreases
pproximately to 0.7, while the influence after that is almost
ndetectable. Among the three ways, Case 2 has the most
ignificant effect on the concentration gradients.

.2.3.  Diameter  of  the  solidified  particle,  dp

here are two ways to tune the final diameter of the solidified
article in practice. One is to change the initial concentration
f the polymer in the droplet. The other is to directly change
he initial diameter of the droplet. In this section, the effects of
hese two methods on the mass transfer will be investigated
espectively and the probable differences will be analyzed.

For the initial concentration-verified case, the initial diam-
ter of the droplet is 2.24 mm,  and the initial concentrations
f PS are 5 wt%, 10 wt%, 15 wt% and 20 wt% respectively. As
 comparison, the initial PS concentration for the initial
iameter-verified case is 15 wt%  and the initial diameters are

ig. 11 – Effect of the final diameter of the solidified particle adju
he initial diameter of the droplet to be solidified on the variation
olvent defined in Eq. (12) versus the average mass fraction of PS
1.55 mm,  1.95 mm,  2.24 mm and 2.46 mm respectively to make
sure that the final diameters of the solidified particles in this
case are respectively the same to those of the four conditions
in the above case. The effects of the initial concentration as
well as the initial diameter of the droplets on the concentra-
tion gradient, curing rate and concentration of FB dissolved
in CP are shown in Figs. 11–13 respectively. It can be clearly
seen from Fig. 11 that increasing the initial mass fraction of
FB and decreasing the initial diameter of the droplet will both
increase the average concentration gradient of FB. Besides the
same tendency revealed by Fig. 11(a) and (b), another inter-
esting phenomenon is that the curves in these two subfigures
nearly coincide with each other except for the different start-
ing points brought about by the different initial concentrations
in Fig. 11(a). Fig. 13 reveals the effect of the particle diame-
ter on the FB concentration in CP. The general tendency is
that increasing the final diameter of the solidified particle
will increase the FB concentration in CP, mainly at the mid-
dle stage of the solidification process. The curves in Fig. 13(b)
are quite close to those in Fig. 13(a) except for the parts before
the average mass fraction of PS reaches 0.3. The divergence
which appears before this point is caused by the difference
of the initial concentration. With the same initial diameter,
the higher the initial mass fraction of FB is, the more organic
solvent should be removed before the average concentration
reached a certain value, which causes higher concentration of
FB in CP. Fig. 12 shows the influence of dp on the curing rate
in each local area. It is obvious that as dp decreases, the cur-
ing rate will increase, no matter which method is adopted to
tune dp. Again, the curves in Fig. 12(b) are quite close to the
ones in Fig. 12(a). The comparison of the subfigures (a) and (b)
in these three figures respectively implies that the two ways
adjusting the final diameter of the solidified particle actually
have similar effects on the mass transfer of the solidification
process. That is to say, once the final diameter of the solidified
particle is fixed, the mass transfer as well as the distribution
of FB during the solidification process is also fixed, no matter
what the initial concentration and diameter of the droplet are.
The two methods tuning the diameter of the solidified particle
have no essential difference.

Another interesting phenomenon as Fig. 12 shows is that
for a specified individual area of the droplet, the peak values
of the curing rates appear at the same PS mass fraction though
the initial concentration or diameter varies.
sted by (a) the initial concentration of polymer in DP,  and (b)
 of the average concentration gradient of the residual

 in the solidifying droplet.
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Fig. 12 – Effect of the final diameter of the solidified particle adjusted by (a) the initial concentration of polymer in DP, and (b)
the initial diameter of the droplet to be solidified on the curing rate defined in Eq. (13) in different areas of the droplet.

Fig. 13 – Effect of the final diameter of the solidified particle adjusted by (a) the initial concentration of polymer in DP, and (b)
cent
the initial diameter of the droplet to be solidified on the con

4.  Conclusions

A mathematical model describing the formation of
polystyrene spheres by solvent extraction/evaporation
method has been established based on the mass transfer
of the organic solvent FB. Parameters in the model were
determined or estimated according to the related literatures
and experiments performed in the present work. A novel
strategy numerically solving the mathematical model was
proposed and implemented on the basis of the Finite Volume
Method, where the variations of the sizes and concentration
fields in the droplet were captured by introducing “fictitious
concentration”. The numerical results were in good agree-
ment with the experimental ones in terms of the diameter
variations of the solidifying droplets, which validated the
model and solving strategy proposed here. Using this simu-
lation method, several factors influencing the mass transfer
process, including solidifying droplet numbers, addition of
organic solvent in the continuous phase, initial diameters

and initial concentrations, were investigated successfully
ration of FB dissolved in CP.

in detail. The following conclusions can be drawn from the
numerical simulations:

(1) The residual organic solvent FB in the droplet is not uni-
formly distributed. The concentration gradient of FB in
the outer layer of the droplet is much higher than that in
the central area. Correspondingly, curing rates in different
areas also differ from each other.

(2) With the curing temperature and volume of the CP fixed,
increasing the solidifying droplet numbers, increasing the
initial concentration of polymer in the droplet, increasing
the initial droplet diameter or adding organic solvent in
CP can all decrease the concentration gradient as well as
curing rate. Adjusting the initial concentration and the ini-
tial diameter of the droplet to change the final diameter of
the solidified particle are essentially the same even con-
sidering their effects on the details of the mass transfer at
micro-scale.

(3) Adding FB in CP in forms of dispersed droplets is an

effective way to reduce the curing rate and concentration
gradient. For a certain amount of FB, dispersing it into
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droplets with the same diameters to those of the PS/FB
droplets to be solidified has the most significant effect.

The presented approach can be useful for better control
f PS sphere fabrication process. It is also applicable for the
abrication of millimeter-sized hollow PS spheres and other

icroparticle fabrication processes by solvent evaporation.
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ppendix  A.

he finite volume method was adopted to discrete Eq. (1). The
roplet was divided into k segments (shell layers in practice)
long its radius as shown in Fig. A1, forming k nodes and

 + 1 interfaces. Each node represented a control volume. For
nstance, in Fig. A1, node P which locates at the middle of seg-

ent “we” represents the control volume P enclosed by the
nterfaces w and e. W and E are its two adjacent nodes, or
n other words, control volumes. Concentration was uniform
hroughout the control volume, denoted as CdP.

For control volume P in Fig. A1, the discrete equation of Eq.
1) can be written in the form of:

1CdW
∗(tr)+a2CdP

∗(tr)+a3CdE
∗(tr) = b (A1)

here a1, a2 and b are constants which are the functions of the
ime step �t, length step re

0 and rw
0, and diffusion coefficient

Aw
0 and DAe

0. The superscripts “0” and “*” denote the current
ime t and the following time t + �t respectively.

Since the droplet would get smaller with FB diffusing out,
he size of each control volume would change as well. Thus,
he variation of the concentration of FB in the control vol-
me  actually stem from two factors: one is the decrease of the
mount of the residual FB caused by diffusion, while the other
s the variation of the volume of the control volume. Therefore,
olving the discrete equations with the form of Eq. (A1) would
ot give the real value of CdP

* in the present case. Instead,
t would give a so-called fictitious concentration denoted as

dP
*(tr) as shown in Eq. (A1). Nevertheless, the flux of FB dur-

ng a time step �t can be obtained with CdP
*(tr) known. The

ass of FB as well as the total mass of the solution in the
ontrol volume will be obtained thereafter, which gives the
ass fraction of FB. With the functional relationship between

he density of the solution and the mass fraction of FB, vari-

tion of the volume of the control volume and thus the real
olar/volume concentration can be calculated.

ig. A1 – Schematic of the discretization of the droplet
long its radius.
(1) Mass variation �mP (kg) and real concentration CdP
* of the

control volume P

Molar flux of FB gives the mass variation as follows:

�mP × 103 = Ms ·
∫ t+�t

t

{
4�DAr2 ∂CdP

∂r
|we

}
dt (A2)

For interior control volumes, Eq. (A2) can be expressed in
the discrete form as follows:

�mP = 4� × 10−3Ms

×
[

DAe
0re

02 CdE
∗(tr) − CdP

∗(tr)
�re0

− DAw
0rw

02 CdP
∗(tr) − CdW

∗(tr)
�rw0

(A

For the control volume at the inner boundary, the discrete
form of Eq. (A2) is:

�mP = 4� × 10−3Ms ×
[

DAe
0re

02 CdE
∗(tr) − CdP

∗(tr)
�re0

]
	t (A2-b)

And for the control volume at the inner boundary:

�mP = 4� × 10−3Ms

×
[

R02ke
0
(

Cb
0 − H0CdP

∗(tr)
)

− DAw
0rw

02 CdP
∗(tr) − CdW

∗(tr)
�rw0

]

(A

The density of the PS/FB solution, �d, had a linear rela-
tionship with the mass fraction of FB, wd, according to
experimental results:

�d = 1077.01 − 88.5wd (A3)

With the calculated �mP from Eq. (A2) and the function
given by Eq. (A3), CdP

* can be calculated as follows:

wdP
∗ = mP

0 + �mP

MP
0 + �mP

(A4)

�dP
∗ = 1077.01 − 88.5wdP

∗ (A5)

CdP
1 = �dP

1 · wdP
1 · 103/Ms (A6)

where M denotes the total mass of the solution, while m
denotes the mass of the solvent FB in a control volume.

(2) The volume variation of the control volume

The volume of control volume P at time t + �t  was calcu-
lated from �mP and �dP

* as follows:

vP
∗ = 4

3
�
(

re
∗3 − rw

∗3
)

= MP
0 + �mP

�dP
∗ (A7)

which gives the length step at time t + �t:

�rP∗ = re
∗ − rw

∗ (A8)
The size of the droplet at time t + �t can thus be obtained
from �rP

*.
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double-emulsion solvent extraction/evaporation method.
Biomaterials 22, 231–241.
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