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Summary 

The distribution of water-soluble (triethyl citrate and triacetin) and water-insoluble (acetyltriethyl citrate, acetyltributyl citrate, 

dibutyl phthalate, dibutyl sebacate, diethyl phthalate and tributyl citrate) plasticizers between the aqueous and polymer phases in 

an aqueous colloidal ethylcellulose dispersion, Aquacoat ‘s’, was determined. A separation scheme was developed, which allowed 

the determination of the amounts of plasticizers dissolved and, in the case of water-insoluble plasticizers, also emulsified in the 

aqueous phase, and dissolved in the colloidal polymer particles. The plasticized ethylcellulose dispersion was separated by 

centrifugation and/or ultracentrifugation to obtain the various plasticizer-containing fractions. The plasticizer concentration in 

each phase was determined by a HPLC assay. The extent of the plasticizer partitioning was investigated with respect to the type 

(water-soluble or water-insoluble) and concentration of the plasticizer, and the solids content of the polymer dispersion. 

Water-insoluble plasticizers mainly partitioned into the polymer particles due to the higher affinity towards the polymer phase, 

however, the amount of emulsified plasticizer droplets increased with increasing plasticizer concentration after a plasticization time 

of 24 h. An ‘association’ coefficient, which was obtained from the ratio of the plasticizer concentration in the polymer to the 

concentration in the aqueous phase, was used to characterize the plasticizer partitioning. The fraction of plasticizer taken up by the 

colloidal polymer particles increased with increasing solids content of the polymer dispersion. It is therefore recommended to add 

the plasticizer to the undiluted dispersions followed by dilution to the desired solids content just prior to coating, rather than first 

diluting the dispersion followed by addition of the plasticizer. 

Introduction 

Aqueous colloidal polymer dispersions (latexes 
or pseudolatexes) have been developed to over- 
come the hazards associated with organic 
solvent-based coating (Banker and Peck, 1979; 

Lehmann, 1989). The addition of plasticizers is 
required for polymer dispersions having a mini- 
mum film formation temperature above the coat- 
ing temperature. During plasticization, the plasti- 
cizer will partition into and soften the colloidal 
polymeric particles thus promoting particle defor- 
mation and coalescence into a homogeneous film. 
The effectiveness of a plasticizer for a particular 
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polymer or polymer dispersion will depend on the 
plasticizer-polymer compatibility and the perma- 
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nence of the plasticizer in the film during coating, 
storage, and during contact with artificial or bio- 
logical fluids. The plasticizer-polymer interac- 
tions have been studied by various methods in- 
cluding thermal analysis to measure the reduc- 
tions in glass transition temperature (Hay, 1976; 
Sakellariou et al., 1985; Selinger and Brine, 1988; 
Steuernagel, 1989), viscosity determinations 
(Hutchings et al., 1991), mechanical tests (Reed, 
1943; Sinko and Amidon, 1989), and swelling/ 
mass uptake measurements (Gur-Arieh et al., 
1976; Sears and Darby, 1982; Storey et al., 1989). 

Plasticizers are generally solvents of low 
volatility and are often categorized into water- 
soluble or -insoluble plasticizers. Water-soluble 
plasticizers generally dissolve, while water-insolu- 
ble plasticizers have to be emulsified in the aque- 
ous phase of the dispersion. During plasticiza- 
tion, the plasticizer will partition between the 
aqueous and polymer phases. Plasticizer parti- 
tioning in colloidal polymer dispersions has been 
studied by only a few researchers. A theory of 
plasticization for synthetic paint latexes was de- 
veloped by Dillon et al. (1953) in terms of a 
three-phase system comprised of the water phase, 
polymer particles, and plasticizer droplets. Re- 
cently, Iyer et al. (1990) determined the uptake of 
the water-insoluble plasticizer, dibutyl sebacate, 
into a commercial ethyl cellulose pseudolatex 
(Aquacoat@) by using an alkaline partition col- 
umn to separate the unbound plasticizer, and gas 
chromatography for the plasticizer assay. The up- 
take of dibutyl sebacate was found to be com- 
plete within 30 min irrespective of the amount 
used and the uptake rate was faster with increas- 
ing solids content of pseudolatex or when smaller 
quantities of plasticizer was incorporated. How- 
ever, a previous study reported the presence of 
visible dibutyl sebacate droplets in Aquacoat@ 
after 1 week of mixing, indicating incomplete 
plasticization after such a long plasticization time 
(Sutter, 1987). 

The objectives of this study were to develop a 
separation method, which allowed the characteri- 
zation of the distribution of plasticizers in aque- 
ous colloidal polymer dispersions by quantising 
the plasticizer concentrations in the polymer 
phase and in the aqueous phase in which the 

plasticizer was either dissolved or emulsified. 
Aquacoat @, a widely used ethylcellulose pseu- 
dolatex, was investigated with various types and 
concentrations of plasticizers. 

Materials and Methods 

Materials 
The following chemicals were obtained from 

commercial suppliers and used as received: 
Aquacoat@ (30% w/w aqueous dispersion of 
ethyl cellulose) (FMC Corp., Newark, DE), 
dibutyl sebacate (DBS), diethyl phthalate (DEP), 
dibutyl phthalate (DBP), glyceryl triacetate (tri- 
acetin) (Eastman Kodak Co., Rochester, NY), 
triethyl citrate (TEC; Citroflex-2) acetyltriethyl 
citrate (ATEC; Citroflex A-2), tributyl citrate 
(TBC; Citroflex-4), acetyltributyl citrate (ATBC; 
Citroflex A-4) (Morflex Chemical Co., Greens- 
boro, NC), and methanol (HPLC grade, 
Mallinckrodt Specialty Chemicals Co., Paris, KY). 

methods 
The plasticizer (600 mg) was mixed with the 

diluted colloidal polymer dispersion (solids con- 
tent = 15% w/w, 20 g) by either shaking the 
sample vials on a horizontal shaker (90 strokes/ 
min; Eberbach Corp., Ann Arbor, MI) or by 
stirring the plasticized dispersion in a beaker 
using a magnetic stir bar (plasticization time = 24 
h; T = 22°C; y1 = 2). Unless otherwise indicated, 
the solids content of the latex was 15% w/w and 
the plasticizer concentration was 20% w/w (based 
on polymer solids). The actual solids contents of 
the commercial latexes were found to be within 
*0.5% w/w of the labelled values provided by 
the manufacturer. The following variables affect- 
ing the distribution of the plasticizers in the eth- 
ylcellulose pseudolatex were investigated: type of 
plasticizer, water-soluble (TEC and triacetin) and 
water-insoluble (ATEC, ATBC, DBP, DBS, DEP, 
and TBC); plasticizer (TEC and DBS) concentra- 
tion, lo-30% w/w of polymer solids, 5% incre- 
ments; solids content of polymeric dispersion, 
5-30% w/w, 5 or 10% increments. 

In order to determine the plasticizer concen- 
trations in the different phases, the separation 
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Fig. 1. Separation scheme for the quantification of plasticizer 
present in different phases (PLw, plasticizer dissoved in aque- 
ous phase; PLe, plasticizer emulsified in aqueous phase; PLp, 

plasticizer in the polymer phase; S.G., specific gravity). 

scheme shown in Fig. 1 was developed. During 
plasticization, the plasticizer will partition be- 
tween the polymer and aqueous phase. While 
water-soluble plasticizers will be completely dis- 
solved in the aqueous phase, water-insolubly 
plasticizers could be present in the aqueous phase 
in dissolved and emulsified forms. Water-soluble 
plasticizers (triethyl citrate and triacetin) were 
determined in the aqueous, clear supernatant 
(plasticizer dissolved in the aqueous phase) and 
the polymer sediment (plasticizer dissolved in the 
coIloida1 polymer particIes1 after ultracentrifuga- 
tion of the plasticized polymer dispersions (45 000 
rpm, 60 min, 22°C; Beckman Ultracentrifuge W- 
50). With the exception of dibutyl sebacate 
(specific gravity = 0.941, all other water-insoluble 
plasticizers investigated had specific gravities 
higher than that of water. With these plasticizers, 
the undissolved, emulsified plasticizer droplets 
were first separated from the polymer dispersion 
by centrifugation at 3000 rpm for 15 min (Beck- 

man centrifuge TJ-6). The emulsified plasticizer 
accumulated at the bottom of the vials, while the 
colloidal polymer particles did not settle under 
these conditions. No concentration gradient of 
the plasticizer was observed in the remaining 
portion of the centrifuged polymer dispersions 
indicating that the emulsified portion of the plas- 
ticizer settled to the bottom of the vial. The 
amounts of plasticizer dissolved in the aqueous 
and polymer phase were then obtained after ul- 
tracentrifugation (45000 rpm, 60 min, 22°C) of 
the supernatant (colloidal polymer dispersion ex- 
cluding the emulsified plasticizerl and analysis of 
the resulting supernatant and polymer sediment. 
The first centrifugation step was not necessary 
with dibutyl sebacate because of its lower specific 
gravity. The emulsified dibutyl sebacate droplets 
floated on the surface of the pseudolatexes after 
ultracentrifugation and thus could be separated 
from the remaining clear aqueous phase and the 
polymer sediment. 

A previousIy developed HPLC assay was used 
for the analysis of plasticizers (Bodmeier and 
Paeratakul, 1991). The chromatographic system 
consisted of a solvent delivery module (LC-BA), a 
UV spectrophotometric detector (SPDdA), an 
automatic sample injector @IL-9A), an integrator 
(Chromatopac CR6011 (Shimadzu, Kyoto, Japan), 
and an analytical column (Beckman-Ultrasphere, 
C-18, 5 pm particle size, 25 cm X 4.6 cm id.). 
The mobile phases consisted of methanol:water 
of varying ratios depending on the hydrophobicity 
of the pIasticizer ~methanoi:water, % v/v: 9O:lO 
for TBC, ATBC, DBP; 70:30 for TEC, ATEC, 
DBS, DBP and .50:50 for triacetinl. The aqueous 
phase of the polymer dispersion was assayed for 
the plasticizer content after appropriate dilution 
with the respective mobile phase. The polymer 
sediment was freeze-dried for 24 h and was fur- 
ther vacuum-dried for 4 h, to obtain the dried 
polymer powder. The dried polymer (200-500 
mg) was dissolved in methanol (lo-18 ml) fol- 
lowed by addition of water (2-10 ml) to precipi- 
tate the polymer. The extraction samples were 
ultracentrifuged, if necessary, prior to appropri- 
ate dilution with the mobile phase and injection 
into the HPLC. The emulsified portion of plasti- 
cizer was dissolved in methanol (20-50 ml> fol- 
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lowed by dilution with appropriate mobile phase 
prior to injection. The plasticizer standards were 
prepared in the mobile phase and the calculation 
for plasticizer concentration was based on peak 
area measurements. 

To determine the solubilities of plasticizers, 
excess amount of the plasticizers were placed in 

contact with the sodium lauryl sulfate solutions 
corresponding to the supernatant of the diluted 
ethyl cellulose dispersion, Aquacoat @. The sam- 
ples (n = 2) were shaken for 48 h at 22°C. The 
mixture was centrifuged at 3000 rpm for 15 min 
and the aqueous layer analyzed for plasticizer 
content, after appropriate dilution with mobile 
phase, by HPLC. 

Results and Discussion 

Various pharmaceutically acceptable and 
widely used plasticizers were evaluated with re- 
spect to their partitioning behaviour between the 
aqueous and polymer phases in colloidal polymer 
dispersions. The plasticizers were classified into 
water-soluble (triethyl citrate and triacetin) and 
water-insoluble plasticizers (acetyltriethyl citrate, 
acetyltributyl citrate, dibutyl phthalate, dibutyl 
sebacate, diethyl phthalate and tributyl citrate). 
Depending on the solubility of the plasticizer in 
the aqueous phase, it could be either dissolved or 

emulsified into the colloidal polymer dispersion 
prior to the coating process. During plasticiza- 
tion, the plasticizer will partition into the col- 
loidal polymer particles, the rate and extent of 
partitioning being dependent on its water solubil- 
ity and affinity towards the polymer phase. The 
plasticizer will be distributed between the poly- 
mer and aqueous phases. Water-soluble plasticiz- 
ers will be dissolved in the polymer and aqueous 
phase, while a water-insoluble plasticizer could 

additionally be present in the aqueous phase in 
an emulsified form. 

We determined the extent of plasticizer distri- 
bution by developing a separation scheme, which 
allowed the quantification of the amount of plas- 
ticizer in the aqueous and polymer phases (Fig. 
1). The plasticizer present in the different phases 
could be separated because of differences in the 
specific gravities of the plasticizers, water, and 
polymer particles. The amount of plasticizer in 
each phase was determined after centrifugation 
and/or ultracentrifugation steps by a HPLC 
method. 

Initial studies on the rate of plasticizer uptake 
(to be presented in a future publication) indi- 
cated that the equilibrium in plasticizer distribu- 
tion was rapidly obtained with water-soluble plas- 
ticizers, however, plasticization times in excess of 
24 h were required to obtain equilibrium with 
water-insoluble plasticizers. For practical reasons 

TABLE 1 

Distribution of plasticizers between aqueous and polymer phases in Aquacoat (plasticization time, 24 h; pseudolatex solids, 15% w/w; 
lec)el of plasticizer, 20% w / w of polymer) 

Plasticizer 

Water-soluble 

Triethyl citrate 

Triacetin 

Water-insoluble 

Acetyl triethyl citrate 

Acetyl tributyl citrate 

Dibutyl sebacate 

Diethyl phthalate 

Dibutyl phthalate 
Tributyl citrate 

Plasticizer concentration (%) 

Aqueous phase 

Dissolved Emulsified 

49.87 + 0.01 _ 

63.96 f 1.12 _ 

7.63 k 0.27 7.25 + 0.37 

0.44 f 0.01 12.19 + 0.58 

10.77 + 0.03 1.51 f 0.01 

2.46 f 0.15 10.59 f 1.23 

0.37 * 0.01 13.74 * 1.46 
0.81 + 0.01 9.88 f 0.69 

Polymer 

phase 

50.10 k 0.18 

35.41 f 1.67 

84.72 i 1.33 

86.37 k 1.98 

87.43 + 0.25 

87.41 * 1.02 

85.92 + 0.88 
89.22 f 0.75 

Recovery (%) 

99.97 f 0.16 

99.36 f 0.55 

99.60 & 0.69 

98.99 + 1.39 

99.73 * 0.25 

100.46 f 0.37 

100.03 f 0.89 
99.91 f 0.06 
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relating to plasticization times used in the phar- 
maceutical industry, a plasticization time of 24 
hours was selected to characterize the distribu- 
tion of plasticizers. The following data therefore 
do not represent values obtained under equilib- 
rium conditions. The extent of the distribution of 
both water-soluble and -insoluble plasticizers in a 
commercial ethyl cellulose pseudolatex, 
Aquacoat @, after a plasticization time of 24 h is 
shown in Table 1. The recovery of the plasticizers 
was close to 100% in all cases. The water-soluble 
plasticizers, triethyl citrate and triacetin, were 
dissolved in both the aqueous and polymer phase. 
The higher amount of triacetin in the aqueous 
phase, when compared to triethyl citrate, could 
be explained with its higher solubility in the su- 
pernatant (triacetin, 84.88 k 0.07 mg/ ml; triethyl 
citrate, 62.80 f 1.52 mg/ml). With water-insolu- 
ble plasticizers, between 85 and 90% of the incor- 
porated plasticizer partitioned into the colloidal 
polymer particles or polymer phase. The remain- 
ing plasticizer was present in the aqueous phase 
in predominantly emulsified form (between 7 and 
14% of the total amount of plasticizer added). 
This clearly showed that water-insoluble plasticiz- 
ers were not completely taken up by the colloidal 
polymer particles within a 24 h period, a result 
also found by Sutter (1987) with dibutyl sebacate. 
This may have important implications for the 
coating with polymer dispersions when compared 
to organic polymer solutions in which the plasti- 
cizer is completely dissolved. During the coating 
process, in addition to the plasticized polymer 
particles, the emulsified plasticizer droplets will 
be sprayed onto the substrates. This could result 
in an uneven plasticizer distribution within the 
film, potentially causing changes in the mechani- 
cal and especially release properties upon aging. 
A thermal treatment following the coating (curing 
step) (Goodhart et al., 1984; Lippold et al., 1989; 
Bodmeier and Paeratakul, 19911, which is now 
widely used to promote further coalescence of 
the colloidal polymer particles and to overcome 
stability problems, might also result in a more 
homogeneous distribution of the plasticizer. 

The concentration of the plasticizer and the 
solids content of the polymer dispersion are often 
varied in coating experiments. The distribution of 

z loo 1 
$ 
2 
p 
8 

75 - 

E 
2 

L- _ 
‘i 

a 

3 
s 
B 25- 
S + aqueous phase 

3 

Q polymer phase 

I- 0, 1 
10 15 20 2s 30 

TEC Incorporated, %w/w of polymer 

Fig. 2. Effect of triethyl citrate concentration (% w/w of 

polymer) on TEC concentration in aqueous or polymer phase 

(% w/w of total plasticizer incorporated) (plasticization time 

= 24 h; solids content of pseudolatex = 15% w/w). 

triethyl citrate (TEC) and dibutyl sebacate (DBS) 
in the ethyl cellulose pseudolatex was investi- 
gated as a function of these two variables. 

The TEC and DBS concentration based on the 
polymer content was varied between 10 and 30%, 
a plasticizer concentration range frequently used 
in coating experiments; its effect on the plasti- 
cizer partitioning between the aqueous and poly- 
mer phase at a constant pseudolatex solids con- 
tent (15% w/w) is shown in Figs 2 and 3. The 
fraction of the TEC in the polymer and aqueous 
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Fig. 3. Effect of dibutyl sebacate concentration (% w/w of 

polymer) on DBS concentration in aqueous or polymer phase 

(% w/w of total plasticizer incorporated) (plasticization time 
= 24 h; solids content of pseudolatex = 15% w/w). 
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phase did not change over the concentration range 
investigated. The plasticizer was evenly dis- 
tributed between the aqueous and polymer phase. 
With DBS, the fraction of DBS dissolved was 
independent of the plasticizer concentration, 
however, the fraction of DBS dissolved in the 
polymer phase decreased and the fraction emulsi- 
fied in the aqueous phase increased with increas- 
ing DBS level, especially at DBS concentrations 
in excess of 20%. As the incorporated plasticizer 
concentration increased, increasing amounts of 
DBS were not completely absorbed by the poly- 
mer particles. The polymer probably became sat- 
urated with the plasticizer, and plasticizer added 
in excess of the amount soluble in the polymer 
phase thus remained in the aqueous phase as 
emulsified droplets. The results on the extent of 
the plasticizer partitioning were obtained after a 
plasticization time of 24 h. The plasticization 
time in most coating experiments is generally less 
than 2 h; the attainment of an equilibrium in the 
distribution of the plasticizer in such cases is 
questionable. 

The effect of pseudolatex polymer content on 
the plasticizer concentrations (% w/w of total 
plasticizer added) in the polymer and the aque- 
ous phases at a constant plasticizer level (20% 
w/w of polymer) is shown in Figs 4 and 5 for 
TEC and DBS, representing a water-soluble 
and-insoluble plasticizer. The TEC uptake into 
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Fig. 4. Effect of solids content of pseudolatex on TEC concen- 
tration in aqueous or polymer phase (plasticization time = 24 

h; plasticizer concentration = 20% w/w of polymer). 

3 
11 * polymer phase 

ij f 1 _ 
0 aqueous phase-dissolved 

~queous_phase~emulsified 

* 

Q 0 I 
0 5 10 15 20 25 30 

solids content of pseudolatex, o/w/w 

Fig. 5. Effect of solids content of pseudolatex on DBS concen- 
tration in aqueous or polymer phase ~plasticization time = 24 

h; plasticizer concentration = 20% w/w of polymer). 

the polymer phase increased with increasing solids 
content, while the fraction dissolved in the aque- 
ous phase decreased (Fig. 4). At a solids content 
of 5%, approx. 75% of the TEC were dissolved in 
the aqueous phase and only 25% in the polymer 
phase, while these numbers were almost reversed 
at a solids content of 30%. Similar trends were 
also seen with the water-insoluble plasticizer, 
DBS, with the amounts of plasticizer dissolved or 
emulsified into the aqueous phase decreasing with 
increasing pseudolatex solids content (Fig. 5). Al- 
though most commercial polymer dispersions for 
pharmaceutical coatings are available with a solids 
content of 30%, the coating is generally per- 
formed after diluting the dispersions to a solids 
content between 10 and 15%. It is common prac- 
tice to dilute the polymer dispersion with water 
prior to the addition of the plasticizer or to add a 
diluted plasticizer solution or emulsion to the 
dispersion. In order to have most of the plasti- 
cizer present in the polymer particles, it is there- 
fore recommended to add pure plasticizer to the 
concentrated dispersions followed by dilution to 
the desired solids content just prior to coating, 
rather than first diluting the dispersion followed 
by addition of the plasticizer. 

In analogy to partitioning experiments with 
drugs, an ‘association coefficient’ was calculated 
to characterize the plasticizer distribution in the 
colloidal polymer dispersions after a plasticiza- 



tion time of 24 h. The association coefficient, K, 
was calculated as the ratio of the concentration of 
the plasticizer in the polymer phase to the con- 
centration of plasticizer in the aqueous phase 
(K = [plasticizer (g)/ polymer (g)]/[plasticizer 
(g)/aqueous phase (g)]>. The concentration of 
the plasticizer in the aqueous phase included the 
dissolved and emulsified portion with the water- 
insoluble plasticizer, DBS. 

The association coefficient as a function of 
solids content and plasticizer concentration is 
shown in Figs 6 and 7. It was higher for DBS than 
for TEC reflecting the higher uptake of DBS by 
the polymer phase. The association coefficient 
could be used to reflect the affinity of a polymer 
for a particular plasticizer within a colloidal poly- 
mer dispersion. The solids content of the polymer 
dispersion did not affect the association coeffi- 
cient, indicating a constant distribution of the 
plasticizer between the two phases. Although the 
fraction of plasticizer in the polymer phase in- 
creased with increasing solids content (as shown 
in Figs 4 and 9, the concentration in both the 
polymer and aqueous phases did not change. 
Higher solids contents resulted in a proportional 
decrease in the volume of the aqueous phase. 
Adding varying amounts of plasticizer to the poly- 
mer dispersion did not influence the association 
coefficient with TEC but with DBS (Fig. 7). The 
association coefficient decreased with increasing 
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Fig. 6. The association coefficient as a function of solids 

content of pseudolatex (plasticization time = 24 h; plasticizer 

concentration = 20% w/w of polymer). 
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Fig. 7. The association coefficient as a function of plasticizer 

concentration (plasticization time = 24 h; solids content of 
pseudolatex = 15% w/w). 

DBS concentration, reflecting the increased frac- 
tion of DBS in the aqueous phase. 

ln conclusion, a separation scheme was devel- 
oped, which allowed the determination of the 
extent of plasticizer partitioning between aqueous 
and polymer phases in colloidal polymer disper- 
sions. Future studies will include the characteri- 
zation of plasticizer-polymer interactions with 
several pharmaceutically acceptable colloidal 
polymer dispersions and the determination of the 
rate of plasticizer partitioning into the colloidal 
particles and its impact on the film formation of 
and coating with aqueous colloidal dispersions. 
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