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Abstract The preservation of solublized and emulsified disperse 
systems against microbial spoilage depends on the free (unbound) pre- 
servative concentration in the aqueous phase and the capacity of the 
system. The capacity may be defined as the system's ability to resist losses 
in free preservative concentration. The theory of capacity is developed 
quantitatively for solubilized and emulsified systems containing the 
preservative chlorocresol stabilized by the nonionic surfactant cetoma- 
crogol. Equations are derived for solubilized systems that relate capacity 
to surfactant concentration and the interaction between the surfactant 
and the preservative. Additional terms are included in the equations to 
account for the effects of the oil phase on the capacity of oil-in-water 
emulsions. 

Keyphrases o Chlorocresol-in solubilized and emulsified systems, role 
of capacity in antimicrobial activity Capacity-theoretical develop- 
ment, role in antimicrobial activity of chlorocresol in solubilized and 
emulsified systems Antimicrobial activity-chlorocresol, role of ca- 
pacity in solubilized and emulsified systems 

For solubilized systems and oil-in-water emulsions 
stabilized with the nonionic surfactant cetomacrogol, the 
kill rate of Escherichia coli over 6-8 hr depends on the free 
chlorocresol concentration (1). However, for long-term 
protection against microbial contamination, the preser- 
vative's effectiveness should depend on the capacity of the 
system in addition to the free preservative concentra- 
tion. 

The term capacity was first used (2) in discussing the 
antibacterial activity of iodine solubilized by a nonionic 
surfactant'. The saturation solubility of the iodine was 
used as a measure of capacity. This definition implies that 
depletion of preservative due to interaction with micro- 
organisms or foreign materials2, volatilization, chemical 
decomposition (4), or metabolism by microorganisms (5) 
will be relatively greater from a solution in water than from 
a surfactant solution where the micelles act as a reservoir 
of preservative. 

Antarox A-400. 
See Tables I11 and 1V of Ref. 3. 

In this paper, the theoretical basis of capacity is devel- 
oped more fully for solubilized systems and the theory is 
extended to oil-water dispersions and oil-in-water emul- 
sions. The necessary physicochemical parameters were 
obtained previously (1,6). 

THEORETICAL 

Capacity of Solubilized Systems-For a given loss of preservative, 
the decrease in concentration of free (unbound or nonmicellar) preser- 
vative in a solubilized system is less than from a solution in water and 
decreases with surfactant concentration. The percent decrease in con- 

LOSS OF CHLOROCRESOL FROM WATER, % 

Figure I-Correlation between percent loss of chlorocresol from water 
and free chlorocresol from cetomacrogol solution when equal amounts 
of chlorocresol are removed from water and the surfactant solution. Key 
[cetomacrogol concentration (percent)]: A, 0.1; B, 0.5; C, 1 .O; D, 2.0; E, 
3.0; and F, 4.0 Curves were calculated using Eq. 1. 
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I I I 1 I I I 1 J 
1 2 3 4 5 

IN, % 
Figure 2-Capacity as a function 0fsurfactan.t concentration, [MI, for 
the interaction of chlorocresol with: I ,  where n l  = 0.538, n2 = 142, K1 
= 2.12 X lo3 literslmole, and Kz = 1.65 literslmole ( A ) ;  cetomacrogol, 
where nl = 0 .697 ,m = 136, K1 = 1.87 X l o3  liters/mole, and Kz = 2.09 
literslmole (A); and 11, where nl  = 0.432, nz = 148, Kl = 4.97 X l o 3  li-  
terslmole, and KS = 3.16 literslmole ( C ) .  Curves were calculated using 
Eq. 8. 

centration of free preservative from a solubilized system is given by: 

percent. decrease = I([Df] - [D~’])/[D/]llOO (Eq. 1) 

where [Df] is the initial free preservative concentration in a solution that 
contains an initial total preservative concentration, [Dt] ;  [Dt] is the free 
preservative concentration remaining after a loss of preservative from 
solution, [Dtl]; and IDl] - [Dtl] is the remaining total preservative con- 
centration, [&’]. 

The total preservative concentration, [ D t ] ,  present initially in the 
chlorocresol-cetomacrogol system described previously (1) is given by: 

where nl is the number of independent binding sites on the surfactant 
molecule of Set 1 and K1 is the corresponding association constant, n2 
is the number of independent binding sites on the surfactant molecule 
of Set 2 and K 2  is the corresponding association constant, and [M] is the 
surfactant concentration. Rearrangement of Eq. 2 gives Eq. 3, from which 
[Of’] can be obtained: 

K1Kz[D/’]3 + (K1 + K2 + nlK1K2[M] + n2KlK2[M] 
- KIKP[J%’I[D~’I~ + 1 nlK11Ml + n2KdMI 

- Ki[D,’] + Kz[Dt’])[Df’] - [Dt’] = 0 (Eq. 3) 

The roots of Eq. 3 were calculated using the Bairstows method3. 
When equal amounts of chlorocresol are removed from water and a 

cetomacrogol solution, there is a direct relationship between the loss of 
preservative from water and the loss of free preservative from the solu- 
bilized system (Fig. 1). The slope of the curve increases as the surfactant 

3 University of British Columbia computer program Z POLY. 

10 20 30 40 50 
LOSS OF CHLOROCRESOL FROM WATER. 56 

Figure 3-Comparison between percent loss of chlorocresol from water 
and the aqueous phase of a hypothetical oil-water dispersion when 
equal amounts of preseruatiue are remoued from water and the dis- 
persion. When KWo = 0.1, q = 0.1 (A’), 0.2 (B’), 0.4 (C’),  0.6 (D’), 1.0 (E’),  
2.0 (F’) ,  3.0 ( G ‘ ) ,  and 5.0 (H’). When KWo = 1.0, q = 0.0-m ( X ) .  When 
Kwo = 10.0, q = 0.1 ( A ) ,  0.2 ( B ) ,  0.4 ( C ) ,  0.6 ( D ) ,  1.0 ( E ) ,  and 5.0 ( F ) .  
Curues were calculated using Eq. 1 .  

concentration decreases and approaches that of water, which, with a value 
of unity, offers no resistance to losses of preservative. 

If capacity is defined as the ability of a system to resist losses in [of], 
then the inverse of the slope of a given curve in Fig. 1 becomes a numerical 
expression of capacity: 

capacity = l/slope 
percent loss of preservative from water 

percent loss of free preservative from solubilized system 0%. 4) - - 

(Eq. 5) 

where: 

[DtiI = [&I - [Dt‘l (Eq. 6) 

Capacity increases with an increase in the surfactant concentration ac- 
cording to Eq. 4 and Allawala and Riegelman’s (2) definition. The rela- 
tionship between capacity as defined by Eq. 4 and surfactant concen- 
tration can be derived from Eqs. 6 and 2: 

Substituting [Dtl] from Eq. 7 into Eq. 5 and rearranging give: 

where: 

X I  = 1 + K1[Df] + K1[Df’] + Ki2[Df][D/’] 

x z  = 1 + Kz[Df] + Kz[D{] + Kz2[Df][Df] 

(Eq. 9a) 

(Eq. 9b) 

Investigations of the effect of surfactant concentration on the anti- 
microbial activity of preservatives frequently include solutions of the 
preservative in water for comparison (1,2,7). Because of the difference 
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Figure 4-Capacity as a function of KWo for the  distribution of chlo- 
rocresol in hypothetical oil-water dispersions. Key (oil-water ratio): 
A ,  0. I ;  R. 0.2; (', 0.4: D, 0.6; E ,  0.8; F, 1.0; G, 2.0; H ,  3.0; and I ,  5.0. Curves 
u i p w  plottrd according t o  Eq. 12b. 

in capacity between surfactant solutions and solutions in water, such 
comparisons may be misleading unless either [D,] remains comparable 
throughout the experiment or t.he duration of the experiment is too short 
for the capacity of the system to exert an effect. It is better to compare 
the antimicrobial activity of various solubilized systems having the same 
init,ial value of [D,]. During an experiment, changes in [Of] due to in- 
teraction of preservative or surfactant with the microorganisms or other 
factors will be relatively small, so any enhancement or diminution of 
activity can be attributed to the differences in surfactant concentra- 
tion. 

The interaction of chlorocresol with cetomacrogol and two other n- 
alkylpolyoxeythylene surfactants, designated4 I and 11, when plotted 
according to Eq. 8 (Fig. 2) shows that the capacity of the solubilized 
systems hecomes smaller as the ethylene oxide chain length decreases. 
The efficiency of solubilization decreases with an increase in the number 
of' ethylene oxide units (6). 

Capacity of Oil-Water Dispersions-The percent loss of preser- 
vative from the aqueous phase of an oil-wat,er dispersion for a given loss 
of preservative from the total system can be calculated in a similar 
manner to surfactant solutions, except [D,'] for a given [Dt'] is calculated 
using (8): 

(Eq. 10) 

4 Texofor A16 and Texfor A60, respectively, Glovers Chemicals Ltd., Leeds, 
England. The general formula of n-alkylpolyoxyethylene surfactants is 
CH:I(CH~),(OCH2CH2)nOH, where m = 15 and n = 16 for A16, m = 15 or 17 and 
n = 20-24 for cetomacrogol, and m = 15 and n = 77 for A60 (6). 

G 

8 -  

7 -  

6 -  

5 -  
> 

E 
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1 2 3 4 5 
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Figure 5-Capacity as a function of the oil-water ratio, q, for the dis- 
tribution of chlorocresol i n  hypothetical oil-water dispersions. Key 
(K,o):A,0.1;B,0.5;C,1.0;D,3.0;E,5.0;F,,7.0;andG,lO.I~.Curueswere 
plotted according to Eq.  13. 

where K,," is the experimentally determined oil-water partition coeffi- 
cient and q is the oil-water ratio. 

Figure 3 shows a direct relationship between the percent loss of chlo- 
rocresol from water and the aqueous phase of hypothetical oil-water 
dispersions when an equal amount of preservative is removed from water 
and the oil-water dispersion. The percent loss from the aqueous phase 
of oil-water dispersions increases with an increase in q when K," < 1.0; 
it is independent of q when K," = 1.0 and decreases with an increase in 
q when K," > 1.0. As before, the capacity of a system to resist changes 
in [D,] is inversely proportional to the slope of a given line. A slope equal 
to or greater than one means the system offers no resistance to changes 
in [Of] .  

The relationship between capacity and K,"q can be defined as follows. 
From Eqs. 6 and 10: 

Substituting [&I] from Eq. 11 into Eq. 5 and rearranging give: 
K,"q + 1 

capacity = ~ 

q + l  
(Eq. 12a) 

or: 

(Eq. 12b) capacity = (-) 1 + (A) K," 
l + q  q + l  

The capacity of various hypothetical oil-water dispersions plotted 
according to Eq. 126 is shown in Fig. 4. For a given value of q,  the capacity 
increases when K W o  > 1.0 and decreases when K," < 1.0. When K," = 
1.0, the capacity is independent of q (see also Fig. 5) and its value is 
unity. 
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Figure 6-Capacity as a function of the volume fraction of the oil phase, 
6, for the distribution of chlorocresol in hypothetical oil-water disper- 
sions. Partition coefficients of curves A-G are as in Fig. 5 .  Curves were 
plotted according to Eq. 14. 

Rearrangement of Eq. 12b shows that the relationship between ca- 
pacity and q is nonlinear: 

capacity = 1 + ~ (Eq. 13) 

Figure 5 shows the curvilinear relationship between capacity and q for 
various values of K , , O .  The intercept of 1.0 is the capacity of water in the 
absence of an oil phase. The capacity decreases with an increase in q when 
K," < 1.0, increases with an increase in q when K," > 1.0, and is inde- 
pendent of q when K," = 1.0. 

When 9 is expressed in terms of the volume fraction of the oil phase, 
4, Eq. 126 becomes: 

where 6 = q / ( q  + 1). 
Equation 14 gives a linear relationship between capacity and 6 for a 

given K,O (Fig. 6). When @ approaches a value of 1.0, the capacity be- 
comes equal to K,". Hence, K," is a measure of the capacity of the oil 
phase in the absence of an aqueous phase. 

Capacity of Emulsions-The method used to calculate the percent 
loss of chlorocresol from the aqueous phase of an emulsion stabilized with 
cetomacrogol for a given loss of preservative from the total system is 
similar to that already given except that  [Q'] in Eq. 1 is calculated 
using: 

(KIKz + K , " ~ K ~ K P ) [ D / ' ] ~  + ( K 1 +  K P  + nlKlK2[M] + ~ P K I K P [ M I  

(K;:; '> 

capacity = 1 + (K," - l ) @  (Eq. 14) 

+ KwOqKi + Kw0qK2 - KlKz[Dt'Jq - K1Kz[Dt'])[D/'l2 
+ (1 + n1K1[M] + n2K2[MI + Kwoq - K ~ [ D t ' l q  - Ki[Dt'I 

- Kz[Dt']q - Ks[Dt'])[Df']  - [Dt'lCq + 1) = 0 (Eq. 15) 

10 20 30 40 50 
LOSS OF CHLOROCRESOL FROM WATER, % 

Figure 7-Comparison between the percent loss of chlorocresol from 
water and the aqueous phase of a hypothetical oil-in-water emulsion 
stabilized with 0.1 % cetomacrogol when equal amounts of preservative 
are remoued from water and the emulsion. When Kwo = 0.1, q = 0.1 (A'), 
1.0 (B') ,  and 5.0 (C' ) .  When Kwo = 1.0, q = 0.1 ( X i ) ,  1.0 ( X d ,  a n d 5 0  
( X 3 ) .  W h e n K w ~ = l O . O , q = O . l  (A),0.2(B),0.4(C),0.6(D),l.O(E),and 
5.0 ( F ) .  Curues were calculated using Eq. 1 .  

which is a rearrangement of (1): 

The roots of Eq. 15 were calculated using the Bairstows method3. 
Figure 7 shows a direct relationship between the percent loss of chlo- 

rocresol from water and the aqueous phase of hypothetical oil-in-water 
emulsions stabilized with 0.1% (wh)  cetomacrogol when an equal amount 
of preservative is removed from water and the emulsion. For a given 
percent loss of preservative from water, the percent loss from the aqueous 
phase of the emulsion is a function of q, K,O, and [MI. As before, the 
capacity of a system to resist changes in [Of] is inversely proportional to 
the slope of a given line. A slope equal to or greater than one means that 
the system offers no resistance to changes in [Of] .  

For a given oil-water ratio, the value of the slope is a function of [MI 
and K , O .  Figure 7 shows that for a given [MI, an increase in q results in 
a decrease in the value of the slope when K W o  = 10.0. For the same [MI, 
increasing q results in an increase in the value of the slope when K," = 
0.1 and KWo = 1.0. Thus, unlike surfactant and oil-water systems where 
capacity is determined only by [MI and K , O q ,  respectively, in emulsified 
systems the capacity is a result of the interaction among the parameters 

The relationship between the capacity of oil-in-water emulsions and 
[MI, K,", and 9 .  

[MI, K,", and q can be derived from Eqs. 6 and 16: 

(Eq. 17) 

Substituting [ D t l ]  from Eq. 17 into Eq. 5 and rearranging give: 

(Eq. 186) 

where z1 and 1 2  are as already defined. 
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Figure 8-Capacity as a function af the volume fraction of the oil phase, 
6, for the distribution of  chlorocresol i n  hypothetical oil-in-water 
emulsions stabilized ulith l.0?i1 ( c o / u )  cetornacrogol. Key (K,"): A ,  0.f, 
H ,  0.5; C, 1.0; D,  3.0; E, 5.0; F,  7.0;and G, 10.0. Curves wereplottedac- 
cording to Ey. 19. 

When y is expressed in terms of the volume fraction of the oil phase, 
(b,  the relation between capacity and [ M I ,  K,,", and 6 is given by: 

Figure 8 shows the results for the distribution of chlorocresol in hy- 
pothetical emulsions stabilized with 1.0% (w/v) cetomacrogol plotted 
according to Eq. 19. The intercept gives the capacity of the aqueous phase 
(containing surfactant) in the absence of an oil phase; i .e. ,  when 6 = 0, 
the capacity is given by Eq. 8b. 

A t  fixed [MI ,  an increase in 6 decreases the capacity up to a certain 
value of K," (curves A-D, Fig. 8); beyond that value, an increase in 4 
results in an increase in capacity (curves E-G). For all curves, when @!? 
1, then capacity = K,O, which is the capacity of the oil phase in the ab- 
sence of an aqueous phase. According to Eq. 19, the overall capacity of 
the emulsion is determined by two factors: the capacity of the oil phase 
and the capacity of the surfactant-containing aqueous phase. The ca- 
pacity of the oil phase is governed by K,"; the capacity of the aqueous 
phase is controlled by the surfactant concentration, [MI, and the binding 
affinity of the surfactant for the preservative (n's and K's).  

If the capacity of the oil phase is less than the capacity of the aqueous 
surfactant phase, then an increase in 4 results in a decrease in the overall 
capacity of the system (curves A-D, Fig. 8). This aspect is further illus- 
trated in Fig. 9, which shows the decrease in capacity with 6 for mineral 

'I- 
I I I 1 I 1 
0 0.2 0.4 0.6 0.8 1 .o 

0 
Figure 9-Capacity as a function of the uolurne fraction o f the  oil phase, 
d,, for the distribution of chlorocresol i n  mineral oil emulsions stabilized 
with 3.0';; ( W / L I )  cetornarrogol, plotted according to  Ey. 19, with K," 
(mineral oil) = 1.67. 

oil emulsions (1) stabilized with 3.0% (w/v) cetomacrogol. Conversely, 
if the capacity of the aqueous phase is less than the capacity of the oil 
phase, then an increase in d, results in an increase in the capacity of the 
emulsion (curves E-G, Fig. 8). As the capacity of the aqueous phase ap- 
proaches the capacity of water, e.g., with dilute surfactant solutions [0.1% 
(w/v) cetomacrogol in Fig. lo], an increase in d) results in an increase in 
the capacity for all values of K,," > 1.0. 

C 0 N C L U S 10 N S 

The concept of capacity, defined as the ability of solubilized and 
emulsified systems to resist losses in the concentration of free preserva- 
tive, was developed theoretically from equations used previously to 
quantitate the distribution of chlorocresol in solubilized and emulsified 
systems stabilized with the nonionic surfactant cetomacrogol. The 
treatment should apply to other preservative-nonionic surfactant com- 
binations for which the interaction can be described by the same binding 
expression (6). 

The capacity of a system should affect i t s  ability to withstand microbial 
contamination. High capacity systems should he able to resist losses in 
preservative concentration due to such factors as: ( a )  adsorption onto, 
or complexation with, the container and closure surfaces; ( b )  adsorption, 
absorption, or chemical reaction with contaminants including microor- 
ganisms; and (c) chemical decomposition and volatilization. 

The effectiveness of a preservative in a complex disperse system should 
depend on the capacity of the system and the concentration of the free 
preservative. However, the magnitude of the capacity factor's contri- 
bution to the overall antimicrobial activity of a preservative will vary 
according to the testing procedure adopted. Thus, the effect of capacity 
is likely to become apparent in procedures that involve sampling for 
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microorganisms over prolonged periods, e.g., days, weeks, or months 
[compared with hours as used in Part  I (I)], or challenge tests (9,101 in 
which the preparation is reinoculated with microorganisms over a long 
storage period. Such procedures allow time for the preservative to re- 
equilibrate between the various phases following any depletion and for 
this reequilibration to affect the antimicrobial action. Incomplete un- 
derstanding of the capacity factor and its significance is a probable reason 
for some controversy regarding the evaluation of preservative effective- 
ness in solubilized and emulsified systems. 

systems containing the least amount of preservative necessary for ade- 
quate preservation. In view of the number of variables involved in the 
preservation of solubilized and emulsified systems, however, a choice of 
preservative concentration based solely on physicochemical measure- 
ments cannot replace a final microbiological evaluation of the product 
for its ability to withstand microbial contamination. Nevertheless, de- 
termination of the appropriate physicochemical parameters provides a 
logical first step in estimating the total amount of preservative required 
and should help to avoid much “trial-and-error” formulation when purely 
microbiological techniques are employed. 

Capacity equations should he useful in the formulation of high capacity. 
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