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ABSTRACT

Until recently, evaluation of the effebtiveness-of preservatives in
emulsified systems has depended largely on time-consuming microbiological
techniques. Mathematical models have now been developed which enable the
amount of preservative necessary for adequate preservation to be calcu-
lated. Determination of the physico-chemical parameters for these models
is again a time-consuming process, especially where complex emulsions are
involved. In the present work a three-chambered dialysis method has been
jnvestigated. Using this method it is possible to determine the concen-
tration of preservative in the various phases of an emulsion and thus the
total concentration required for adequate preservation.

Various factors affecting the distribution of preservatives between
0i1 and water and the interaction between preservatives and surfactant
are discussed. These factors are then related to the problem of the
distribution of a preservative in an oi]‘in water emu]sfon system.
Methodology used to evaluate the various physico-chemical paraheters
is reviewed and equations for representing the results are discussed.

The distribution of benéoic acid between peanut oil and water and
mineral oil and water systems was studied over a wide concentration
range. The interaction of benzoic acid with aqueous solutionsof the
nonionic surfactant cetomacrogol was studied using solubility and equili-
brium dialysis techniques. The interaction of various other preserva-
tives with aqueous solutions of the nonionic surfactant cetomacrogol was

examined. A comparison was made of various methods of expressing this
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interaction. It is suggested that the Scatchard equation is the most
satisfactory equation for describing the binding deta. Binding para-
meters determined from a Scatehard plot in the concentration range of
free preservative appropriate for antimicrobial activity were used to
calculate the tot61 concentration of preservative required in the sur-
factant solution. |

A three;chambered d%a]ysis cell was used to estimate the distribu-
tion of benzoic acid between the 0il phase and the aqueous phase of oil
in water emulsions containing peanut o0il or mineral oil. The method
also differentiates between preservative bound, or solubilized, by the
surfactant and free in the aqueous phase. The distribution data was
plotted on a three-dimensional graph from which the total concentration
of preservative needed to prqvide a given free concentration in the
aqueous phase can be determined. Results from the dialysis method agree
closely with those calculated using mathematical models for preservative
distribution. Hence the three-chambered dialysis method provides a
relatively simple direct method of'determining the required preservative

concentration without recourse to mathematical models.

Supervisor.
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I INTRODUCTION

The deterioration of creams and emulsions due to microbial contamina-
tion is reéponsib]e for industrial losses (Baker, 1959) and may present a
clinical hazard to the user (Kallings, et al., 1965, 1966). Adequate
preservation is therefore essential from both the pharmaceutical (Bean,
1967) and clinical (Savfn, 1967; Evans, 1970) point of view.

The microbiological activity of preservatives in heterogeneous sys-
tems, such as emulsions, is much more complex than in simple aqueous
systems. The antimicrobial activity of preservative in an emulsified
system is less than the same amount of preservative in an aqueous system
(Wedderburn, 1964). An understanding of the factors controlling the »
effectiveness of preservatives in emulsified systems can only be achieved
through a thorough study of the various physical, chemical and microbio-
logical parameters governing the distribution and antimicrobial activity
of preservatives in various phases of an emulsion.

At the present time, assessment of the ability of preservatives to
prevent microbial invaéion of emulsified products depends largely on
empirical tests involving inoéu1ation of the finished product, and exam-
ination during a prolonged period of storage (Wedderburn, 1964). These
methods are laborious, time consuming and are mainly qualitative in
nature. No information is obtained with regard to the mechanism of in-
activation of the preservative and the concentrations of preservative
in various phases of the emulsion.

Much work has been done on the distribution and antimicrobial



activity of preservatives in oil-water (Bean, et al;, 1965) and surfac-
tant-water (Wedderburn, 1964) systems. In these systems the antimicro-
bial activity depends mainly on the concentration of preservative in the
aqueous phase. Preservative partitioned into the oil phase, or bound
with the surfactant is biologically inactive. However until recently few
quantitative studies had been made of the distribution and antimicrobial
activity of preservatives in emulsified systems. A few authors (Kosten-
bauder, 1962; Garrett, 1966; Bean, et al., 1969; Patel and Romanowski,
1970) have derived mathematical equations, using physico-chemical para-
meters governing the distribution of preservative in oil-water systems
and the interaction of preservatives with surfactants, to predict the
quantity of preservative required in an emulsion in order to achieve
adequate preservation. These equations have been derived on the assump-
tion that the antimicrobial activity of a preservative in an emulsion is
| mainly a function of the minimum-inhibitory or minimum-lethal concentra-
tion of preservative in the aqueous phase. It is assumed that preserva-
tive partitioned into the oil phase or solubilized by the surfactant
micelle is biologically inactive. Agreement was found between predic-
tions made using these equations and the results obtained from microbfo-
1pgica1 studies (Bean, et al., 1969; Patel and Romanowski, 1970). Deter-
mination of the necessary physico-chemical parametefs in these equations
is a lengthy process, particularly if, as is usual in most pharmaceutfca]

and cosmetic-emulsions, there is more than one type of oil or macro-



molecule present. Moreover even a slight cHange in the formulation of

the emulsion necessitates a re—eva]uation.of the various terms. From
practical viewpoint it would be advantageous to have a direct method to
measure the amount of preservative in each 'phase' of the emulsion and
hence the total concentration required to provide the desired concentra-
tion in the aqueous phasé. In the present investigation a threé—chambered
dialysis method has been used to study the distribution of the preserva-
tive, benzoic acid, in oil-water-surfactant systems. Results obtained,
using the dialysis method, are compared with those obtained using a
mathematical equation and experimentally determined physico-chemical

parameters.



IT  LITERATURE SURVEY
A. Distribution of Preservatives in Oil-Water Systems

(a) Factors affecting antimicrobial activity of preservatives in o0il-

water systems.

A preservative added to an oil-water mixture partitions between the
two phases (Hibbott and Monks, 1961; Bean, Richard and Thomas, 1962).
The antimicrobial activity is mainly a function of the availability, or
thermodynamic activity, of a biologically effective concentration of
preservative in the aqueous phase, and not the total amount added, i.e.,
preservative in the oil phase 1s‘biologica11y inactive (Wolffhugel and
Von Knorre, 1881; Clark, 1939, Gershenfeld and Brillhart, 1939; Atkins,
1950; Bean,'Richard and Thomas, 1962; Bean and Heman-Ackah, 1964; Beaﬁ,
Heman-Ackah and Thomas, 1965). The availability of preservative in the
aqueous phase is controlled by various factors:

1. Dissociation constantl(Ka) of preservative and pH

of aqueous phase.
0il-water partition coefficient (KS).
0il-water ratio (q).
Interfacial factor.

. Temperature.

L

Effect of additives.



(1) Dissociation constant of preservative and pH of aqueous phase:

Weak écid preservatives are generally most effective in their undissoci-
ated form (Rahn and Conn, 1940; Bandelin, 1958), the equilibrium between
undissociated acid and anion being a function of pH levels. It can be
observed that 60 times as much benzoic acid is required at pH 6 as at

pH 3 to achieve equivalent antimicrobial activity.

Table 1

Proportions of Benzoic Acid Undissociated at
Various pH Values (Kostenbauder, 1962)

pH Undissociated Benzoic Acid
_ %

99.4
94.3
62.5
13.7

O AW N

1.6

5 -
Ky = 6.3 x 10 pKy = 4.2

If the minimum ihhibitory concentration of undissociated acid is
known, the total concentration of acid required in the aqueous phase can
be calculated from the following equation (Kostenbauder, 1962):

Inhibitory Concentration)(H+) + K
Total required preservative = (of undissociated acid a

(H+)




A close relation is generally found between pH and antimicrobial
actiVity of weak acid preservatives (Rahn and Conn, 1944; Wolf and
Westveer, 1950; Simon, 1952; Von Schelhorn, 1952; Albert, 1957; Bandelin,
1958; Bell, et al., 1959; de Navaree, 1959; Enterikin, 1961). Since the
dissociation constant of different preservatives varies, their behaviour
in different pH conditions also varies. Some are inactivated by small
increases in pH while others are not influenced at all. When the pH of
the environment is below pK,, changes of pH are of little consequence
but as the pH is increased above the PKy » higher concentrations are re-
quired to produce a standard response (Simon, 1952). 1In the case of
benzoic acid a constant concentration of undissociated molecules does
not produce the same response at different pH levels. This indicates
that anions are also slightly toxic (Evahs and Dunbar, 1965; Anderson

and Cho, 1967).

(2) O0il-water partition coefficient: Partitioning hassignificant

effect on the availability of,preﬁervative in the aqueous phase (Husa
and Radin, 1932; Atkins, 1950; Allawala and Riegelman, 1953; Garrett and
Woods, 1953; and others). When the preservative is more soluble in oil
than in water enough muét be added to an oil-water system to obtain a
sufficient concentration in aqueous phase, i.e., the concentration of
preservative in the aqueous phase is controlled by the overall concen-
tration of preservative (Hibbott and Monks, 1961; Bean, Heman-Ackah and

Thomas, 1965). A complicating factor is the concentration of preserva-



tive in oil phase which is always related to that of the adueous phase,
and may'behave as a reservoir for the latter (Bean, Heman-Ackah and

Thomas, 1965).

(3) Oil-water ratio: The concentration of preservative in the

aqueous phase is not controlled by the partition coefficient alone, but
by the interaction between the partition coefficient and the phase volume
ratio (Bennett, ]962; Bean and Heman-Ackah, 1964; Bean, Heman-Ackah and

" Thomas, 1965; Bean, Konning and Malcolm, 1969). Table 2 shows the influ-
ence of partition coefficient and phase volume ratio on the concentration
of preservative in aqueous and oil phase of a two phase system. When the
partition coefficient is less than one, the majority of the preservative
is in the aqueous phase and an increase in the oil-water ratio ihcreases
the aqueous phase concentration. when the partition coefficient is
greater than one, most of the preservative is in the oil phase and an
increase in the oil-water ratio reduces the concenfration of preserva-
tive in the aqueous phase; When partition coefficient is equal to one,
changing the oil-water ratio has no effect on the concentration of the
preservative in either phase. Thus when selecting a compound for study
as a possible preservative for a product, both the partition coefficient

and the oil-water ratio must be censidered;

- (4) Interfacial factor: Bean, et al., (1965) has shown that the

bactericidal activity of a given concentration of preservative in simple



fabie 2

Influence of Partition Coefficient and,Phase~VoiQhe Ratio on Concentration of
Preservative in Aqueous and 0il Phase of a Two-Phase System

0

K 0i1/Water ratio 0.2 1.0 2.5 5.0 10.0
at 25°
0.4% w/v phenol in liquid Preservative in 0oil % 0.031 0.050 0.080 0.080 0.176
0.067 :
paraffin/water dispersions Preservative in water % 0.474 0.750 1.199 1.799  2.636
1% hypothetical Preservative in oil }% 1.000 1.000 1.000 1.000 1.000
1.000 -
preservative _ Preservative in water %2 1.000 1.000 1.000 1.000 1.000
4.0% w/v chlorocresol in Preservative in oil % 22.96 7.93 §5.60 4.79 4.40

peanut oi]/water disper- 116.7 Preservative in water % 0.197 0.068 0.048 0.0411 0.038

sions




aqueous solutions is less than the bactericidal activity of same .concen-
tration of preservative in the aqueous phase of an oil-water mixture. ‘As
the ratio of oil-water increases, the bactericidal activity of the pre-
servative increases considerably. It was suggested that preservative
molecules are adsorbed at the oil-water interface, with the polar portion
of the molecule projecting into the aqueous phase, and the nonpolar por-
tion projecting into the o0il phase. In this way the concentration of
preservative_at the interface is higher than the bulk aqueous phase.

When bacteria are added to such a system they are also adsorbed at the
oil-water interface, but bacteria being heavier (diameter in microns)
than preservative molecules (diameter in g) penetrate the aqueous phase
more deeply than do the préservative molecules. It is therefore pro-
béb]e that part of the bacterial surface at the inferface is in contact
with higher concentration of pfeservative, but this is certainly not

true for the whole cell. If the bacteria were strongly adsorbed at the
interface, as have been shown by Kamakaka (1956), the preservative ad-
sorbed at interface would have been huch more gffective than observed |

in these studies.

(5) Effect of temperature: Temperature influences the activity

of preservatives in oil-water dispersions in a complex manner (Bean and
Heman-Ackah, 1965; Bean, Heman-Ackah and Thomas, 1965). Temperatures
above 50° cause the death of vegetative cells by protein coagulation,

enzyme inactivation, or both. In addition there are indirect effects of

_.f:'.‘l'"- -
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temperature on: (i) the oil-water partitidn coefficient (Bean and Heman-
Ackah, 1963); (ii) the oil-water interfacial activity which diminishes
with rise iﬁ temperature (Heman-Ackah, 1965); (iii) the velocity of
bactericida] action which increases with temperature (Madsen and Nyman,

1907; Chick, 1908; Phelps, 1911).

(6) Effect of additives: Additives such as propylene glycol,

glycerin, etc., are often included in pharmaceutical and cosmetic emul-
sions as humectants. These additives often bring about increased solu-
bility of preservatives in the'aqueous phase that results in reduction

of oil-water partition coefficient (Hibbott and Monks,’196i; Anderson

and Cho, 1967). It has been suggested (Hibbott and Monks, 1961) that
this makes more preservative available in the aqueous phase with conse-
quent incfease in antimicrobial activity. On the other hand Anderson and
Cho (1967) showed a reduction in preservative activity with the addition
of glycerin. They suggested that although the inclusion of glycerin re-
duces the oil-water partition coefficient, it also reduces the availa-
bility of the preservative to microbial biophase. Consequently a higher
concentration is required. In addition to reducing the oil-water parti-
tion coefficient, Barr and Tice (1957a, b) found that glycerin and sor-
bitol supplement each other in their inhibition of both bacteria and
moulds. This effect was attributed to an osmotfc effect of the high
concentrations of the humggtants. Propylene glycol, however, appeared to

have a specific inhibitory effect in addition to its effect on the osmotic



pressure of aqueous solutions. It was concluded that propylene glycol
would have a significantland useful preservativeveffect. de Navarre
(1962) has found propylene glycol to be a reliable preservative at 16%
v/v in many cosmetic products and states its'antimjcrobial properties

to be three or four times that of the equivalent amount of glycerin.
(b) Representation of distribution data.

The distribution of preservatives between oil-water systems can be

represented by.the Nernst Equation (Nernst, 1891).

ISM = [Df] | (.Eq.])

Where Ka is the distribution orvpartition coefficient; [Do], the con-
centration of preservative in the oil phase; [Df], the concentration
of preservative in the aqueous phase.

The %atiq, Ka, is constant only for ideal solutions and is most
Elgsely“approximatéd when (a) the preservative neither dissociates
(ionizes) nor as§ociates in either phase, (b) the preservative concen-
trations are approximately equal to activities, and (c) the two phases
are completely immiscible (Reese, et al., 1964).

When the preservative is monomeric in the oil phase, but ionizes
in the aqueous phase, then the ratio of concentration of preservative
in the 0il phase to the concentration 6f unionized preservative in the

aqueous phase will be constant.
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[HA], 0il

I
]| ka
[HAly =——= [W'] + [A"], | Water

N ——

[HAT,

= [Al,  (Eq. 2)

0

Where Kdw is the distribution coefficient for monomer; [HA],, is the
concentration of monomer in the oil phase; [HA],,, the concentration of
monomer in the aqueous phase.

Infgase of acid preservatives, such as benzoic acid and sorbic acid, -
the degree of ionization in the aqueous phase is a function of the pH of

the aqueous phase and the ionization constant, ka, of the preservative.

This can be expressed .

.
ka = _[_H__]_.[i_]lv. (Eq' 3)

[HAy

ka [HA]w
ooy, = W (Eq. 4)

Where [H'] is the hydrogeqﬁon concentration in the aqueous phase.

The observed pH dependent distribution coefficient, KS, is given

by:
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0] [HAl,

Ke = = = .
W [Df] [HAly + [A"]y  (Eq. 5)

Where [Do], the concentration of preservative in the oil phase, [Df],
the concentration of preservative in the aqueous phase; [HA],, the con-
centration of monomer in the oil phase, [HA],, the concentration of |
monomer in the aqueous phase; and [A~],, the concentration of anion in
- the aqueous phase.

Substitute [A7], from Eq. 4 in Eq. 5 and rearrange

K = [(HAlo
[HAD, + ke [HA]w
T (Eq. 6a)
or
K = [HA + 1
" [HA]W ‘I+ .‘S.é.
[H] (Eq. 6b)
or
K I W 1
ka
T+ T (Eq. 6c)

A plot of KS versus 1/(1 + ka/[H*]) will give a straight Tine with a
0
slope equal to Kdw, the monomer distribution coefficient.

Rearranging Eq. 6¢c in double reciprocal form gives

1= ] oo + ka .
'33 Egv: [HH) (Eq. 7a)
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1 - ]
0 0 '
K, Kdw Kdw [H*]  (Eq. 7b)

+ _ka . 1

A plot of 1/K3 versus 1/[H+] gives a'straight line with a slope of
ka/ng and intercept equal to 1/K8w. Thus from equations 6 & 7, the
monomer distribution coefficient can be calculated from the values of
the observed pH dependent, concentration dependent distribution coeffi-
ciént, KS, obtaingd over a range of hydrogenion concentrations.

An equation similar to equations 6 & 7 has been derived by Garrett
and Woods (1953) to determine the monomer distribution coefficient when

preservative ionizes in the aqueous phase.

ka + [H] = qKaw+1 . ¢ ka -
R O R

Where ¢4, the oil-water ratio; [D], the total concentration of preserva-

tive in oil-water system.

A plot of [Df] against [H+] yields a straight line with a

slope, (q ng + 1)/[D] and intercept, ka/[D]. The monomer distribution
coefficient can thus be calculated from slope and intercept over the

range of hydrogenioﬁ concentration considered, as illustrated below:

)
(q Kdw + 1)

m = [D] = slope (Eq. 9a)

or

qkdw = wm([Dp]-1 " (Eq. 9b)



or
0 m [D] - .'
Kdw = q (Eq. 9c)
ka
c =. ] = Intercept (Eq. 10a)
or
ka -
[0l = ¢ (Eq. 10b)

Substituting the value of [D] in Eq. 9¢

0 m ka
Kdw = 4¢ - 1 (Eq. 11a)
or ’
0
Kdw = mka - qc
qgc ' (Eq. 11b)

" Thus from Eq. 8, if pH of the aqueous solution and the concentra-
tion of preservative in the aqueous phase, [Df], are known the monomer
distribution coefficient can be calculated. Unlike equations 6 & 7 |
there is no need to calculate the observed pH dependent, concentration
dependent distribution coefficient.

A]ternative]y, the monomer distribution coefficient, ng, can be
obtained according to Eq. 2 by analysis of the oil phase and aqueous
'phase at a pH sufficiently Tow to ensure that the preservative exists
completely in the unionized form.

When the preservative is monomeric in the aqueous phase, but

15

associates to one species of m - mer in the oil phase, three equilibrium

constants are considered:
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i
k
mo [HA], s=———= [WAlp n 0i1
|t
Il
[HA],, Water
' [HATom
k = m
[HATq (Eq. 12)
o [HA]o
Kdw = Thaly (Eq. 2)
Lo " [HA, + m [HAJom
w [_HA]W (Eq.

13)

Where KS, the pH independent, concentration dependent distribution co-

efficient; k , the association equilibrium constant for monomer and

m - mer.
—N—
Rearranging Eq. 13 gives
A [HAJo m [HAlom
Ko T AL, T [HALw (Eq. 14)
or |
1, K8 m [HATom
= W ;
“w [HA,, (Eq. 15)
Substituting the value of [HAlgn from Eq. 12 into Eq. 15 gives
1 m
t m k* [HA]
O G . "KM
Y | [HADy (Eq. 16a)

or



{
0

K
If [HA], = [0}

]

0 \ o.m m-1]
Kdw + m k (Kdw)  [HA],
- (Eq, 16p)

i

concentration of unionized preservative
in aqueous phase.

o
KW

0 om V - ) '
Kaw + m k' (kaw)  [DFI™'  (Eq. 17)

The simplest case i.e. dimerization of preservative in o0il phase,

corresponds to m=2 and then Eq. 17 becomes

)
K= Kdw+ 2 kd? 051 (Eq. 18)

~This Tinear relationship between éa and [D?] is the one used by
Gross and Schwarz (1930), its form has since been deduced by other
authors (Shikata, 1931; Philbrick, 1934; Moe]wyn-Hughes, 1940; Davieé
and Hé]]am, 1956). In the case of dimerization, a plot of éa against

- 0
[D%] gives a straight line extrapolating to Kdw at [D?] = 0, and of

fo) .
slope 2k' (de)z, from which the association constant, k , is calculated.

/
In cases other than m = 2 Eq. 17 Teads to simple curves if KS is plotted-

against [D%], showing m - perization of preservative in the oil phase.

17
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B. Interaction of Preservatives with Nonionic Surfactants

This aspect has been the subject of numerous investigations and has
been reviewed elsewhere (Allawala and Riegelman, 1953; Wedderburn, 1964;
Evans and Dunbar, 1965; Elworthy, Florence and Macfarlane, 1968). The
following is a brief account of the factors pertinent to an understand-

ing of this problem.
(a) Potentiation of preservative activity

“Early observations of the inactivation and inhibition of germicides
and preservatives were made in presence of ionic surfactants (Frobisher,
1927, Hamp11; 1928; Ordal, et. al., 1941; Alexander Tomlison, 1949; Bean
and Berry, 1950, 1951). Most of these workershfound that low concentra-
tions of surfactants (i.e. below critical micelle concentration) enhanced
- the effectsjof germicides, while higher concentrations led to varying de-
grees of inactivation. Alexander and Trim (1946) studied the effects of
jonic surfactants on the penetration of hexylresorcinol into the Ascaris
worm. Maximum penetration was found to occur at the critical micelle con-
centration (QMC) which corresponds to fhe‘maximum»concentration of mono-
molecularly dispersed surfactant. Very little evidence is available to
indicate the inactivation of preservatives by low concentrations of non-
jonic-surfactants, possibly because of the practical difficulties of Work-
ing below the CMC. This falls approximately in the region of 10~% to 1076M
for nonibnics. Schoog (1957) reported that the activity of hexachloro-
phene was increased by concentrations of a polyoxyethylene lauryl ether

up to 10'4M, but reduced by higher concentrations of the nonionic. Brown

and Richards (1964) showed that the antibacterial activity of chlorhexi-
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dine was enhanced by the presence of 0.02% polysorbate 80 but was reduced
by 0.05%." ' |

The exact mechanism of pdtentiation of preservative activity by sur-
factahts, beTow their CMC, is not well understood. It has been ascribed
"to the surface-active properties of the surfactant monomers. The surfac-
tant monomers possibly help in the adsorption of preservative molecules

at bacteria/water interface by reducing the interfacial tension.
(b) Inactivation of preservative activity

Since their introduction about 20 years ago, nonionic surfactants
have found ever increasing use in the preparation of solubilized and
emulsified ;ystems. Despite their many advantages in formulation, they
have one serious disadvantage of suppressing or even inactivating the
efficacy of added preservatives. Bolle and Mirimnoff (1950) were the
first to point out the importance of this phenomenon and showed the
suppression of antimicrobial activity of methyl p-hydroxybénzoate in the
presence of several structurally different nonionic surfactants. They
found that the surface-acti?e sorbftan esters and polyoxyethylene sorbij
tan esters reduced the effect of methyl p-hydroxybenzoate, oxyquinoline
sulfate and dioxydichlorodiphenyimethane; whereas the non surface-active
Carbowax 1500, a polyethyleneglycol polymer, had no inactivating effect.
Lawrence and Erlandson (1953) and Erlandson and Lawrence (1953) disclosed
that Tweens and certain other nonionics reduced the germicidal effect of

a number of phenolic compouhds, in which there was a 2000 - 5000 fold re-
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//
duction in activity. Barr and Ticev(]957b) found that 5% Tween 20 ren-

dered ineffective a large number of phenolic substances when tested at

the concentrations at which they are normally used. Similar inactiva-
tions of commonly used preservatives in the presence of a number of non-
jonic surfactants have been observed by de Navarre and Bailey (1956) and
de Navarre (1957). The preservatives studied included benzoic acid, sor-
bic acid and methyl p-hydroxybenzoate. Wedderburn (1958) assessed the
effeci'of thirfy—six differentlnonionics on twénty-six antimicrobial
agents and found that a]though‘all the surface-active nonionics exerted
some depressant effect, those which were not surface-active had negli-
gible effects. The extent of the adverse effect was different for dif-
ferent combinations of nonionic surfactant and preservative, and appeared
to be related not only to the hydrophi1e;1ipophile balance of the surfac-
tant but also to the chemical structure of the preservative. Blaug and
Ahsan (1961b) examined the interaction 6f the methyl, ethyl, propyl and
butyl p-hydroxybenzoates with severa] nonionic macromolecules and reported
that p-hydroxybenzoates of higher.mo1ecu1ar weights were influenced to a
'greater extent than those of lower moleculer weight. In determining bind-
ing tendencies of the p-hydroxybenzoates with Tween 80 (polyoxyethylene
sorbitan mono-oleate), Myrj 52 (polyoxyethylene monostearate), polyethy-
lene glycol 4000, 6000 and Pluronic F - 68 (polyethylene po]yprbpy]ene
giycol), théy confirmed that the hydrophile-lipophile balance strongly
influenced the effect. Those compounds with greater lipophilic tendencies

reduced the effectiveness more than the more hydrophilic macromolecules.

[
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The above studies have demonstrated qualitatively the failure of
preservatives in the presence of nonionic’surfactants. It is evident
that the inactivation results from an association of the preservative
molecules with the macromo]ecu]es, and many qualitative studies have
been carried out to determine the nature and extent of the interéctions
which occur, from both a physical and microbiological point of view.

In these systems an equilibrium may be postulated (Kostenbauder,
1962; Garrett, 1966) of the form of Eq. 16, which for most of the inter-
actions reported has been shown to be reversible. It is generally agreed

Preservative + Macromolecule T—= Preservative—Macromo1?cu1e )
Eq. 16

that the antimicrobial activity of such systems depends mainly on the
concentration of unbound or free preservative (Wedderburn, 1964; Mit-
chell, 1964) rather than total concentration present. Recently Hum-
phreys, Richardson and Rhodes (1968) showed that the antimicrobial acfi-
vity of a concentration of preservative in aqueous solution was less than
the same concentration of preservative in an aqueous phase of a surfac-
tant so]ution. They concluded that antimicrobial activity is only a func-
tion of the concentration of preservative in the aqueous phase but some

additional factors also control the extent of antimicrobial activity..

(c) Mechanism of inactivation of preservatives by nonionic surfactants
An examination of the literature reveals that the mechanism of in-
teraction has been a subject of much debate, and the cdntroversy has

centred between two schools of thought. One maintains that the inter-
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action between preservative and surfactant is due to complex formation,
while the other believes that interaction is due to partitioning of pre-
servative into surfactant micelles. |

“Higuchi and Lach (1954) reported the formation of hydrogen bonded
Acomp]exes between polyethylene g]yco]s and phenols and between polyethy-
lene glycols and organic acids. Since most nonionic surfactants have
polyethylene glycol chains, many authors (Guttman and Higucﬁi, 1956
Mulley and Metcalf, 1956; de Navarre, 1956, 1957; Barr and Tice, 1957b)
have attribhted both the solvent properties and inactivation of preser-
vatives to complex formation. Evans (1964) showed that complex forma-
tion between surfactant monomer and preservative is unlikely and sugges-
ted that inactivation arises from solubilization of preservative within
the surfactant micelles. Mulley (1964) collected evidence from a‘number
of sources Which indicates that the‘solubi1ization of a wide range of
solutes in nonionic surfactants can be treated as a solution process
~within the hydrocarbdn—]ike interidr of the micelle. He considered that
the data does not support suggestions that solubilization is controlled
by.more specific factors such as comp]ex‘formation. Some workers (Evans
and Dunbar,.1965; Wedderburn, 1964) suggested that since inactivation
occurs with preservatives and surfactants of such diverse chemical struc-
tures, solubilization rather than specific complexing is a more probable
explanation. Support for these authors is found in the fact that non-

surface active macromolecules interact with preservatives to a much lesser



23

extent than surfactant molecules. Kostenbauder (1962) maintains that it
is unnecessary to distinguish between the mechahism of complex formation
and micellar solubilization and considers that solubilization and micelle
formation itself fall within the broad'scope of complex formation de-
scribed by Higuchi and Lach (1954), because both processes obey the law
of mass action. Micelles of nonionic surfactants appear to provide ideal
conditions for association with preservatives. They afford the possibil-
ify for hydrogen .bonding and solubilization within the hydrocarbon-like
interior of the micelle. It seems likely that under suitable condifions

both these mechanisms may operate simultaneously.

(d) Possible sites for the interaction of preservatives‘in a surfactant
micelle.

The site of incorporation of the soTubi]izaté in a surfactant micelle
is believed to be closely related to its chemica1 nature, as well as the |
chemical nature of the surfactant. In aﬁueous solution it is génera]]y
accepted that nonpolar solubilizates, e.g. aliphatic hydrocarbons are dis-
solved in the hydrocarbon core of the micelle (Fig. 1, (a)). Semipolar
or}po1ar solubilizates, e.g. fatty acids and alkanols, are taken up in
what is often termed the palisade layer of the micelle, oriented with their
hydrophobic moieties towards the centre of the micelle and their polar
groups in its surface.

- Riegelman, et. al. (1958) studied various aromatic compounds solubil-

jzed in aqueous solutions of potassium laurate, dodecyl-amine hydrochlo-
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Possible sites of incorporation of solubi]izate in a micelle
(Elworthy et. al., 1958): (a) in the hydrocarbon core; (b)
short penetration of the palisade layer; (c) deep penetration
of the palisade layer; (d) adsorption on the surface of the
micelle; (e) in the polyoxyethylene shell of the micelle of

a nonionic surfactant;  (f) at the junction of hydrocarbon
core and polyoxyethylene chain of nonionic surfactant. A,
micelle of ionic surfactant. B, micelle of nonionic surfac-
tant. :

ve
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ride and a polyoxyethylene ether of lauryl é]coho] and concluded that
éthyl benzene was incorporated in the hydrocarbon portion of the micelle
(a), O-nitroaniline was located on a position of short penetration of
the pé]isade layer (b), azobenzene, naphthalene and anthracene were in a
‘position of deep penetration of palisade layer (c), and dimethyl phtha-
late was adsorbed on the surface of the micelle (d), (Fig.‘l).

Mulley and Metcalf (1956) suggested that Chloroxylenol solubilized
in the micelles of cetomacrogol fdrmed hydrogen bonds between phenolic
hydroxyl groups and oxygen atoms of polyoxyethylene chains (Fig. 1 (e)).

Donbrow and Rhodes (1966) examining fhe solubilization of benzoic
acid in cetomacrogol, favour the view that the position of the benzoic
acid molecules in the micelle is at the junction of the hydrocarbon core
and the polyoxyethylene chains (Fig. 1 (f)), with the benzene ring en-
closed in the former and the carboxylic acid group protruding'outwards.v
Such a position would still allow for hydrogen bonding between carboxyl

group and the innermost ether oxygen.

(e) Representation of interaction data.

The interaction between preservative and surfactant can be repre-
sented by the law of mass action. Consider a simple situation where a
macromolecule (M) combines with one molecule of preservative (D) to form

a complex (DM), then at equilibrium

D + M T=—//—= DM - (Eq. 19)
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the association constant, K, is defined by the following.equation:

_[Db] :
K= [mMFI[DF] (Eq. 20a)
or
[Db] = K [DFI[MF] (Eq. 20b)

Where [Df], the concentration of free preservative; [Db], the concentra-
tion of preservative bound with macromolecule; [Mf], the concentration

of free macromolecule. But

M = [Mf] + [Db] (Eq. 21a)
or
Total concentratidn Free concentration ‘Bound concentration
of macromolecule = of macromolecule *  of macromolecule
| or
[Mf] = [M] - [Dbl (Eq. 21b)

Substitute the value of [Mf] in Eq. 20b and rearrange

[Db] = K [Df] { [M] - [Db] } (Eq. 22)
[Db] = K [DF] |
[M] 1 + K [Df] (Eq. 23)

If the'macromo1ec01e has n independent binding sites and each site has
the same intrinsic affinity for preservative and is not influenced by
its neighbours, the Eq. 20 is multiplied by 'n', then

- [bb] n K [Df]
ro= [M] 1 + K [Df] (Eq. 24)

Where r represents molar ratio, i.e. the number of moles of preservative

bound per mole of macromolecule. This ratio indicates the extent of
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binding.

If all the monomers in a surfactant micelle behave independently and
the inferaction of preservative with the micelle does not change the
micellar molecular weight, then Eq. 24 can be utilized to represent the
interaction of preservative with surfactant micelles. In this case; r
will give number of moles of preservative bound, [Db], per mole of mi¢é11e,
[M]; n, the number of binding sites per micelle, and K, the association
constant for interaction with micelle.

Rearrangement of Eq. 24 gives

n K [M] [Df]
1 + K [Df] (Eq. 25)

(bb} =



28

C. Distribution and Antimicrobial Activity

of Preservatives in Emulsified Systems.

Factors affecting the antimicrobial activity of preservatives in
emulsified systems are much more complex than simple aqueous systems.
Some notable reviews on the subject have appeared in the literatﬁre
(Tice and Barr, 1958; Kostenbauder, 1962; Bennett, 1962; de Navarre,
1962; Wedderburn, 1964). Aoki, et. al. (1957) studied various factors
important in the preservation of hydrophilic ointment (U.S.P. XV; J.P.
VI) and similar emulsions by p—hydroxybenioates. They found that the
amount of ester required was dependent not only on the nature of the
ester but also on the nature of components in the o0il. and water phases.
Later on Matsumoto and Aoki (1962) found that the degree of inactivation
of p-hydroxybenzoates were dépendent upon the relationship between the
properties of the ester, surfactant and the oily substance to be fncor-
porated in the emulsion. OQily substances, such as isopropyl myristate,
olive o0il, Tauryl alcohol, xylene and dibutyl phthalate, considerably
altered the activity of the esters. Propyl p-hydroxybenzoatebwas found
to be more subject to inactfvation than the methyl ester. It was sugges-
ted that the propyl p-hydroxybenzoate was inactivated by ready solubili-
zation into the Tipophilic part of~the‘mice11e. Kostenbauder (1962) de-
rived an equation‘which involved the use of the oil-water partition co-
efficient and preservative-macromolecule binding data. The equation
permitted a prediction to be made of the amount of preservative required
in an emulsion to provide a concentration of preservative in the aqueous

phase to inhibit microbial growth. Later on Garrett (1966) deve]oped‘a
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more comprehensive mathematical model, which quantified all the various
factors responéib1e for the inactivation of preservatives in heterogene-
ous systems. Anderson and Cho (1967) reported on the distribupion and
activity of benzoic acid in oil-water systems emulsified with 0.1% poly-
oxyethylene lauryl ether (Brij 35). The antifungal éctivity of benzoic
acid was related to its concentration in the aqueous phase. Bean,
Konning and Ma1co]m (1969) suggested a mathematical equation to ca]cu?
late the concentration of preservative required for an emulsion which
would achieve adequate preservation. They found a c1dse agreement be-
tween the predictions made by the equation and the results obtained from
microbio]égica] studies. From the results the authors concluded that
activity of preservatives in emulsified systems was related to the con-
centration free in the aqueous phase. Recently Patel and Romanowski
(1970) verified Kostenbauder's equation (1962) by an in-vitro micro-
biological procedure. They showed that the fungistatic activity of
methyl and propyl p-hydroxybenzoafes in emulsified systems was primarily

a function of the free paraben concentration in the aqueous phase.
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D. Prediction of Total Preservative Concentration

Required in an Emulsion.

When a preservative is added to a simple emulsion consisting of an
0oil, water and surfactant, part of it is partitioned into the oil phase
and part is complexed or solubilized within the surfactant micelles.

The rest of the preservative remains in the aqueous phase.

It has been shown that the amount of preservative partitioned into
the 0il1 phase, or bound to the surfactant micelles has little antimicro-
bial activity. The antimicrobial activity depends mainly on the concen-
tration of preservative in the aqueous phase (Anderson and Cho, 1967;
Bean, Konning and Malcolm, 1969; Patel and Romanowski, 1970),

Thus from the physico-chemical parameters governing the distribu-
tion of preservatives in oil-water systems and the binding of preserva-
tive with surfactant micelles it should be possible to calculate the
total concentrationvof preservative required in an emulsion to provide
a concentration of preservative in the aqueous phase sufficient to inhi-
bit microbial growth.

The total amount of preservative in an emulsion, W, is given by

| W = [Dt]w + [Do] Vo (Eq. 26)

Where [Dt], the total concentration of preservative in aqueous phase;
[Bo], the concentration of preservative in oil phase; Vw, the volume of
aqueous phase; Vo, the volume of 0il phase. But
W= [D] (Vo + Vw)
and '

[ot] = [0f] + [bb]
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Where [D], the total concentration of preservative in emulsion; [Df], the
concentration of free preservative in the aqueous phase and [Db], the con-
centration of bound preservative in the aqueous phase.

Substitute the values of W and [Dt] in Eq. 26 and rearrange

[D] (Vo + Vw) = [ [Df] + [Db]] Vw + [Do] Vo (Eq. 27)
., o] = {[[Df] + »[Db]] Vw + [Do] Vo 3/ (Vo + vw) (Eq. 28)
But '

[0b] = n K [M] [Df] / (1 + K [Df]) , (Eq. 25)
and (Do] = K\?v [Df] (Eq. 5)
g = Vo/Vw = 0il : water ratio
J.o Vo= qVwg

Substitute the values ﬁof [Db], [Do] and Vo in Eq. 28 and rearrange.

[D] = {[ [Df] + n K [M] [DF] / (01 + K [Df])] W + Ke [OFT
qVw » [ (g Vw + Vw) (Eq. 29a)
or
[p] = {[Df] Vw [1+nK[M]/(1+K[Df])+ ]}I{
Vw (q + 1) o . (Eq.‘29b)
or
[D] = {[Df] [1 +n K [M] /(1 + K [DF]) ]}/
(@ +1) | (Eq. 30)
For an acid preservatjve: |
(f] = [O}] (1 + ka/[H*])

§ . .. . .
Where [Df], the concentration of unionized preservative in the aqueous
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phase; ka, the ionization constant; [H']. the hydrogen ion concentra-
tion

and

KO = [Dol/[Df] [no]/{[m?] (1+ ka/[H+J)}

© (1 + ke/[H*]) = [Do}/[0F] = K9

Where QB, the pH independent, concentration dependent distribution_co-
efficient. . _
Substituting the values of KO and [Df] in Eq. 30 gives
0 = {I0R) (1 + kst [ 1+ m K NI/ 00 5k D0
(1 + ka/[H*])) + K2 a/(1 + ka/[H']) }I
(@ +1) (Eq. 31)
Equations similar to 30 and 31 have been derived by other authors:
(a) -Kostenbauder (1962); Patel and Romanowski (1970). |
W= [Df] { R Vw + KO Vo} (Eq. 32)
and for acid preservative, )

W= [Df] {[R + ka/[H*]] Vw + Kg VO}
. (Eq. 33)
(b) Garrett (1966)

. m
0] = [Df] . f1 . f2 . 3 = [0'1:]{1 +2_ i M1/
i=1

[m + [0F) (1 + ka/[H*] + K2 q )]}{1 + ka/[H'] +

X0 q }{ek"t} (Eq. 34)

Where f1, the binding enhancement factor; f2, oil-water distribution
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and jonization enhancement factor; f3, instabi]ity enhancement factor;
K1, intrinsic dissociatibn constant for preservative-surfactant complex;
k!, 1st order rate constant for the decomposition of preservative and t,
the time requiréd‘for deéOmposition. : |

'(c) Bean,vKonning and Malcolm (1969) _

o1 = o {R+Qap/@rD) (. 3)

:<Basicai1y all these equations are similar except for the binding.
parameters used. In the equation of Kostenbauder (1962), Bean, Konning
and‘Ma1c01m'(1969) and Patel and Romanowski (1970), the term 1 + n K [M]/
(1 + K [Df]) is replaced by R, where R =1 +n g [M];‘i,e. for a given
macromolecule concentration the R value, or binding or solubilization
constant, was assumed to be independent of [Df]. As will be discussed
later, this is true only in special cases. In Garrett's equation (1966)
the term 1+ n K [M]/(1 + K [Df]) is replaced by 1 + n [MI/(K'+ [DF]),
where K/ ié jntrinsic dissociation constant and .is equal to 1/K. Garrett
(1966) also takes into accouht an instability factor.where the preserva-
tive dégrades by 1st order kinetics. This correction is seldom necessary

because most of the comm6n1y used preservatives are stable under the

conditions of use.
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E. Methodo]bgy

(a) Distribution of Preservatives in oil-water systems.

Methods for the determination of oi]-water-partition coefficient of
preservatives énd drugs can be devided into two categories, (I)‘the shake-
out methods, resulting in the formation of oil-water emulsions and (II)
methods where emulsion formation is avoided.

I - The shake-out methods: In these methods (Garrett and Woods, 1953;

Hibbott and Monks, 1961; Bean and Heman-Ackah, 1964; Anderson and Cho,
1967; Bean, Konnfng énd Malcolm, 1969) the oil-water mixture with pre-
servative or drug is shaken at constant temperature until equilibrium

‘is attained. The mixture is allowed to stand and the oil-water pﬁaseé
are separated and analyzed for preservative. An inherent problem associ-
ated with this method is that of emulsification or sometimes dispersion
of fine droplets of one phase into the other phase. As a result comp]ete
separation of the two phases becomes very difficult. Allen and McDowell
(1960) reported that shake-out methods can also result in anomalous equi-
libria. In spite of these drawbacks, these methods are popular because

- of convenience and compared with non shake-out methods less time is re-
quired for equi]ibri&m to be attained. Where emulsification is a pro-
blem, separation'of the oil-water phases can be achieved by ultracentri-

fugation (Garrett, 1962).

IT - Other methods: To avoid emulsification, other methods have been
devised for the determination of oil-water partition coefficient of pre-

servatives and drugs. Patel and Romanowski (1969) determined partition
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coefficients using a two-chambered dialysis technique, with 0il in one

compartment and water in the other. The two compartments were separated
by a semipermeable membrane, permeable only to preservative molecules.

They found close agreement between partifiqn cpgfficients determined by
the dialysis technique and those determined by shake-out method. Reese,

et al. (1964) and Doluisio and Swintosky (1964) developed a simple .rock-
ing apparatus for routine determination of distribution coefficients.

With this apparatus, up to 36 two-phase samples in cylindrical fubes were

equilibrated by rocking the horizontal tubes at one cycle per minute

- through an arc of 45°. This rocking causes the interface between the

two immiscible phases to expand and contract slowly. It also causes the
shape of each phase to vary constantly. These two actions facilitate
uniform distribution of solute within each phase and facilitate drug
transfer from one phase to the other. Emulsion formation is negligible
since little turbulance is created. The authors found good agreement
between results obtained by this method and results from shakg-out methods.
Distribution coefficients of some drués sparingly soluble invaqueous phase

_has also been determined by paper chromatography (Bowen, Jamés and Roberts,

1970).
(b) 1Interaction of preservatives with nonionic surfactants.

The various methods used for assessing preservative-surfactant inter-

action‘has been reviewed elsewhere (Wedderburn, 1964; Parker and Barnes,
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1967; Elworthy, Florence and Macfarlane, 1968). These methods fall into
two groups: (I) physico-chemical methods and (II) biological methods.

The biological methods have been reviewed by Wedderburn (1964) and Parker
and Barnes.(19§7),_and will not be discussed here. The physico-chemical

| methods can be divided into two categories. The first group depends upon
the properties of the interacting mo]ecuie; the second, on the behaviour

- of -macromolecule. Methods depending on the properties of the interacting
molecule include solubility analysis (Patel and Kostenbaudér, 1958; Blaug
and Ahsan, 1961; Goodhart and Martin, 1962; Lundi and Held, 19663 Mitchell
and Brown, 1966; Humphreys and Rhodes, 1968; and others), equilibrium di-
alysis (Patel and Kostenbauder, 1958; Patel and Foss, 1964, 1965; Breunin-
ger and Goettsch, 1965; Mitchell and Brown, 1966; Andersoh and Morgan,
1966; and many others), turbidimetric titration (a. visual: Higuchi and
Lach, 1954; Guttman and Higuchi, 1956. b. photometric: Kabadi and Hammar-
lund, 1966), potentiometric titration (Donbrow and Rhodes, 1963a, 1964,
1965; Evans, 1964, 1966; Donbrow and Jacobs, 1966), pH measurement (Mitchell
and Brown, 1966), molecular sieve technique (Ashworth and Heard, 1966;
Donbrbw, Azaz and Hamburger, 1970) etc. Methods depending on the behav-
jour of macromolecule include differential interference refractometry
(Choulis, 1970; Choulis and Rhodes, 1970), surface tension (Horin and Arai,
1970), viscometry (Horin and Arai; 1970), density measurements (Harkins,
et. al., 1946) x-ray diffraction (Harkin, et. al., 1946) etc. Spectros-

copy has also been applied to study preservative-surfactant interaction
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by comparing the spectrum of preservative in présence of surfactant and
vice versa (Riege]man, et. al., 1958; Andekson and Slade, 1965; Donbrow

and Rhodes, 1966; Kabadi and Hammerlund, 1966). Of a]] the aforementioned
| methods only solubility and equilibrium dialysis techniques will be dis-

cussed in detail.

1. Solubility: This is one of the simplest methods used to study the
1nteract10n'of preservatives with surfactants. Various techniques have
béen used to determine the solubility of preservatives in surfactant solu-
tions. One of the techniques involves the addition of an excess amount
‘of'preservative_to a serjes'of surfactant solutions of different concen-
trations [M], a blank being included of preservétive and water, and the
systems agitated on a shaker at constant temperature until equilibrium is
aftained. The solutions afe filtered to remove any undissolved preserva-
tive and'the_filtrate,assayed for hréservative contents. Analysis of

~ blank gives water solubility of preservative [Df]. Analysis of surfac-
tant solutions givé solubility of preservative in various concentrations
of surfactant [bt]. A plot is made of [Dt] versus [M], as shown in Fig.
25; From fhe figure it follows that if there is no interaction between
preservative and surfactaht, there will be no change of preservative con-
centration at various concentrations of surfactant (i.e. [Dt]=[Df]). If
a soluble complex is formed (Dt] will dincrease as [M] increases within a
‘range of concentrations which is é characteristic of both preservative

and surfactant. Increased quantities of preservative in presence of [M]
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represent [Db] since [Df] is a constant under specified conditions and
is in equilibrium with [Db] throughout the [M] range.

Some preservatives, e.g. chlorocresol, p-hydroxybenzoic acid, etc.,
give turbid solutions with nonionic surfactants when they are added in
amounts higher than their saturation solubility. It is suggested that
this is due to the formation of insoluble complexes between preservative
and surfactant (Higuchi and Lach,A1954). Other investigators (Evans,
1964) believe, however, that turbidity results from depressibn'of cloud
point of these surfactants, rather than compTex'formation. In these sys-
~ tems it is generally not possible to separate excess of preservative
from surfactant solutions. Turbidimetric titrations have been suggested
for determination of solubility of these preservatives in solutions of
nonionic surfactants (Higuchi and Lach, 1954; Kabadi and Hammarlund,
1966). These titrations genera11y involve the addition of an excess of
known amount of preservative to a given volume of surfactant solution.
The solution is shaken and titrated by adding surfactant solution of the
:same concentration in small incremenfs. The point where turbidity dis-
appears is taken as saturation concentration of preservative [Dt]. From
the total amount of preservative added and total volume of surfactant
used, [Dt] is calculated for a given concentration of surfactgnt [M].
The procedure is repeated for [Dt] at various concentration of surfactant
[(M]. A plot is made of [Dt] versus [M], as shown in Fig. 2b. Fig. 2b is

similar to Fig. 2a except the [Df] in the former is less than the aqueous
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solubility of preservative. The reason behind the suppression of aqueous
 solubility of these preservatives in presenCé of nonionic surfactants is
still unknown. |

To predict the concentration of free preservative from solubility
data certain assumptions must be made. Firstly, the concentration of
free preservative in a saturated macromolecule solution is assumed to be
equivalent to the water solubility of thé preservative at the same tem-
perature (Fig. 2,a). This assumption may not always be valid sincé in

some cases the solubility in the presence of macromolecule is less than

the water solubility (Fig. 2,b) e.g. phenobarbital, resorcinol and cate-
chol with polyethylene glycols (Higuchi and Lach, 1954), p-hydroxyben-
zoic acid with polyoxyethylene 8-.5/octyl phenyl ether (Evans, 1964) and
for chlorocresol with cetomacrogol (Kazmi and Mitchell, unpublished re-
sults). Furthermore if the results of studies of saturated solutions
are applied to undersaturated systems, as is frequently the case, a
second assumption is made, namely, that the ratio of bound to free pre-
servativé at a given macromo]ecd]e concentration is a constant for all
preservative concentrations up to saturation. There is evidence to de-
monstrate that this assumption is not always correct (Breuninger and
Goettsch, 1965; Mitchell and Brown, 1966; Andefson‘and Morgan, 1966).

The main weakness of the solubility method is that it is a "one
point method". For all surfactant solutions, [Df] is constant, and

therefore only one value of 'r' is obtained (see Eq. 24). This limits
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its application and the amount of information which can be obtained. Cer-
tain aspects of the binding process are eonveniently studied by this tech-
nique e.g. the effects of various solvents, pH (Donbrow and Rhodes, 1964),
jonic strength (Eide and Speiser, 1976a) and temperature (Patel and Foss,

1964; Humphreys and Rhodes, 1968) on the»extent of binding. ~The_Va1ue of

'v' is constant under controlled conditions and therefore a comparison of

the 'r' value, under different conditions, gives information about the

binding mechanism.

IT Dialysis: Interactions between preservatives and surfactants may be
studied quantitatively using the equilibrium dialysis technique. A con-
tainer is diVided inte two compartments by a semipermeable membrane. A
surfactant solution with preservative is placed in one compartment and
aqueous solution With preservative is placed in the other compartment.
The semipermeab}e membrane is permeable only to preservative molecules
but not to surfactant monomer. At equilibrium, the total number of pre-
servative molecules in the surfactant combartment will exceed than in the
aqueous compartment. The difference between the concentrations in the
two compartments is-a measure of [Db]. Two possible sources of ~error,
namely the Donnan effect and membrane binding of preservatives must be
considered before applying this technique.

When a charged macromolecule [M], is retained in one of the two com-
partments, at equilibrium, the concentration of diffusible ions is no

longer identical across the membrane. This phenomenon is described as
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the Donnan equilibrium (Overbeek, 1956). In dilute solution of macro-
molecule, the Donnan effect can be neglected only if the concentration
of the diffusfb]e jons is reasonably high and the valency of the macro-
molecule is fairly low. In a solvent system of high ionic strength and
pH at which the macromolecule has a small valency charge, the abnormal
distribution of small molecules across the membrane due to Donnan equi-
1ibrium can be neg]ected. |
The dialysis membrane may act as é binding site for the preserva-
tive molecule (Patel and Kostenbauder, 1958) and a correction must be
made for this interaction. Corrections are generally made by using a
control in which nb macromolecule is present in the two chambered dialy-
sis container. It is then possible to measure the 'loss' of small mole-
cule from one compartment to the other across the semipermeable membrane.
It has been observed that extent of membrane binding is proportional to
the amount of preservative added to the system (Pate1vand Kostenbauder,
1958; Schoenwald and Belcastro, 1969; Patel and Nagabhushan, 1970).
The'main-advantage of this method is that an interaction can be

studied through a.range_of free preservative concentration [Df] and in
this way it is possible to cover a wide range of 'r' values (see Eq. 24).
Thus more information about the interaction can be obtained than with the
solubility method.

Techniques employed to carry out equilibrium dialysis have varied

from dialysis bag placed in a bottje (Deluca and Kostenbauder, 1960) to
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two chambered dialysis cells with a semipermeable membrane separating the
two compartments (Patel and Foss, 1964; Eide and Speiser, 1§67a). The
main advantage of dialysis cells over the former technique is that a
better control of membrane binding is attained because the surface area
of the membrane remains more or less constant throughout the study.
Various types of dialysis membranes are described by Craig (1965).
Kostenbauder, et. al. (1969) discussed the use of nylon membrane in dialy-
sis studies. Nylon membrane react with pheho]ic compounds (Patel and
Kostenbauder, 1958; Patel and Foss, 1964). Hence rubber membranes have
been used in the study of the interaction of phenolic preservatives with
surfactants (Patel and Foss, 1964; Mitchell and Brown, 1966; Patel, 1967).
Several authors have used cellophane membranes in dialysis studies (Matsu-
moto, et. al., 1966; Patel, 1967). The main disadvantage of cellophane
membranes is that they have been shown to be permeable to nbnionic sur-
factants (Patel and Kostenbauder, 1958; Nishida, et. al., 1964). However
there is still the question as to whether the surfactant dialyzed consists
only of law molecular weight impurities, such as unreacted polyoxyethylene
glycol (Matsumoto, et; al., 1966) or impurity plus surfactant. This as-
pect has been further investigated in the present work. However the main
advantage of cellophane membréne is that it is relatively free of fixed
charges which would be ion selective (Craig, 1965),.and therefore has been

used extensively in protein binding work.

(c) Distribution of preservatives in oil-water-surfactant systems.

A
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Very few techniques are available to study quantitatively the dis-
tribution of preservatives between the different phases of emulsion sys-
tems. Most workers (Baker, 1959; Nowak, 1963; Olson, 1967; Sykes and
Smart, 1968; Barnes and Denton, 1969) have employed microbiological
techniques to as;essthe efficiency of preservatives in emulsified sys-
tems. However these studies were ofva qualitative nature and no obser-
vation was obtained with regard to the amount of preservative distributed
betweén the different phases of the emulsion. The concentration of pre-
servative in various phases of an emulsion can be calculated using Egs.

32 and 35 and previously determined values of KS and R. From these con-
centrations, the total concentration required in the emulsion to provide

a minimum inhibitory concentration in the aqueous phase can be calculated.
Th{s theoretical approach to emulsion preservation has been evaluated by
Bean, et. al. (1969) and Patel and Romanowski (1970) using microbiological
techniques. This approach, however, has definite Timitations that will be
discussed later. Garrett (1966) suggested an ultracentrifuge technique
for the separation of the various phases of an emulsion and subsequent
analysis of each phase for preservative content. The main drawback associ-
ated with this technique is the destruction of emulsion structure which
may disturb the equilibrium concentrations of preservative in the various
emulsion phases. Patel and Romanowski (1970) used dialysis technique to
determine the concentration of fkee preservative in the aqueous phase,

[Df], of an emulsion. They utilized a two-chambered glass dialysis ce]l;
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with emulsion in one compartment and broth in the other. The two compart-

ments were separated by a semipermeable membrane, permeable only to pre-

~ servative molecules and impermeable to o0il and surfactant phases. At
equilibrium the concentration of free preservative in the aqueous phase

was assumed to be equal on both sides of the membrane. Analysis of the

aqueous compartment gave the concentration of free preservative in the

aqueods phase of the emulsion. Subtracting the amount of preservative

in the aqueous phase ffom the total amount of preservative édded to the

dialysis cell gave the total concentration of preservative in the bkf

- and surfactant phases ([Do] + [Db]). Thus with this technique it is not

possible to separate the concentrations of preservative in oil [Do] and

surfactant [Db] phases. In the present investigation a three-chambered

dialysis technique has been developed. With this technique it is pos-

sible to measure the amount of preservative in each phase of the emulsion

and hence total concentration required to provide desired concentration

in the aqueous phase. The technique also differentiates between free sur-

factant and surfactant adsorbed at oil-water interface or partitioned into

the oil phase.
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ITT  EXPERIMENTAL

Apparatus

a. Hitachi Coleman 124, Spectrophotometer.

b. Fisher Accumet 310, pH Meter.

c. International Equipment Company HN Centrifuge

d. Haake Thermoregulator (type FE)

e. Polarograph with Drop Life Timer and Fisher Calomel Electrode,
No. 13 - 639 - 51 (Polariter, Radiometer P04, Copenhagen;
Drop Life Timer, type DLTS, Radiometer, Copenhagen).

f. Diaflo Ultrafiltration Apparatus.

g; Hand Powered quogenizers (Central Scientific Co.).

h. Water-Bath (50L, ordinary fish tank).

i. Dialysis - Cells

I. Two-Chambered Plexiglass Dialysis Cells, as described by
Patel and Foss (1964).

II. Three-Chambered Plexiglass Dialysis Cells: two-chambered
dialysis cells, as described above, enlarged by the addi-

tion of an extra spacer in the centre.
J. Membranes.

I. Nylon Membrane (0.0005" thick; Capran 77; Allied Chemi-

cal Corporation, Morristown, New Jersey).

II.  Fisher Cellophane Membrane (1%%

Tubing; Fisher Scientific Co.).

flat width; Dialyzer



III. Visking Cellophane Membrane (Union Carbide Ltd.).

v, Millipore VS Membrane (0.02%}»1 0,003/, pore size;
Millipore Ltd., 55 Montpellier Bivd., Montreal
379, Canada.).

Materials

a. Benzoic acid. Analar grade.

b. p-hydroxybenzoic acid, méthy] p-hydroxybenzoate, propyl
p-hydroxybenzoate, chloroxylenol, as described by Mitchell
(1964), Mitchell and Brown (1966) and Brown (1968).

c. Cetomacrogol, B.P.C. (Texofor AIP, Glovers Chemicals Ltd.,
Leeds, England). Cetomacrogol has the general formula,

Me [CH21m [O'CHz‘CHz]ﬁOH. Where m may be 15 or 17 and n
may be 19 to 23. The molecular weight was taken as 1300.

d. Polyoxyethylene sorbitan mono-oleate (Tween 80, Atlas Chemi-

~cal Industries).

e. Sodium lauryl sulfate. U.S.P.

f. Cetylpyridinium chloride. B.P.

g. Peanut oil, commercial grade (PTanters Peanut 0i1, Standard
Brands, Canada). |

h. Liquid Paraffin (Primol 355, Imperial 0il1 Ltd., Canada).

i. Citrate - Phosphate - Buffer

1. Buffer components (citric acid,'dibasic sodium phosphate

47
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and sodium chloride). Reagent grade.

Citrate-phosphate buffgr of pH 3.0 was prepared accord-
ing to Cruickshank's buffer tables (Cruickshank, 1965)
and an ionic strength of 0.2 was adjusted by adding
appropriate amount of sodium chloride. Actué] ﬁH value
was determined by using a pH meter. Unless otherwise
stated the aforementioned buffer was used in all the
studies and for making dilutions in the spectrophoto-

metric analysis of benzoic acid.

C. Temperature

Unless otherwise stated a temperature of 30° was used in all the

studies.

D. Analysis of Benzoic Acid in Aqueous and Cetomacrogol Solutions.

Aliquots of solutions were appropriately diluted with buffer and

benzoic acid concentrations were determined spectrophotometrically at

273 m/u.

E. Analysis of Surface-active Agents.

(a) Polarographic analysis: This method is based on the damping of the

polarographic maxima by surface-active agents (Vavruch, 1950; Jehring,

1966) .

Potassium chloride solution (N/500) gives a very pronounced oxy-

gen maximum which is readily suppressed by surface-active agents. Thus
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by comparing the height, h, of oxygen maximum of potassium chloride
solution (N/500) in the presence and absence of surface active agents
(Fig. 3) it is possible to determine the amount of sﬁrface active
agent in_a‘given solution.

Hundred mls. each of N/gg KC1 solution and 0-5% surfactant solution
. was prepared in glass distilled water. One ml. of 0-5% surfactant solu-
‘tion was transferred to 100 ml. volumetric flask and made up to volume
with glassdistilled water, so that the final concentration of surfactant
was 0-0052. Five m1. each of N/gg KC1 solution was pipetted to eleven
50 ml. volumetric flasks and to the first ten volumetric flasks 1-10 mls.
of 0-005% surfactant was added respectively. Finally all the volumetric
flasks were made up to volume with distilled water. Thué the final con-
centration of surfactant inifirst ten volumetric flasks ranged from 1-10
mg.]"'respective]y and the final normality of KC1 in all the flasks was
N/spp- A1l the eleven solutions were subjected to polarographic analy-
sis and the height of the oxygen maximum was measured for each solution.
The heights of oxygen maxima of N/5pg KC1 solutions containing various
concéntrations of surfactant (1-10 mgX]'\)Were subtracted from the height
of oxygen maximum of N/g5gg KC1 solution respectively. The percentage

suppression of oxygen maximum was calculated for each solution.

(b) Method of Crabb and Persinger (1964): The principle behind this
method is based on the formation of a blue complex due to an interaction

between cobalt thiocyanate and the ethylene-oxide units of po]yoxyethy-
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(a)

Fig. 3. Polarographic current voltage curves.

(a) oxygen maximum of potassium chloride solution
(N/500).

(b) suppression of oxygen maximum by surface-
active agent. h, height of oxygen maximum.

50
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lene noniohic surfactants. Measuring the absorbance of the blue complex
at 620 mpa at various surfactant concentrations, a calibration curve is
made by plotting absorbance versus concentration of surfactant. In the
present work this method has been used for the analysis of cetomacrogol.
-Various vo]ume§ (5, 10, 15, 20, 25 mls.) of cetomacrogol solution
were pipetted into 50 ml. volumetric flasks respectively. To each vo]uj
metric flask 5 ml. of cobalt-thiocyanate solution (Co (NH3)2,V7‘51 gs
NHa SCN, 50-15 g, made to 250 ml with distilled water) was added. A1l
the volumetric flasks were made up to volume with distilled water. A
blank was prepared by diluting 5 ml of cobalt-thiocyanate solution to
50 m1 with distilled water. The flasks were shaken and the absorbence
measured at 620 ma . Like other colorimetric methods, the main weak-
ness of this method is fading of the blue colour with time. It was
found that the colour faded rapidly in the first fifteen minutes and

then became very slow. Therefore the absorbence of the blue complex

was always recorded after fifteen minutes.

F. Permeability of Cellophane Membranes to Cetomacrogol.
The permeability of Fisher cellophane membrane and Visking cello-
phane membrane to cetomacrogol was studied using the equilibrium dialy- '

sis, dynamic dialysis and ultrafiltration techniques.

(a) Preparation of cellophane membranes: The dialyzer tubing was

soaked in distilled water, cut flat and then washed with several changes
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of distilled water.

(b) Permeability of cellophane membranes to cetomacrogol - equili-

brium dialysis: Cellophane membranes were placed between the compart-

ments of the two-chambered dialysis cell. Twenty mi. of cetomacrogol
solution was pipetted into one compartment of the cell and 20 ml of dis-
tilled water was pipetted into the other compartment. The cells were
tumbled in water bath and at 12 hour intervals, equal volumes of solu-
tions were pipetted from both sides of the cell and the cetomacrogol

content determined by polarographic analysis.

(c) Permeability of Fisher cellophane membrane to cetomacrogol -

dynamic dia]ysis under sink conditions: A diagram of the apparatus used

—

in this study is shown in Fig. 4. Twenty-five ml. of 10% cetomacrogol
was transferred to the cellophane bag and 200 ml. of distilled water was
“added to the jacketted beaker. The solution in the jacketted beaker was
stirréd with a magnetic stirrer, while the cetomacrogol solution in the
ce]]ophane bag was stirred with a Q]ass stirrer. One hundred ml. of
solution was pipetted out from the jacketted beaker at 12 hour intervals
and analyzed for cetomacrogol by polarographic technique. The vo1uhe of
solution in the jacketted beaker was immediately made up to 200 ml. with

fresh water, so as to maintain sink condition.

(d) Permeability of Visking cellophane membrane to cetomacrogol -

ultrafiltration technique: A Diaflo ultrafiltration cell was used for
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this study. The cellophane membrane was cut flat and atta;hed to the
filtration chamber. Thirty-five ml. of 1-°8% cetomacrogol solution was
placed in the filtration chamber and a pressure of 40 1bs./sq. inch was
applied till complete filtration of the liquid was attained (about 18

hours). The filtrate was analyzed for cetomacrogol by polarography.
G. Membrane Binding

(a) Binding of benzoic acid with nylon membrane: The nylon mem-

brane was washed with several changes of distilled water and placed be-
tween the compartments of the two-chambered dialysis cell. Benzoic

acid solutions of varying concentrations were made in buffer. Twenty

ml. of benzoic acid solution was pipetted into one compartment and 20

ml. of buffer was pipetted into the other compartment. A few glass

beads were added to each compartment to ensure continuous stirring

during dialysis. The cells were tumbled in the water bath until con-
centrations of benzoic acid in both compartments were same (about 4 days).
Aliquots were taken from each compartment and, after proper dilution with
buffer, the benzoic acid concentrations were determined. The percentage

recovery was calculated in each case to estimate membrane binding.

(b) Binding of benzoic acid with Millipore VS membrane: Millipore

VS membranes were washed with several changes of distilled water and
finally soaked in buffer, pressed between filter paper to remove excess

buffer and then placed between the chambers of the two-chambered dialy-
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sis cell. The remaining procedure was the same as described under "The

binding of benzoic acid with nylon membrane".

(c) Binding of cetomacrogol with Millipore VS membrane: Cetomacrogol

solutions of various concentration were made in the buffer. Twenty ml. of

the so1u£ibn was p]aqed in one compartment of a two-chambered dialysis cell
~and 20'm1. of buffer was placed in the other. The cells were tumbled in

. the Qateffbéfh'Unti1'the concentration of cetomacrogol was the same in both

compartments (about 4 days). A]iquots were withdrawn from each compartment

1and after prdper dilution with distilled water, cetomacrogol concentrations

 were detéfmihed by the method of Crabb and Persinger (1964). The extent of

membrane binding was calculated from the per cent recovery.

H. Distrfbution of Benzoic Acid in 0il-Water Systems

Equal volumes of benzoic acid solutions in peanut oil or liquid para-
ffin and buffer wére pipetted into glass-stoppered cylinders and agitatéd-
vusing a wrist-action shaker for,aboutvone hour at room temperature. The
§y1iﬁders were then tumb]ed'ih a watér—bath until equilibrium was reached
‘(about 7 days). The aqueous phase was separated by centrifugation of the
0il-water mixture and ané]yzed for benzoic acid concentratién. The con-
centration of benzoic acid in the oil phase was calculated by substract-
ing the amount of benzoic acid in the aquéous phase from the total amount

of benzoic acid added.

I. Interaction of Preservatives with Cetomacrogol
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(a) Interaction of benzoic acid with cetomacrogol

I. Solubility of benzoic acid in buffer: Excess of benzoic acid

was equilibrated with buffer by rotation in a sealed cylinder fn a water
bath. At 2 and 4 days aliquots were withdrawn and their pH measured with
the help of pH meter. The aliquots were filtered throﬁgh fine porosity
sintered glass fifter stick, diluted appropriately with buffer and anal-

yzed for benzoic acid concentration.

II. Solubility of benzoic acid in various concentrations of ceto-

macrogol: Cetomacrogol solutions of varying concentrations were made in
buffer. The solubility of benzoic acid in varying concentrations of ceto?

macrogol solutions was found using the method given for buffer solubility.

III. Equilibrium dialysis studies: Nylon membranes were washed with

several changes of distilled water and placed between the compartments of
the two-chambered dialysis cells. Twenty ml. of benzoic acid solution in
cetomacrogol was pipetted into one compartment of the dialysis cell and

20 ml; of buffer, or buffer plus benzoic acid was pipetted into the other
compartment of the cell. A few glass beads were added to each compartment
to ensure continuous mixing. The cells were tumbled in the water-bath un-
til equilibrium was reached (about 4 days). Aliquots were removed from
both compartments and after proper dilution with buffer analyzed for ben-

zoic acid concentration.
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(b) Solubility and equilibrium dialysis data for the interaction of p-
hydroxybenzoic acid, methyl p-hydroxybenzoate, propyl p-hydroxybenzoate
and chloroxylenol with cetomacrogol in unbuffered aqueous solution were
derived from thé literature (Mitchell, 1964; Mitchell and Brown, 1966;
Brown, 1968).

J. Distribution of Benzoic Acid in Oil-Water-Surfactant Systems

'(a)‘ Preparation of emulsions: Peanut oil or liquid paraffin and

various concentrations of cetomacrogol were mixed in various ratios and
passed through hand powered homogenizers, at least five times, to ensure

the formation of stable emulsions.

~(b) Two-chambered dialysis technique: A nylon membrane was placed

between the compartments of a two-chambered dialysis cell (Fig. 5). The
nylon membrane was permeable to benzoic acid, but not to oil and”cefoma-
crogol. Twenty ml. of emulsion plus benzoic acid was placed ihldne com-
partment (E) and 20 ml. of buffer or buffer plus benzoic acid was p]aced
in the other compartment (W). A few g]éss beads were added to each com-
partment to ensure continuous mixing. The ce]]s were tumbled in water

bath, until equilibrium was reached (about 7 days). Aliquots were re-

moved from the buffer compartment and analyzed for benzoic acid.

(c) Three-chambered dialysis technique: A Millipore VS membrane

was placed between compartments E and S and a nylon membrane between
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compartments S and W of a three-chamberedvdia1y§j§“g¢11 (Fig. 6). The
Millipore VS membrane was permeable to surfactanf and beﬁzoic acid but
not to oil, while nylon membrane was permeable to benzoic acid only.
Twenty ml. of peanut oil or mineral oil emulsion was pipetted into com-
‘partment E, 20 ml. of cetomacrogol solution was pipetted into compart-
ment S and 20 ml. of aqueous buffer solution was pipetted into compart-
ment W. Known amounts of benzoic acid were included in each chamber to
accelerate equilibrium. The concentration of cetomacrogol in S was the
same as used in the emulsion. Glass beads were added to each chamber
.and cells were tumbled in a water-bath until equilibrium was reached
(about 7 days). The concentration of benzoic acid was determined in

compartments S and W and compartment S was analyzed for cetomacrogol.



Fig. 5.

Df o—Df

Two-chambered dialysis cell: E, emulsion; W, water;
S, surfactant; N, nylon membrane; Do, preservative

in 0il phase; Db, preservative bound to surfactant;

Df, free preservative in aqueous phase.
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Fig. 6.

Three-chambered dialysis cell: E, emulsion;

S, surfactant; W, water; M, millipore VS membrane;
N, nylon membrane; Do, preservative in oil phase;
Db, preservative bound to surfactant; Df, free pre-
servative in aqueous phase. -

09
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IV RESULTS AND DISCUSSION

A. Analysis of Surface-Active Agents

(a) Polarographic analysis: The per cent suppression of the oxygen

maximum versus concentration of cetomacrogol is shown in Fig. 7. From a
calibration curve such as this, the concentration of cetomacrogol in a
given unknown solution can be calculated provided the suppression of the
oxygen maximum is determined under the same experimental conditions. The
method was found to be applicable not only to the analysis of nonioenic
surfactants, but also to anionic and cationic surfactaﬁts. Fig. 8 shows
the calibration curves for sodium lauryl sulfate, cetylpyridinium chlo-
rid and Tween 80.

The height of polarographic maximum, h, (Fig. 3) depends very much
on the conditions of analysis, such as atmospheric pressure, temperature,
eTectro]yte concentration, diameter of capiT]ary, drop time etc. Unfor-
tunately it proved to be very difficult to maintain the same experimental
conditions. Since it is impossible to control atmospheric pressure, it
was necessary to plot a new calibration curve each time. Hence in spite
of the high sensitivity (0:-01 - 1 mg ]"),)this method was: not used fur-

ther,

(b) Method of Crabb and‘Persinggr (1964): A plot of absorbence

versus concentration of cetomacrogol is shown in Fig. 9. From a calibra-
tion curve such as this, the concentration of cetomacrogol in a given un-

known solution can be calculated provided the absorbgnce of blue complex
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Fig. 7. Polarographic determination of cetomacrogol:
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3, cetyl pyridinium chloride; (), sodium lauryl sulfate;

[5, tween 80.
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Fig. 8. Polarographic determination of surface-active agents:
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Fig. 9. Colorimetric determination of cetomacrogol.
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is measured under the same experimental conditions.

B. Permeability of Ce11opﬁane Membranes to the Nonionic Surfactant

Cetomacrogol

Fig. 10 shows per cent cetomacrogol dialyzed through Fisher cello-
phane membrane as a function of time in dynamic dialysis under sink con-
ditions. The permeability ofithe membrane toscetomacrogol is rapid in
the beginning but slows down after 320 hours. It is possible that lower
mo]ecular weight fractions of cetomacrogo]\dialyze rapidly, while the
high molecular weight fractions dialyze more slowly. Simi]ar studies
by Matsumoto, et. al. (1966) showed that the permeation of Tween 80 and
Nikkol BL - 25 (Brij 35 type) through Visking cellophane membrane was
initially rapid but reached a plateau after 25 hours. The authors con-
cluded that the membrane was readily permeable to impurities, especia]ly
low molecular weight polyethylene glycols, but not to the nonionic sur-
factant mo]eéu]es themselves. However from Fig. 10 it is.apparent that
even after 320 hours the permeation of cetomacrogo1'through Fisher cello-
phane membrane never reached a plateau i.e. the.membrané is permeable
both to Tower molecular weight fractions of cetomacrogol and to high
molecular weight fractions assuming that these exist. Fig. 11 shows the
permeability of Fisher and Visking cellophane membranes to cetomacrogol
in'equilibrium dialysis. These studies show that both membranes are per-

meable to cetomacrogol. The Visking membrane is slightly more permeable
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Permeability of Fisher cellophane membrane
to cetomacrogol in dynamic dialysis under
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. to cetomacrogol than the Fisher membrane at high cetomacrogq] concentra-
tions, while the reverse is true at lower concentrations of cetomacrogol.
Ultrafiltration of cetomacrogol solution (1-8%) through Visking cellophane
also showed that an appreciable amount (2:7% of total amount) of cetomacro-
gol passed through the membrane in 18 hours. It is apparent that cello-
phane membranes are permeable to nonionic surfactants, such as cetomacro-
gol and therefore are not suitable as a semipermeable membranes in dialy-
sis studies involving the interaction of preservatives and drugs With

nonionic surfactants.

C. Membrane Binding

The binding effect of solute with dialysis membranes is one of the
main sources of error in dia]ysis studies. It was, therefore; necessary
to correct for this 1ntera§tion in all binding studies. However, it_was
found that benzoic acid did not bind with the nylon membrane. Corrections
for the binding of benzoic acid and cetomacrogol with Millipore VS mem-

brane were made using Figs. 12 and 13 respectively.

D. Distribution of Benzoic Acid in 0Oil-Water Systems

Fig. 10 shows the pH-independent partition coefficients, é&, plotted
as a function of unionized benzoic acid concentration, [D%], in peanut
0il1 and mineral oil. The distfibution does not obey the simple partition
law and it is apparent that benzoic acid associates in both oils. Accord-

ing to the treatment of Gross and Schwarz (1930) the equation of the line
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is:

|</3 = kdw o+ m ok kdw)" [o{:]m-' (Eq. 17)

Where ng is the distribution coefficient for the monomer, m is the num-
ber of molecules in an m mer and k' is the association equilibrium con-
stant for monomer and m - mer. The linear relation between K% and [D%].
for mineral oil, Fig. 14, indicates dimerization of bénzoic acid, where
m = 2. The curve for peanut 0il indicates m merization in the 0il phase.
Whereas Anderson and Cho (1967) showed Qb'to be a constant independent
of [D?]. However they determined K& values over a very narrow range of
benzoic acid concentration (1:22 - 2-44 g 1"), as compared with the
range used in this study (1-89 - 30-2g ]"). The intercept on ég axis
at [D%] = 0, gives Kdw values of 5+84 and 023 for peanut 0il and mineral
0il respectively. For substitution in Eq. 30, the pH dependent obsefved

! 0
partition coefficient, KS, Fig. 15, is more convenient than Kg or Kdw.

E. Interaction of Benzoic Acid with Cetomacrogol

(a) Solubility: Analysis of benzoic acid in saturated buffer solu-
tion and saturated buffered cetomacrogol solutions gives [Df] and ([Df] +

[Db]) respectively and hence [Db].

(b) Equilibrium dialysis studies: Analysis of benzoic acid in aque-

ous and cetomacrogol compartments, at equi]ibrium, gives [Df] and ([Df] +
[Db]) respectively and hence [Db]. Preliminary membrane binding studies

revealed that benzoic acid did not bind with the nylon membrane. Moreover
correction for membrane binding is not necessary in this case because both

compartments were analyzed for benzoic acid. Nylon membranes were also



11

10

72

Fig. 14. pH-independent partition coefficient
of benzoic acid versus the aqueous
concentration of unijonized benzoic acid:
O, peanut o0il; 3, mineral oil.
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pH dependent partition coefficient of
benzoic acid versus the concentration
of benzoic acid in aqueous phase: O
peanut 0il; [J, mineral oil.
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found to be impermeable to cetomacrogol. Error due to Donnan equilibrium
was neglected because a high ionic strength was maintained in all the

dialysis studies.

F. Representation of Preservative-Surfactant Interaction Data

The interaction of preservatives, drugs and other solutes with vari-
ous macromolecules such as surfactants, polymers and proteins has been
studied extensively. Methods used to express the interaction with pro-
teins are well established (Goldstein, 1949; Klotz, 1953; Meyer and Gutt- |
man; 1970) and have been applied successfully to po]&mefé'suéh as methyl
cellulose and polyvinyl pyrolidone (Eide and Speiser, 1967a; 1967b; Cho,
Mitchell and Pernarowski, 1971). Results for the interaction between
solute and surfactant, however have been presented in a variety of ways
depending essentially on the particular theory adopted to explain the
mechanism of interaction. In the following discussion somelof these
methods are compared ﬁsing results obtained in studies of the interaction
between several commonly used preservatives and the nonionic surfactant

cetomacrogol.

(a) Interaction as a partition phenomenon:

One of the ear]fest attempts to express solubilization quantitatively
was due to McBain and Hutchinson (1955). They suggested that the forma-
tion of micelles and in particular the occurance of a hydrocarbon region

in the centre of micelles justifies the treatment of micelle formation as
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a phase separation. Solubilization may be regarded therefore as the dis-
tribution of solute between water and a micellar phase. McBain and Hut-
chinson expressed this:

moles micellar solute / mole micellar surfactant
Km = moles free solute / mole water

(Eq. 36)
Where Km is the apparent partition coefficient for the distribution of
so]ﬁte between the micelles and aqueous phése. This approach has been
used by Evans (1964) and Mitchell and Brown (1966). However Eq. 36 does
" not include the volumes of the aqueous or micellar phases and the values
of Km cannot therefore be cohpared with classical oil-water partition co-
efficients. An estimate of micellar volume can be made from the partial
molar volume of the surfactant and Km expressed according to Eq. 37 (Don-
brow and Rhodes, 1963; Mitchell and Broadhead, 19675 |

Db/v
Km = Df/(1-v) (Eq. 37)

When Db is the amount of solute in the micellar phase, Df is the
amount of solute in the aqueous phase, v is the volume of the micellar
phase and (1-v) is the volume fraction of the aqueous phase; Apparent
partition coefficients calculated according to Eq. 37 for various pre-
servatives in cetomacrogol solutions are shown in Fig. 16. The Km values
are not constant but depend on the free drug concentration.

A major problem dssociated with the application of Eq. 37 is that

the value assigned to the volume of the micelles is somewhat arbitrary
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since the volume could be (a) the hydrocarbon core of the micelles, (b)
the entire micelle or (c) the entire micelle including bound and trapped
water. Humphrey and Rhodes (1968) attempted to overcome this problem in
a study of solubilization of benzoic acid in a series of nonionic surfac-
tants, but extrapolating the solubility curye to 100% w/w surfactant.
This value was taken to represent the so]ubiiity‘of the solute in the
micellar phase, Sm and '
Km = Sm/Sw (Eq. 38)

where Sw is the solubility in aqueous phase.

This technique will normally entail a‘very 1af§e extrapolation to
100% w/w surfactant and like all methods based on solubility measure-
ments is, in effect, a one-point method. It carnot be assumed that the
value of Km obtained from Eq. 38 will be app]icab]e.to undefsaturated
" systems. Moreover it has been shown that the solubilization of benzoic
acid is not governed by the distribution law (Donbrow and Rhodes, 1964;

Donbrow, Molyneux and Rhodes, 1967; Donbrow, Azaz and Hamburger, 1970).

(b) Interaction as a "binding" phenomenon

An alternative and widely used method.is to express interaction
data according to Eq. 39 (Patel and Kostenbauder, 1958; Blaug and Ahsan,
1961a; 1961b; Bahal and Kostenbauder, 1964; Patel and Foss, 1965; Ash-
warth and Heard, 1966; Patel, 1967; Bean, Konning and Malcolm, 1969).

[0t]/[Df] = 1 +k [M] (Eq. 39)
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1r Fig. 16. Variation of apparent partition coefficient with
free preservative concentration for the partition
of preservative between micelles and aqueous phase
of cetomacrogol.

Solutions A. Benzoic acid at 300; cetomacrogol con-

10F centrations (moles/litre): 0.0077;0.015; 0.031.
B. Parahydroxybenzoic acid. C. Methyl p-hydroxy-
benzoate. D. Propyl p-hydroxybenzoate, all at 250
/\ Brown, 1968); cetomacrogol concentrations (moles/
ol Titre); 0.01; 0.04; 0.065 0.1. E. Chloroxylenol,
at 20° (Mitchell & Brown, 1966); cetomacrogol con-
H centrations (moles/litre): 0.005; 0.01; 0.049;
\ 0.096.
e 8l \7
= \
4
L @

A, B, C, [0F) x 102 D, E, [DF] x 10% (moles 1itre-1)
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Where [Dt]/[Df], represented by R, is the ratio of total solute concentra-
tion to the free solute concentration and [M] is the surfactant concentra-
tion. Plots of R as a function of surfactant concentration are normally
presented as a single curve, the slope of which, k, is taken as a measure
of the binding capacity of the surfactant. . The total preservative con-
centration is calculated by multiplying the concentration of free preser-
vative required for antimicrobié] action by the R value at the appropriate
surfactant concentration. However, as will be shown later (see Figs. 17
and 18) the R value at any given surfactant concentration 1s‘constant only
under limited conditions.

Since the "partition" and binding approaches to solubilization are so
widely used it is of interest to compare Egqs. 37 and 39. Over a 1imited
concentration range, the volume of micellar phase, v fs directly propor-
tional to the surfactant concentration, [M], i.e. v= k’ [M]. Hence Db/v
in Eq. 37 can be written [Db]/k‘ [M] where [Db] is the concentfation of
solute in moles per litre. Similarly, for relatively dilute solutions
Df/(1-v) is proporfioha] to concentration of free solute in moles/litre,

[Df], and Eq. 37 can be written

[obl/k! M1 [Db]
Km = [Df] = k' M[Df] (Eq. 40a)
or
[Db] = Km k' [MI[DF] (Eq. 40b)
L (Eq. 41)

[Df][M]
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Since [Dt] = [Db] + [Df], Eq. 39 can be rearranged into the same form as
Eq. 41 as follows: '

[ob] + IDF] =y 4 g ] (Eq. 42)
[Df] -
or EEE!.+ ngl =1+ k [M]
[Df] [Df] | (Eq. 43)
Therefore
I
[Df] : (Eq. 44)
or ~ [bb] - |
[DF] [M] | (Eq. 41)

Hence both the 'partition' and simple 'binding' approaches to solubiliza-
.tion depend on the same relation and a fit of data to either equation does
not permit any assumptions to be made about the mechanism of the inter-
action. Although many authors have expresséd solubilization in terms of

a partition coefficient or as a binding constant, neither of these con-
stants fuT]y characterizes the interaction.

In contrast to the cbntroversy surrounding methods used to describe
the inferaction of solute with surfactant, the fundamental concepts deal-
ing with the interaction of solute with proteins are well established.

The interaction can be expressed by Eq. 45 which is derived from the law

of mass action:

n K [Df]
r % 1 +K[Df] (Eq. 45)
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Where r is the ho]ar ratio of bound solute to total protein [Dbl/[M], n
is the maximum number of independent binding sites on the prétéiﬁ and K
is the association constant. Garrett (1966) suggested that the binding
of preservatives to macromolecules, other than proteins, may be treated
in a similar way i.e. r = [Db]/[M], where [M] is the concentration of any
macromolecule including surfactant. An important difference between sur-
factants and other macromolecules is that interaction -occurs between sol-
ute and surfactant micelles rather than monomer surfactant molecules.
Theoretically [M] in Eq. 45 should be the concentration of micelles, n
the number of binding sites per micelle and K the association constant
for reaction with the micelles. From a practical viewpoint however, it
is more.convenient to express [M] in terms of surfactant concentration.
The critical micelle concentration of commonly used nonionic surfactants
is sufficiently low for the monomer concentration to be neglected.

Eq. 45 has the same form as the Langmuir equation which has led some
authors to suggest that the mechanism of interaction between solute and
surfactant is one of adsorption onto the surface of the micelle or some
other site within the micelle (Donbrow and Rhodes, 1964; Donbrow, Moly-
neux and Rhodes, 1967). However, as pointed put by Goldstein (1949) and
Klotz (1953) for solute-protein interaction, although the equations are
similar it is not necessarily correct to assume that binding and adsorp-
tion are identical processes. | |

Figures 17 and 18 show the results plotted as the ratio of total
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preservative to free preservative, R, as a function of surfactant concentra-
tion according to Eq. 39. Contrary to the manner in which data is normally
presented for this type of plot, the results cannot be represented by a
single surve. Eq. 39 is in fact a special case of Eq. 45 and a single curve
will be obtained only under two conditions: (a) when [Df]‘lﬂly o then nk/
(1 + XK [Df]) = n K‘and R=1+k [M] where k = n K, but the practical = appli-
cation of this assdmption is not always valid because the minimum inhibitory
or minimum lethal concentration of most of the commonly used preservatives,
such as p-hydroxybenzoates, phenolics, benzoic acid etc., lies very close to
their saturation concentration; (b) when [Df] is constant, as in the solu-
bility method, then n K/(1 + K [Df]) = a constant, k', and R = 1 + H'[M],
Hence k (or k") does not fully characterize the interaction. A macromole-
cule or micelle has a limited binding capacity for solute molecules and a
single value of k (or k“) will be obtained only over a limited range of
free solute concentration. It is impossible to maintain [Df] constant us-
ing the equilibrium dialysis technique ahd Fig. 17 and 18 were constructed
using calculated values of [Df]. The slope decreases with increasing values
of [Df] and the lowest limiting slope, corresponding to a solubility curve,
represents the‘saturation-point in the Langmuir type plots, Figs. 19 and 20.
The simplest way to express the binding data is a Langmuir-type plot of
r versus [Df]. Eq. 45 is a segment of a ractangular hyperpola passing
through the origin. If [Df] becomes infinite, the r value approaches n as

a limit
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1im r=n
[0f] — oo (Eq. 46)

and at r = n/2

[Df] = 1/K (Eq. 47)
Eqs. 46 and 47 indicate the importance of a wide concentration range of free
éo]ute in any binding study. Fig. 19 and 20 show that at low concentrations
the preservétives are more easily bound to cetomacrogol than at high concen-
trations. Only results obtained from solubility experiments show saturation
of binding sites. Hence binding parameters were not derived from these plots.

Eq. 45 is normally rearranged into forms more convenient for graphical

presentation of the results. Figs. 21 and 22 shbw results for the inter-
action of some preservatives with cetomacrogol p]otted according to the re-

ciprocé] form of the equation,

1

1 = -
+ nK [Df] (Eq. 48)

1
n

el

A line passing through the origin rather than an intercept corresponding to
a 1imi£ing bindihg capacity has been taken as evidence that the mechanism
of interaction is partitioning into the'mice11es rather than adsorption on
a micellar surface or to specific sites on the macromolecule (Bahal and
Kostenbauder, 1964). This plot, however, heavily weights those experimen-
tal points obtained at low concentrations of free drug and may lead to
large errors on extrapolation to infinitely high preservative concentra-
tions. An alternative arrangement of Eq. 45 is known as the Scatchard

equation (Scatchard, 1949):



Fig. 21. Double-reciprocal plot for the interaction of preservatives

with cetomacrogol solutions: A. Benzoic acid, B. Parahydroxy-
benzoic acid. Cetomacrogol concentrations as in Fig, 16.
Closed symbols represent solubility points.
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r - nk - rK
[Df (Eq. 49)

Which on plotting gives a more even weighting to the diffefent points on the

curve. The plot for eaéh preservative shown in Fig. 23, has a definite cur-
vature. In protein binding studies, this is taken as evidence for the exis-
tence of more than one type of binding site. In the case of solute-surfac-
tant interaction the binding sites within the micelles probably do not be-
have independently of one another as required by Eq. 45. It is possible
that uptake of solute into the micelle progressively alters the interaction
between the binding sites and solute leading to a change in both the number
of sites available and the association constant. Hence to describe the
interaction it is necessary td plot the curve over a wide rénge of [Df] and
determine n and K values from the slope in the region of interest. In case
of preservatives, this is the conéentration of free preservatives required
for antimicrobial activity e.g. a concentration equal to or greater than

the minimum inhibitory concentration. Table 3 gives the minimum inhibitory
concentrations for a number of preservatives and values of n and K for the
interaction with cetomacrogol. Substitution of n, K, [Df] and [M] into Eq.

51 enables the required preservative concentration to be calculated.

] n K [DFY (M | . of
[pt] = [ 1+ K [Df] (Eq. 50)
or
. [onkM Ly ]
[pt] = [0f] [ 1 + K [DF] (Eq. 51)
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TABLE 3

Minimum Inhibitory Concentrations and Binding Parameters for

The Interaction of Preservatives with Cetomacrogol

Preservative

Minimum inhibitory
Concentration (per cent)(a)

. oy
n (L mole™")

K

(L mo]e")

Calculated using monomer
molecular weight (e)

Calculated using micellar
molecular weight (f)

Benzoic acid
Methyl p-hydroxybenzoate
Propyl p-hydroxybenzoate

Chloroxylenol

0. 1 (b)
0.15 (c)
0.06 (c)
0.02 (d)

4.6 16
5.2 22
2.2 343
2.8 942

37 16
445 22
176 341
216 949

(a) Highest Concentration quoted in each reference (b) Bandelin (1958 (c) Nowak (1963)

(d) Aist Gucklhorn (1969) (e) taken as 1300 (f) from Altwood, Elworthy and Kayne (1969).

L6
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G.. Distribution of Benzoic Acid in Oil-Water-Surfactant Systems

(a) Two-chambered dialysis technique: Analysis of the concentration

of preservative in the aqueous compartment, W, at equilibrium enables the
free preservative concentration, [Df], to be determined. From [Df] and
the total amount of preservative added, ([Do] + [Db]) can be determined,

although it is not possible to separate these quantities.

(b) Three-chambered dialysis technique: At equilibrium analysis of

the concentration of preservative in compartmenté W and S gives [Df] and
([Df] + [Db]) respectively and hence [Db]. From these terms and the
amount of preservative added initially, [Do] can be obtained.

Analysis of surfactant in compartment S gives the free surfactant
concentration. From the free surfactant concentration and the total
amount of surfactant added, the amount of surfactant adsorbed at the oil-

water interface or partitioned into the oil phase can be calculated.

(c) Validity of two and three-chambered dialysis techniques: The

amount of benzoic acid added to dialysis cells was calculated using Eq.
30 o |
01 = {[Df] [1 +nk [M1/ (1 + K [DF])+ :g?,q]} [ (a+1)
(Eq. 30)
For given [Df], the parameters n and k were ca]ch]ated from the Scatchard
plot (Fig. 23) and Ka from Fig. 15. " The final concentrations were cor-

rected for the bihding of benzoic acid with the Millipore VS membrane (Fig.
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Fig. 24 is a plot of [D] versus [Df] for the distribution of benzoic
acid in an emulsion of peanut oil, cetomacrogol and aqueous buffer using
the two-chambered dialysis technique. Data from three-chambered dialysis
technique'was plotted in a variety of ways. Figs. 25 and 26 are ternary
ip]ots of [Dol,[Db] and [Df] for the distribution of benzoic acid in pea-
nut oil-cetomacrogol-aqueous buffer §ystems and mineral oil-cetomacrogol-
aqueous buffer systerms respectively. Figs. 27 and 28 are three dimension-
al plots of [Do], [Db] and [Df] for the distribution of benzoic acid in
peanut oi]—cétomacrogo]-aqueous buffer systems and mineral oil-cetomacro-
‘gol-aqueous Buffer systems respectively. Figs. 29 and 30 are three dimen-
sional plots of [Dol, [Db]/[M] and'[Df]. In each figure there is close
agreement between the experimentally determined values and the curves pre-
dicted using Eq. 30. Hence both the two - as well as the three - chambered

dialysis techniques are valid and give correct value of [Df] for a given

[D].

(d) Applications of three-chambered dialysis technique: The preser-

vation of an emulsion requires that there must be a minimum inhibitory
concentration of free preservative in the aqueous phase. The total amount
- of preservative required in an emulsion to provide a minimum inhibitory
concentration. Determination of the various physico-chemical parameters
for substitution into Eq. 30 is a time-consuming process pérticu]ar]y if,
as is usual in most pharmaceutical and cosmetic emulsions, there is more

than one type of macromolecules present. Moreover even a slight change
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Variation of free benzoic acid concentration [Df],

in the aqueous phase.of an emulsion with total Benzoic
acid concentration D, for an o/w emulsion containing
50% v/v peanut 0il emulsified with 4% w/v cetomacrogol:
O, observed [Df]; curve calculated from Eq. 30 . o)
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. stabilized with cetomacrogol: ©, experi~-
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Three-dimensional graph of the distribution
of benzoic acid in an o/w peanut o0il emulsion
stabilized with cetomacrogol: Q, experimental
values; curves calculated using Eq. 30.
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stabilized with cetomacrogol: O, experimental
values; curves calculated using Eq. 30.
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fn the formulation of the emulsion necessitates a re-evaluation of the vari-
ous terms. However agreement between predicted and observed values shows
that the thrée—;hambered dialysis technique provides a relatively simple
method by which the total concentration of preservative necessary can be
estimated. The first step is to construct a calibration curve using values
of [Do], [Db] and [Df] obtained by dialysing the emulsion containing vary-
ing known concentrations of preservative in the three-chambered cell. A
variety of calibration curves can be obtained from the values of [Do], [Db]
and [Df]. Figs. 25 and 26 show data plotted on triangular coordinate graph
paper. The main weakness of this type of plot is that [Do], [Db] and [Df] are
expressed as a per cent of the total preservative concentration; [D], in the
emulsion. It is not possible therefore to obtain values of [Dol, [Db] for a
given [Df] directly from the plot. Secondly, scales for Do, Db and Df are
fixed and if the values of one variable are very close, thefe is no possi-
bility of expanding that particular scale. In this way some accuracy in

the data derived from this plqt is lTost. These weaknesses weré overcome

by plotting the data in three-dimensional figures. Figs. 27 and 28 are
three-dimensional plots of'[Do], [Db] and [Df], the lower line gives the
relation between [Db] and [Df] and the upper line gives the relation be-
tween [Do], [Db] and [Df]. For a given value of [Df], [Do] and [Db] can

be obtained directly from the graph. Scales for [Do], [Db] and [Df] can

be .expanded as much as desired. These plots are independent of the oil-

water ratio, but are dependent on the surfactant concentration. Hence a
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change in surfactant concentration would require a new calibration curve to
be made. These plots can be made independent of surfactant concentration
if [Db] in Figs. 27 and 28 is replaced by [Db]/[M], where [M] is the sur-
factant concentration (Figs. 29 and 30). This was confirmed experimentally
for oil-water ratios from 0.18 to 1.0, Table 4; and for cetomacrogol con-
centrations from 1% to 4%, Table 5. To calculate the total concentration
of preservative which is adequate to preserve an oil in water emulsion the
graph is entered at a [Df] value corresponding to the minimum inhibitory
concentration. The corresponding values of [Do] and [Db]/[M] are deter-
Vmined, as shown by the arrows in Fig. 30; These terms are then used to
calculate the total concentration of preservative necessary. The proce-
dure is illustrated using the mineral o0il emulsion containing benzoic acid

as preservative, shown in Fig. 30:

Let the minimum inhibitory concentration = 1.0 gl'l= (pf]
The corresponding value of [Db]/[M] = 0.05
The corresponding value of [Do] = 0.75 g]'l
The total preservative concentration, tD], is given by:
[b] = [ ([pf] + [Db]) Vw + [Do] Vo ] ] 1000 g1"l
(Eq. 52)

For an emulsion containing 4% cetomacrogol with an oil-water ratio of 1.0
' -1
[p] = [ (1.0 + 0.05 x 40) 500 + 0.75 x 500 ]‘/1000 = 1.88 gl
In addition to the simple emulsions used in this work the method should

be applicable to more complex emulsions in which existence of reversed



TABLE 4

Validity of Three Dimensional Calibration Curve For

The Distribution of Benzoic Acid in

Peanut 0il-Water-Cetomacrogol Systems at Various Oil-Water Ratios

, [D] Calculated .
0i1 : Water from Fig. 29 Predicted [Df] Observed [Df]
ratio | ! -1
g1~ g1~ gl
0.176 3.5 1.0 0.91
0.333 3.9 1.0 0.94
1.0 4.9 1.0 0.94
Cetomacrogol Concentration = 4%

€otL



TABLE 5

Validity of Three Dimensional Calibration Curve For

The Distribution of Benzoic Acid Between

Peanut 0il-Water-Cetomacrogol Systems at Various Concentrations

[D] Calculated

Cetomacrogol : . '
Concentration from Fig. 29 Predicted [Df] Obseryed [Df]
% o i .
1.0 2.48 0.71 0.69
2.0 2.48 0.66 0.63
4.0 2.48 0.58 0.57

0i1 : Water ratio = 0.6

¥0L
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~ liquid crystalline phases and the presence of reversed micelles in the oil
phase (Friberg and Mandell, 1970) would make the use of mathematical model
.difficu]t or impossible.

The total preservative concentration can also be determined from a
calibration curve of [D] versus [Df], Fig. 24 constructed using the two-
chambered dialysis technique. However, separate calibration curvés would
be required for each oi]—water ratio and for each surfactant concentration.
Moreover the three-chambered dialysis method provides more information in
that it differentiates between preservative in the oil phase~and preserva-
tive associated with tne surfactant. The effect of modifications to the
formulation on the distribution of preservative between the oil, surfac-
tant and water "phases" of the emulsion éan therefore be readily assessed.

In an emu]sion, some of the surfactant is adsorbed at the oil-water
interface and, depending on its oil-solubility, some will partition.into
the oil phase. Both factors will reduce the amount of surfactant avail-
able for interaction with the preservative, and will effect thé oil-water
partition coefficient. Analysis of conpartment S of the three-chambered
dialysis cell for surfactant, enables the distribution of surfactant be-
tween o0il and aqueous phases to be estimated. In this work, no change
could be detected in the amount of cetomacrogol in compartment S after
equilibration, which indicates that little surfactant was lost from the .
adueous phase by adsorption or pértition. This observation was supported

by the close agreement between the predicted and observed values of [Db].
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Where appreciable amounts of surfactant are adsorbed or partitioned
into the o0il (Greenwald, et. al., 1961; Lin and Lambrechts, 1969), deter-
mination of the parameters necessary for substitution into Eq. 30 would
become difficult. This prob]em is avoided by using the three-chambered
dialysis technique which permits direct observations to be made of the
preservative distribution under conditions existing in the actual emul-

sion.
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V. SUMMARY AND CONCLUSION

A. The Pefmeabi]ity of Cellophane Membranes to Cetomacrogol

The permeability of two brands of cellophane membrane to the nonionic
surfactant, cetomacfogo] was tested using equilibrium dialysis, dynamié
dialysis and ultrafiltration techniques. The results show that the'ce11o-
phane membranes are permeab]e to cetomacrogol and fherefore cannot be used

as dialysis membranes.
B. Distribution of Benzoic Acid in Oil-WHater Systems

The distribution of benzoic acid between peanut oil-water and mineral
oil-water systems was studied. The distribution did not obey the simple

partition law. This indicates that benzoic acid associates in both oils.
C. Interaction of PreservatiVes with Cetomacrogol

The interaction of a number of Common]y used preservatives with ceto-
macrogol was examined and a comparison made of various methods of express-
ing this interaction. It is suggested that the Scatchard equation is the
most satisfactory equation for describing the binding data. Binding para-
meters determined from a Scatchard plot in the concentration range of free
preéervative appropriate for antimicrobial activity can be used to calcu-
late the total concentration of preservative required in fhe surfactant

system.
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D. Distribution of Benzoic Acid in 0il-Water-Surfactant Systems

A three-chambered dialysis cell was used io estimate the distribution
of benzoic acid between the 0il phase and the aqueous phase of an emulsion.
The method also differentiates between the preservative bound, or solubil-
ized by the surfactant and free in the aqueous phase. The distribution
data was plotted on a three-dimensional graph from which the total concen-
tration of preservative required to provide a given free concentrétion in
the aqueous phase can be determined. Results from the dialysis method
were compared with those calculated using mathematical models for preser-
vative distribution. It is suggested that this method is more practical
and time saving than methods based oﬁ predictions using mathematical
models. This is particularly true in the case of complex emulsions where
the use of more than one type of o0il or macromolecule in the formulation,
or the existence of liquid crystalline phases or reversed micelles in the
oil phase, or the adsorption of an appreciable amount of surfactant at
the oil-water interface or partition into the oil phase would make the

use of mathematical models difficu]t or even impossible.
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