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ABSTRACT

acetic acid and acetone, respectively is performed by using a statistical experimen-

c study of the phthaloylation of cellulose acetate in two reaction media consisting of

tal design. Two kinds of cellulose acetate having degrees of acetylation of 1.62 and
1.93, respectively are used as starting materials. Two mathematical models are obtained
for describing the correlation between the degree of phthaloylation of the synthesized cel-
lulose acetate phthalates and the principal reaction parameters involved: the molar ratios
of catalyst/cellulose acetate and phthaloylation agent/cellulose acetate. It is concluded
that the degree of phthaloylation of the products is mainly influenced by the amount of
phthaloylation agent in the case of acetic acid and by the amount of catalyst in the case

of acetone used as organic solvent.

INTRODUCTION

Cellulose acetate phthalate (CAP) is
the mixed ester of cellulose with
o-phthalic and acetic acids which
proves interesting properties that
make it suitable for enteric film coat-
ing of capsules and tablets [1].
Recent reports have described its

ability to inhibit infections by the
human immunodeficiency virus type
1 (HIV-1) and several herpes viruses
in vitro [2-6]. Composite biofilms
produced using wheat gluten and
cellulose acetate phthalate are cited
as barriers to moisture and oxygen
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diffusion [7].

CAPisanontoxic and inexpensive material and has
been used for several decades as a pharmaceutical
excipient due to its solubility dependent on the pH of
the aqueous media. Thus, enteric coatings based on
CAPareresistant to acidic gastric fluids, but easily sol-
uble in mildly basic medium of the small intestine. The
pH-sensitive solubility of CAP is mainly determined
(as other properties of this mixed ester) by the degree
of substitution (DS), namely the average number of
substituent groups bound to an anhydroglucose unit
(AGU), aswell as by the molar ratio of the substituents
(acetyl and phthaloyl groups). These two structural
characteristics of the polymer are dependent on its
provenience, i.e., on the method employed for its syn-
thesis.

The most common way to prepare cellulose acetate
phthalate consists of the reaction of a partially substi-
tuted cellulose acetate (CA) with phthalic anhydride in
the presence of an organic solvent and a basic catalyst,
following the Scheme I. DS, and DSy, are the aver-
age number of acetyl and phthaloyl groups on AGU,
respectively.

The organic solvents widely used as reaction media
for the phthaloylation of cellulose acetate are acetic
acid, acetone, or pyridine. The basic catalysts
employed are anhydrous sodium acetate when using
acetic acid, amines when using acetone, and the organ-
ic solvent itself when using pyridine as reaction medi-
um. Data reported so far on various procedures to
obtain CAPwith appropriate characteristics suitable for
above mentioned purposes are convincing arguments

/ (OH)S'DSac

Cell

for the main factors involved in these processes. the
structural characteristics of the starting cellulose
acetate (both DS, and DS, and al'so the distribution of
substituents on AGU), the nature of the organic solvent
used as reaction medium and the reaction parameters
such as temperature, reaction time, and composition of
the reaction system [8-10].

The influence of the reaction parameters on the
evolution of the process has been investigated by vary-
ing successively one of them while maintaining the
others at constant values. Such approach is time con-
suming and cannot proove possible interactions
between two or more variables.

The present paper has as principa goal, the study of
phthaloylation of cellulose acetate in media of acetone
and of acetic acid. We restorted to statistical experimen-
tal designin order to obtain adequate mathematical mod-
elsfor describing the nelation between the average num-
ber of phthalol group bound to anhydroglulose unit of
cellulose acetate, on the one hand, and the principal reac-
tion parameters, the amounts of catalyst, and of phtha-
laylation agent, on the other hand. By simultaneous vari-
ation of these parameters, this approach may evidence
the separate effect of each of them and their possible
interactions.

EXPERIMENTAL
Materials

All chemicals used for experiments. acetic acid, ace-
tone, phthalic anhydride, sodium acetate, triethylamine,

o / (OH)S'DSaC'DSph
@)

\ (O-C”:-CHS)DSac
o

Scheme |

Catalyst

> Cell — (O-ﬁ-CHS)DSaC

h

\ ©
o5 O
T DSp
o |

COCH

Iranian Polymer Journal / Volume 14 Number 12 (2005)



sulfuric acid, sodium hydroxide, hydrochloric acid,
were of reagent grade and supplied by “Reactivul” in
Bucharest.

Synthesis of polymers was performed using labora-
tory glass vessels. The reactions were carried out in a
glass reactor equipped with aglass stirrer and placed in
a water bath in order to control the required tempera-
ture. After the desired reaction time elapsed, the poly-
mer solution was dlightly poured into alarge glass con-
taining distilled water in order to precipitate the poly-
mer. Separation of the solid phase was accomplished by
vacuum filtration on a Blichner funnel and purification
of the solid product was realized by repeated washings
with distilled water until the washing water was neutral .
Thereafter, the polymer was dried at room temperature.

The amounts of polymers and chemicals involved
in syntheses were chosen so as to correspond to the
specification given below for each polymer.

CA Synthesis

Cellulose acetates with different DS values were pre-
pared by hydrolysis of high-acetyl cellulose (DS =
2.91) at 40°C in aqueous acetic acid using sulfuric acid
as a catalyst (10 % wt with respect to the starting CA).
The proportion of the starting polymer in the reaction
mass was 10 % wt. Various proportions of water in
acetic acid were used (10, 20, and 25 % by weight) in
order to obtain different amounts of free OH groups
bound to the primary carbon atom of AGU, following
the conventional procedure known from literature [11].

CAP Synthesis

Cellulose acetates used for CAP synthesis had different
DS values: 0.5, 1.30, 1.62, 1.93, and 2.53. Cellulose
acetates were phthaloylated with phthalic anhydride in
two organic media: acetic acid and acetone using anhy-
drous sodium acetate and triethylamine (TEA), respec-
tively, as basic catalysts.

Phthaloylation of CA in acetic acid was performed
at 70°C for 4 h. The viscous solution of CAP thus
obtained was diluted with an aqueous solution of acetic
acid 75 % wt. The polymer was separated from this
solution by precipitation into cold water, then it wasfil-
tered on aBuchner funnel and purified by washing with
distilled water until the wash liquid was free of acidity.
Finally, the product was air-dried.

CAP synthesis in acetone medium followed a simi-
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lar procedure, at 56°C for 4 h. The precipitation of the
product was realized in warm water (about 60°C) in
which a solution of hydrochloric acid (10 % wt). was
added in a sufficient amount so as to completely neu-
tralize the basic catalyst used for phthal oylation. Wash-
ing of the obtained polymer was performed with warm
and cold water until neutral pH was achieved.

CA and CAP Characterization

The degree of acetylation of CA samples (DS, was
determined by the usua saponification method [12].
The degree of phthaloylation of CAP (DSph) was deter-
mined by titration of carboxyl groups with sodium
hydroxide according to the known procedure [13].

RESULTSAND DISCUSSION

In our preliminary studies we were interested in gather-
ing some information about the influence of DS of the
starting CA, and the conditions of hydrolysis of highly
acetylated cellulose acetate for preparation of starting
CA, on DSy, In this sense, a series of four samples of
CA having different DS,. and another serie of three
samples of about the same DS, but obtained from high
DS cellulose acetate by hydrolysisin different agueous
acetic acid media have been selected and phthal oylated
in acetone media.

The first set of four starting CAs samples was
phthaloylated at 56°C for 4 h at molar ratios of phthal-
ic anhydride/CA and TEA/CA of 2.4 and 2, respective-
ly. The characteristics of the starting CA and of the
resulted products as well as the aspect of reaction sys-
tem are presented in Table 1.

It is observed (Table 1) that CAswith DS, of 0.50
and 2.53 led to CAPs with about the same DSy, but

Table 1. Phthaloylation of CA with different DS values in ace-

tone medum.
Reaction system Solubility in NaOH
DS DSph
aspect solution (1 N)

0.50 | Heterogeneous 0.36 Insoluble
1.30 | Quasi-homogeneous | 0.91 Soluble
1.92 | Quasi-homogeneous | 0.93 Soluble
2.53 | Homogeneous 0.33 Soluble
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insoluble and soluble in IN NaOH agueous solution,
respectively. Therefore, in heterogeneous systems,
although alot of hydroxyl groupson AGU arefree, but,
asmall proportion of them are accessible and available
for phthaloylation reaction. CAs with DS, of 1.30 and
1.92 led to soluble end products with a substantialy
higher DSph- Therefore, this range of DS, for starting
CA can be adequate to the synthesis of CAP in acetone
media, although the reaction systems are not completely
homogeneous.

The second set of experiments used three samples
of CA (DS, about 1.90) obtained by hydrolysis of
highly acetylated cellulosein 15, 20, and 25 % wt aque-
ous acetic acid, respectively, using sulfuric acid as cat-
alyst. Phthaloylation was performed at molar ratios of
phthalic anhydride/CA of 1.8 and TEA/CA of 1. CA
obtained by hydrolysisin 15% aqueous acetic acid led
to a DSy, = 0.51 and those obtained in 20% and 25%
agueous acetic acid led to a DSy, = 0.62. It is well
known that the presence of more water in the hydroly-
sis medium determines a higher proportion of free OH
groups bound to C6 atom of AGU. Therefore, more free
OH groups on C6 favor the phthal oylation process.

In our further study, two samples of CA: DSy, =
1.62 and DS, = 1.93, obtained by a hydrolysis process
in 20 % wt agueous acetic acid (in order to provide a
higher proportion of free OH groups on C6 atom)
were used for phthaloylation in media of acetic acid
and acetone, respectively.

For a systematical study of the influence of propor-
tions of the phthaloylation agent and of the catalyst on
DSy, of CAP we resorted to a second-order rotatable
experimental design [14-16]. With second order rotat-
able design, no replication is needed in order to find the
error mean square. This can be done by replicating the
center point. The polynomial equation for such a statis-
tical approach is:

Y =bg + by X3 + by Xp + b1y XX +
byg X12 + by X2 (1)

where Y is the degree of phthaloylation (DSph) and X4,
X, are the independent variables.This regression equa-

tion was tested for the fit adequacy as follows [17].
The residual sum of sguaresis calculated,

N
S = IZl, (Yi- V)2

for which, the number of degrees of freedomisf; =N -L,
where N is the number of experiments and L is the
number of terms in equation (1). From the n, repeated
observations at the center point we find the error sum
of sguares:

S, = i(YOi -Yo)?

for which the number of degrees of freedom is:
fo=ng-1

The inadequacy of fit sum of squaresis then:
=S-S5

for which the number of degrees of freedom isgiven by:
fa=f1-f5

Then an F-test is calculated to test the fit adequacy:

F = (S4f3)/(S)f)

which is compared with the tabulated value for a cer-
tain value of the significance level p, Fp(f3, f5). The
estimated regression equation fits the data adequately if
F<Fyfs f)).

The significance of the estimated coefficients is
tested by calculating the Student t-test and comparing it
with the tabulated value for a significance level p and
for N-L degrees of freedom. If the calculated values are
higher than the tabulated ones, the coefficients are sig-
nificant for the corresponding p and N-L. For signifi-
cance levels of 0.05 and 0.01, the tabulated values of t
for 7 degrees of freedom, are 2.365 and 3.499, respec-
tively, and for 9 degrees of freedom are 2.262 and
3.250, respectively, .

The independent variables chosen in our study
were the molar ratio of catalyst / CA (x;) and the molar
ratio of phthalic anhydride/ CA (x,).

These independent variables and the region cov-
ered by the experiments performed in acetic acid are
presented in Table 2 and the correspondence between
the coded x-scales and the original ones for the same
systemisgivenin Table 3.

The matrix of x-variables for such a design
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Table 2. The region covered by the experiments for the
phthaloylation of CA in acetic acid medium.

Range of

Independent variables Notation
variation
Sodium acetate (catalyst)/CA (mol/mol) Xx; |0.61-2.19
Phthalic anhydride/CA (mol/mol) X5 0.61-2.81

includes six columns headed xg, X1, X2, X1%, Xo4, and
XX, and 13 rows corresponding to the 13 experiences
needed. The columns headed x; and x, specify the
combinations to be used and constitute the plan for the
experiment. For this reason, in Table 4 just these two
columns have been retained beside the columns of the
experimental (Y gy,) and calculated (Y ) responses
and those of deviations (AY) and relative errors (g,).

The regression coefficients of equation (1) are then
obtained by the known equations [14]:

Y =0.688 + 0.053 X; + 0.13 X, - 0.005 X2 -
(16.33) (40.198) (1.515)
0.038 X,2 + 0.007 XX, ©
(10.894)  (1.641)

S, = 000058471, f; = 7; S, = 0.00048, f, = 4;
S3=0.0001, f3 = 3 ; F = 0.27775; R2 =0.997

Fo=001(3, 4) = 16.69, therefore F < F_( 01(3, 4) and
the estimated regression equation fits the data ade-
quately. The value of the square multiple correlation
coefficient, R2, shows that 99.7 % of the sum of
squares of deviations of Y from its mean is attributable
to the regression.

However, the calculated values of Student t-tests, in
parentheses under regression coefficients, show that
terms in x42 and x4x, are insignificant for a signifi-
cance level of p=0.05 and therefore are removed from
equation (2). After removal of insignificant coeffi-
cients, the regression equation takes the form:

Y =0.684 + 0.053 X; + 0.13 X, - 0.037 X,2 ®)
(14.149) (34.828) (9.348)

S, = 00010017, f; = 9 ; S, = 0.00048, f, = 4
S; = 0.0005217, f3 = 5; F = 0.8695; R2 = 0.994

Fp=0.01(5, 4) = 15.52, therefore F < Fp=0.01(5, 4) and
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Table 3. The correspondence between the coded x-scales
and the original ones for the experiments carried out in acetic
acid medium.

Original scales of independent
Coded scales of
. . variables
independent variables
X1 X2
-1.414 0.61 0.61
-1 0.84 0.93
0 1.40 1.71
+1 1.96 2.49
+1.414 2.19 2.81

the estimated regression equation fits the data ade-
quately.

The value of the square multiple correlation coeffi-
cient, R2, shows that 99.4 % of the sum of squares of
deviations of Y from its mean is attributable to the
regression.

As the calculated t-test values indicate, the regres-
sion coefficients are substantially non-zero for asignif-
icance level of 0.01 and the most important terms are
those in x, and X;.

Therefore, the obtained equation (3) describes ade-
quately the response surface in the experimental range.

Table 4. Experimental results and calculated values with equa-

tion (3) for the phthaloylation of CA in acetic acid medium.

Sample| X4 X Vi Yzl AY | & (%)
1 -1 1 0.47 0.47 |-0.01| 1.15
2 1 1 0.56 0.57 0.01 | 1.81
3 -1 1 0.72 0.72 0.00 | 0.61
4 1 1 0.84 0.83 |[-0.01| 1.20
5 -1414 | O 0.60 0.61 0.01 | 1.62
6 1414 | O 0.75 0.76 0.01 | 1.20
7 0 -1.414 | 0.43 0.43 |-0.00| 0.81
8 0 1.414 | 0.79 0.79 | 0.00 | 0.49
9 0 0 0.69 0.68 |-0.01| 0.82

10 0 0 0.67 0.68 0.01 | 2.14

11 0 0 0.70 0.68 |-0.02| 2.24

12 0 0 0.69 0.68 |-0.01| 0.82

13 0 0 0.69 0.68 |-0.01| 0.82
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Figure 1. Dependence of DSy, (Y) on molar ratios of catalyst
/CA (x1) and phthalic anhydride/CA (x,) for the phthaloylation
of CA in acetic acid medium.

The independent variables (x4, X,) in coded values,
the experimental (Yexp) and calculated (Y c40) With the
obtained equation (3) values of DSpn of the obtained
CAP samples, as well as deviations (AY) and relative
errors (g,) for these experiments are presented in
Table 4. AY and g, were calculated as follows: AY =
Yexp - Yeae and & = AY x 100/ Y g, respectively.
Relative errors are presented as absolute values and are
smaller than 2.5 %.

Visualization of the response surfaceis presented in
a three-dimensional space in Figure 1. From this pic-
ture it is evident that Dsph (Y) increases with the
increasing of molar ratios of both catalyst / CA (x4) and
phthaloylation agent / CA (x5), but the influence of the
latter one is more pronounced.

The same statistic interpretation was performed for
the experiments realized with acetone as reaction medi-
um and data similar to those presented in Tables 2-4 are

Table 5. The region covered by the experiments for the
phthaloylation of CA in acetone medium.

Renge of

Independent variables Notation
variation
Triethylamine (catalyst)/CA (mol/mol) X1 0.75-2.09
Phthalic anhydride/CA (mol/mol) Xo 1.61-2.94

Table 6. The correspondence between the coded x-scales
and the original ones for the experiments carried out in ace-
tone medium.

Original scales of independent
Coded scales of
. . variables
independent variables
X1 X2

-1.414 0.75 1.61

-1 0.95 1.80

0 1.42 2.27
+1 1.89 2.74

1414 2.09 2.94

summarized in Tables 5-7, respectively.
The regression equation obtained in this case is:

Y = 0.626 + 0.23 X, - 0.003 X, + 0.03L x;2 +
(20714) (035 (3.773)
0.016 X22 +0.037 X1Xo (4)
(1969)  (3.419)

S; = 0.00336, f,; 7; S, = 0.00252, f, = 4;
S;=0.00084, f3 = 3; F = 0.4444; R2 = 0.992

Fo=0.01(3, 4) = 16.69, therefore F < Fyq (3, 4) and

Table 7. Experimental results and calculated values with equa-
tion (5) for the phthaloylation of CA in acetone medium.

Sample| X4 Xp Ve Vestle AY | g (%)
1 1 1 0.95 094 |-0.02| 1.7
2 1 -1 0.85 086 | 0.01| 11
3 -1 -1 0.47 0.47 | 0.00| 08
4 -1 1 0.42 0.40 |-0.02| 5.3
5 1414 | O 1.02 1.02 0.00| 0.2
6 -1414 | O 0.36 0.37 0.01| 2.7
7 0 1.414 0.65 064 |-001| 20
8 0 -1.414 | 0.67 0.64 |-0.03| 51
9 0 0 0.63 064 | 0.01| 1.2

10 0 0 0.62 0.64 | 0.02| 27

1 0 0 0.66 0.64 |-0.02| 35

12 0 0 0.59 064 | 0.05| 7.4

13 0 0 0.63 064 | 0.01| 1.2
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Figure 2. Dependence of DSy, (Y) on molar ratios catalyst /
CA (x4) and phthalic anhydride/CA (x,) for the phthaloylation
of CA in acetone medium.

the estimated regression equation fits the data ade-
quately.

The value of the square multiple correlation coeffi-
cient, R2, shows that 99.2 % of the sum of squares of
deviations of Y from its mean is attributable to the
regression.

The calculated values of Student t-tests, in paren-
theses under regression coefficients, show that in this
case the terms in X, and x,2 are insignificant for asig-
nificance level of p=0.05 and they are removed from
equation (4). Thus, the following simplified equation is
obtained for the experiments performed in acetone:

Y =0.637 +0.230 x; + 0.037 Xy + 0.029X,2  (5)
(26.877) (3.093)  (3.208)

Sl = 000529, fl = 9, SZ = 000252, f2 = 4; 53 =
0.00277, f3 = 5; F = 0.879365; R2 =0.988

Fp:0_01(5,4) = 1552, therefore F < Fp:0_01(5,4) and the
estimated regression equation fits the data adequately.
The vaue of the square multiple correlation coeffi-
cient, R2, showsthat 98.8 % of the sum of squares of devi-
aionsof Y from its mean is attributable to the regression.
Therefore, the obtained equation (5) describes ade-
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guately the response surface in the experimental range
for the experiments carried out in acetone medium. The
values of Y calculated with equation (5) are presented
in Table 7. The small values of relative errors, below
5%, a'so show that the calculated Y values predict well
the experimental ones.

The t-test values show that the coefficient of x, is
significant for asignificancelevel of p=0.01, whilethe
coefficients of the other terms are significant for a sig-
nificance level of p = 0.05. That means that, in the
experimental range, the catalyst is more important than
the esterification agent in the case of CA phthaloylation
in acetone medium.

Figure 2 illustrates this dependence for the
phthaloylation of CA in acetone medium.

By comparing the two response surfaces (Figures 1
and 2), it can be seen that in acetic acid medium the
variation of DSpn is slower at high values of independ-
ent variables, while in acetone system this variation is
more pronounced for high values of x; and X».

CONCLUSION

The degree of phthaloylation of CAP obtained in acetic
acid as well as in acetone media is dependent on both
catalyst/CA and phthalic anhydride/CA molar ratios.
The influences of these two parameters are dependent
on the nature of the inert solvent employed. Thus, in
acetic acid medium, DSpn is mainly influenced by the
amount of the phthaloylation agent (phthalic anhy-
dride), while in the case of acetone used as reaction
medium, the final DSpn values are predominantly
dependent on the molar ratio of catalyst/CA.

By using the obtained mathematical equations, the
most suitable parameters of CAP synthesisin these two
organic media can be chosen in order to prepare prod-
ucts with desired DSy, values.
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