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oceluded or semi-occluded at irregularities in the sur-
face, but this is not a satisfactory explanation for
points 5, 6, and 9 in the summary above. Further,
Shuttleworth and Jones (33) used an electron micro-
scope to study the retention of small-particle-size
carbon black on fibers and concluded that micro-
occlusion is not the dominant mechanism of soil re-
tention on fibers. Another possibility is that species
2 is a strongly adsorbed multimolecular layer on the
surface, but it is difficult to imagine this adsorption
being effective through many molecular thicknesses
of tristearin. Fineman and Kline (7), from study of
the role of substrate in detergency, suggested that
the electrical characteristics of the substrate influence
the mode of removal of the soil, and that with a steel
substrate these forees extend to the outermost soil
layer. Tt is possible that some kind of long-range force
of this kind is responsible for the difference between
species 1 and species 2. It has long been known that
thin films often exhibit extraordinarily high mechan-
ical strength. It is possible that species 2 may be
related in some way to the same factors that are re-
sponsible for the high mechanical strength of thin
films. At present, however, it is not possible to draw
definite conclusions concerning the nature of species
2, although the presence of species 2 in soil films must
become an important consideration in the interpreta-
tion of detergency tests.
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Kinetic Studies of Detergency. IL Effect of Age, Temperature,

and Cleaning Time on Rates of Soil Removal

M. C. BOURNE'® and W. G. JENNINGS, Department of Food Science and Technology,

University of California, Davis, California

Abstract

The effects of variation in temperature, flow
rate, cleaning time, and age were studied in a
model circulation system. The results are re-
corded as changes in the rate constants k; and ks
and changes in the relative proportions of the two
soil species. The removal of tristearin in this
simple system was found to proceed by two inde-
pendent mechanisms, acting simultaneously. The
first, named the ‘‘flow mechanism,’” is dependent
on time, and its rate increases with flow rate. The
second, which the authors term the ‘‘Dupré mech-
anism,’’ is not dependent upon time and arises
from the air-detergent interface that moves over
the surface. The Dupré effect is independent of
flow rate at all rates of flow. In most of the
experiments the Dupré mechanism accounted
for about 90% of the removal of tristearin. A
comparison is made between the removal of mono-

1 Present address: Dept. of Food Science and Technology, New York
State Agricultural Experiment Station, Cornell University, Geneva, N. Y.

molecular films and thin polymolecular films. It
is shown that the empirical finding of apparently
simple first-order kinetics is not inconsistent with
the complex processes that remove tristearin from
the surface.

Introduction

MAJOR OBSTACLE in detergent testing and de-

tergency research is the frequently poor re-
producibility, and sometimes contradictory results,
obtained from detergency tests, as emphasized by
‘Weatherburn and Bayley (17). This variability sug-
gests that one or more uncontrolled factors are pres-
ent.

In the first paper of this two-part presentation, the
authors showed that the chemically pure soil used
in a model circulation cleaning system consisted of
two soil species independently and simultaneously re-
moved at two different rate constants, k; and k,. It
therefore seemed appropriate to restudy some of the
variables in detergency, and see how they affected
the rate constants, ki and ke, and the relative propor-
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Fig. 1. Aging effect. Cleaning curves obtained 13,37,113,
165, and 232 hr after soiling. 0.03M NaOH, 65C, 10 sec clean-
ing treatments. TFlow, 2 1b/sec.

tions of the two species present in the soil film. It
seems logical that a study of each of these three
variables could lead to more consistent results than
studies that measure only overall detergency.

Experimental

The experimental procedure was as deseribed in
Part I (detergent, .03M NaOH ; soil, pure tristearin;
surface, stainless steel) with the exceptions: a) in the
aging studies the films were prepared as usual and
allowed to age at room temperature for periods longer
than 24 hr before cleaning treatments began; b) pure
Jabelled tristearin was used without dilution with in-
active tristearin in the studies with monomolecular
layers, the soil load was reduced to 2 mg, and the
soiled strips were given four 5-min immersions in CCly
in order to remove all but the tightly held mono-
molecular layer (2).

Results and Discussion

Effect of Age

It was observed in an earlier study (4) that aged
films of tristearin were removed more slowly than
fresh ones. A restudy of this aspect gave the results
shown in Figure 1. It can be seen that each cleaning
curve can be broken down into the sum of two semilog
plots; the rate constants and proportions of species 2
obtained in this way are set out in Table I.

The dominant change in an aging film is an increase
in the amount of species 2 and, since this is the slowly
removed species, the overall rate of soil removal de-

TABLE I
Effect of Age on Rate Constants and Species 2
Aging period (hr) Xt ke Spe,‘;}es 2
)

3.9 15 35
4.5 .14 39
5.0 08 65
5.3 10 58

..... - 8.8 .08 80

Conditions: .03M NaOH, 65C, 2.0 1b/sec flow rate.
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Fi1e. 2. Typical cleaning curves of various temperatures.
0.03M NaOH, 10 sec cleaning treatments. Flow, 0.8 1b/sec.

creases with age of the film. There is also a trend for
the rate constant ky to increase with age, and for rate
constant ke to decrease; but the increase in ky is more
than offset by the declining proportion of species 1.
In a fresh film, species 1 represents ca. 65% of the soil
load. After 232 hr ky has doubled, but the amount of
species 1 has declined to 20% of the soil load.

This aging effect appcars to be independent of the
state of the tristearin. In one experiment a strip was
soiled but not baked immediately. This strip was first
aged 514 days, then baked (melted), and cleaned with-
out further delay. This strip showed a marked in-
crease in the amount of species 2; in overall cleaning
it behaved the same as a strip that was aged 514 days
after baking. Kvidently, the conversion from species
1 to species 2 is not affected by the melting and re-
solidifying of the tristearin.

An aging phenomenon appears to be of general oc-
currence. Anderson et al. (3), in studying the re-
moval of tristearin from frosted glass, mentioned an
aging effect; they suggested that it was due to a layer
of moisture on their aged discs. Utermohlen and Wal-
lace (15) studied the aging effect in mixtures of
mineral oil, edible oils and fats, and lampblack and
black ferrie oxide, on cotton in soap solutions. They
attributed aging cffects to the presence of moisture
and polymerization of unsaturated oils. Durham (5)
commented on the well-known ‘‘aging factor’’ and
suggested that it may be due to the slow penetration
of the oil into the small capillaries of the textile fibers;
once the oil has penetrated it becomes difficult to re-
move. In discussing the aging of sols, Overbeek (12)
considered the mechanisms involved included partial
floceulation, reerystallization, growth of large par-
ticles, and cementing or bridging together of particles.
It is unlikely that any of the effects suggested by
those workers applies to the model system being used
in this study; tristearin is a fully saturated fat and
does not polymerize, and stainless steel does not swell
in water, nor does it have capillaries, as does cotton.
It is possible that an increase in the proportion of
species 2 soil is at least a partial explanation for the
aging phenomenon found in other systems.
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TABLE 11
% Species 2 vs. Temperature

No of
measure-
ments

Standard
deviation

% Species
2 (mean)

Temp C

w
U © Ot
)

[+

Conditions: .03 NaOH, 10 sec cleaning treatments, constant soil
load, various flow rates.
Effect of Temperature

Figure 2 shows a set of cleaning curves obtained at
different temperatures with other variables (initial
soil load, detergent concentration, flow rate, cleaning
time) held constant. The curves obtained at 80C and
90C have been omitted to avoid overcrowding the
graph; they are similar to the 85C curve. The curves
for 35C and 45C are linear from zero washes and
have a low slope, indicating that the soil is 100% in
the species 2 form. The 45C curve has a slope ap-
proximately double that at 35C, showing that the
soil removal rate at 45C is almost double that at 35C.
The slope (and rate constant) for species 1 soil ean-
not be obtained, since species 1 is absent. It should
be noted that the experiments conducted at 35C and
45C removed so little soil that a linear plot of tri-
stearin vs. number of cleaning treatments would give
Just as good a fit to the data as the semi-log plot.
Taken alone, the 35C and 45C curves give no reason
to postulate the existence of two species of soil or of
first order processes. The existence of two species of
soil and of first order processes is established by the
cleaning curves obtained at 65C and higher. The
cleaning curves at 35C and 45C are plotted on a semi-
log graph to be consistent with the higher temperature
curves.

At 55C a small curve appears. The slope for species
2 and the proportions of species 1 and 2 can be ob-
tained ; but the slope for species 1 cannot be obtained
because the points are insufficient for construction of
a line. In some cases there are sufficient points to
obtain a rough estimate of the slope but insufficient
points to obtain any accuracy. At 65C the curve is
larger and the graph becomes linear by the 6th wash-
ing treatment. The rate constants k; and ks can be ob-
tained from the slopes of the two lines, and the relative
proportions of species 1 and 2 can be found. The
rate constant k; is ca. 100 times as great as the rate
constant ke at 55C. At 75C and 85C the curve be-
comes even more pronounced, the slope for species 2
is noticeably steeper than at 65C, but the slope for
species 1 is not as steep as at 65C. The proportion
of species 2 soil has declined considerably.

The relationship between the proportions of species
2 and temperature is shown in Figure 3 and tabulated
in Table II. It can be seen that the species 2 con-
stitutes 100% of the soil load at 35C, passes through
a steep transition between 55C and 70C, and finally
reaches about 256% of the soil load at 90C.

It is interesting that the standard deviation is small
at both ends of the temperature range but becomes
large at intermediate temperatures. It seems that
some uncontrolled factor is involved in the large de-
viations at 65C and 55C, although this may be partly
due to the number of measurements at these tempera-
tures. The low mean values and the small standard
deviations for species 2 for liquid tristearin contrast
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F1a. 3. Per cent species 2 vs. temperature. 0.03M NaOH, 10
sec cleaning treatments. Constant soil load, various flow rates.

with the higher mean values and large standard de-
viations for solid tristearin just below the melting
point. This change could be related in some way to
the melting of the tristearin.

Figure 4 plots k; vs. temperature. No quantitative
results can be obtained from this graph, because of
the scatter in the values of k; at high temperature
and the uncertainty of the values of k; for low tem-
perature, due to the small amount of species 1 present
(Fig. 2), but two trends are apparent. For solid
tristearin, k; is inversely related to the temperature
and is roughly halved for each 10C rise in temperature.
For liquid tristearin, k; is only slightly temperature-
sensitive, if at all.

A plot of ky vs. temperature (Fig. 5) shows that
the temperature dependence of ks is entirely different
from that of k;. For solid tristearin, k, is directly
related to temperature; for liquid tristearin, k; has
only slight, if any, temperature dependence. The
scatter in the data masks any trend present. The most
interesting aspect of the temperature dependence of
ks is its sharp increase, about sixfold, at the melting
point of tristearin. Note the uneven scale of the
ordinate. The values of ke for solid tristearin give
a reasonable fit to Arrhenius plots. Activation en-
ergies ranging from 9.9 kcal/mole, at the lowest flow
rate, up to 14.0 kcal/mole, at the highest flow rate,
were calculated from the slopes of the Arrhenius plots.

The temperature dependence of cleaning in the
system studied in this experiment is complex; k; de-
creases, ky increases, and the amount of species 2
decreases with rising temperature, the total effect
being an overall increase in cleaning rate (Fig. 2). It
is quite possible in another system, where the inter-
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Fie. 4. Effect of temperature on rate constant k: at flow
rates of 0.2,0.8,3.2,12.8, and 22 lb/sec. 0.03M NaOIL, 10 sec
cleaning treatments.

relations between k; and k, and amount of species 2
differ, that the effect of temperature on the overall
cleaning rate may be different. Consider, for example,
the effect of changing the species 2 temperature rela-
tionship while holding constant the temperature rela-
tionships of k; and ke. If species 2 decreased more
slowly with rising temperature than it does in this
study, the overall cleaning rate would be more or
less insensitive to temperature, since the fall in k;
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Fie. 5. Effect of temperature on rate constant k. at flow
rates of 0.2,0.8,3.2,12.8, and 22 1lb/sec. 0.03M NaOH, 10 sec
cleaning treatments.
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Fig. 6. Cleaning curves obtained by continuous cleaning and
repeated cleanings. 0.03M NaOH, 65C, flow 2 1b/sec.

would counterbalance the increase in species 1. If
the amount of species 2 was small at low temperatures
and if it decreased very slowly with rising tempera-
ture, the temperature relationship of k; would become
the dominant factor, and the overall cleaning rate
would decrease with rising temperature.

The different temperature relationships of k; and ko
and species 2 in different systems are probably the
cause for the conflicting evidence found in the litera-
ture on the temperature relationship of the overall
cleaning operation. Some workers, e.g. (9), found
faster cleaning, whereas others, e.g. (10,13), reported
Little effect on cleaning with rising temperature.
Jones did note that a decrease in efficiency is to be
expected at temperaturcs below the melting point
of oily material, an observation that agrees with re-
sults in this study. With surface-active types of de-
tergents, the effect of temperature on micellization,
solubilization, and cloud point may contribute to the
temperature relationship of the cleaning rate, but
these complicating factors are absent when NaOH is
used as the detergent.

Effect of Cleaning Time

An earlier study (4) showed that two ecleaning
mechanisms must be present for what is now termed
species 2 soil, one mechanism being time-dependent
and the second more powerful mechanism being inde-
pendent of time. The first effect was termed the ‘‘flow
effect.”” The second effect was attributed to the move-
ment of the air-detergent interface over the soiled
strip and was termed the ‘‘Dupré effect’”’ in view of
equations derived by Dupré in 1869 (1) that related
surface tension forces and contact angles at triple
points.

To test whether the Dupré effect does arise from
the movement of the air-detergent interface over the
soiled strip, two strips were prepared in the usual
manner and cleaned under the same conditions of
temperature and flow rate. The first strip was placed
in the test section and cleaned for 10 sec, the test
section was drained for 10 see, and the strip was given
another 10 sec cleaning treatment without being re-
moved. This was done 8 times before the strip was
removed from the test section. This strip was in the
section for 160 sec and in contact with moving de-
tergent for 80 sec. During the period, an air-detergent,
interface moved over the strip 16 times and 75.3%
of the soil was removed. The second strip was cleaned
for 10 sec, and the pump was switched off for 10 sec
while the strip remained in the pipe test section, sur-
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Fig. 7. Effect of duration of cleaning treatments on rate con-
stant k; at 0.2,0.8,2.0,3.2,12.8, and 22 lb/sec flow rates. 0.03M
NaOH, 65C.

rounded by stationary detergent. This was done 8
times before the strip was removed ; i.e., the strip was
in the section for 160 sec: 80 sec in contact with mov-
ing detergent and 80 sec in contact with stationary
detergent. An air-detergent interface moved over the
strip two times, and 29.2% of the soil was removed,
which is about the same as that removed by one 10
see treatment. This experiment supports the hypothe-
sis that the air-detergent interface is the source of
the time-independent mechanism.

Figure 6 also shows the effect of the air-detergent
interface. The open circles represent one strip that
was given a series of 10 sec treatments. Two min of
cleaning (representing 12 treatments) removed 75%
of the soil. The full circles represent separate strips
that were given one treatment only. Omne cleaning
treatment of 15 min duration removed only 15% of
the soil. The small amount of cleaning associated with
long continuous cleaning times has been shown (4) to
coincide with the rolling up of the soil into lumps that
are very resistant to removal by the detergent.

The question now arises whether the advancing or
receding air-detergent interface is responsible for the
time-independent cleaning mechanism. Figure 6 shows
that one prolonged treatment of 15 min or more re-
moved abouf half as much tristearin as one 10 sec
treatment. This anomaly of better cleaning with
shorter cleaning times can be explained: the advanc-
ing air-detergent interface removes about 15% of the
tristearin; 10 sec later the receding air-detergent in-
terface removes another 10% ; but 15 min later, when
the tristearin has rolled into lumps, the receding air-
detergent interface removes almost no tristearin. This
evidence leads to the conclusion that both the advanc-
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Fig. 8. Effect of duration of cleaning treatments on rate con-
stant k. at 0.2,0.8,2.0,3.2,12.8 and 22 lb/see flow rates. 0.03M
NaOH, 65C.

ing and receding interfaces are effective.

The hypothesis that both the advancing and reced-
ing air-detergent interfaces are responsible for the
time-independent process was substantiated by visual
observation. A strip was soiled with four times the
normal tristearin load (20 mg), and cleaned at 65C
with the flow rate slowed to a linear velocity of less
than 1 em/see. As the advancing air-detergent inter-
face moved up the soiled strip, the tristearin could
be clearly seen coming off the strip at the moving
interface and floating on the surface. As the receding
air-detergent interface moved downward over the
soiled strip, the tristearin could again be seen coming
off the strip and floating on the surface.

To measure the contributions of the Dupré and flow
mechanisms, a series of experiments was run at a
constant temperature of 65C. Complete cleaning
curves were obtained at each flow rate with treat-
ments of 2,10,30,60,120, and 300 sec, and the rate con-
stants were obtained. These are plotted in Figures 7
and 8, and lines of best fit were calculated by the
method of least squares. The results indicate that a
linear relationship exists between the rate constant
and the time of cleaning treatments, although there
are some marked deviations from the line of best fit.
The tests using a flow rate of 2 1b/sec were conducted
in a horizontal test section. This experiment estab-
lished the existence of the two mechanisms of soil
removal, and the test section was then changed to a
vertical position to give a more uniform and repro-
ducible movement of the air-detergent interface over
the strip.

The contribution of the Dupré mechanism is ob-
tained by extrapolating the rate constant-time curves
back to zero time. The contribution of the flow mecha-
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TABLE III
Effect of Cleaning Time on Rate Constants
Flow rate 1b/sec ’ ki=Ft+D | ke =Ft+ D
0.2 ki=.028t 4 3.5 k2 =04 .033
0.8 .008t4 3.5 0+ .042
2.0 .033t+4+3.1 04 .015
3.2 017t4 8.1 .00089 t 4 .041
12.8 050t 4 4.6 .00012 t 4 .052
22.0 092 t + 3.4 .00049 t + .058

Conditions: .03M NaOH 65C.
a This experiment was performed in a horizontal pipe.

nism is obtained from the slopes of the lines. Both
rate constants, ky and ke, can be expressed in terms
of an equation of the type

rate constant = Ft + D

where ' = flow-mechanism constant
t = time in seconds
D = Dupré-mechanism constant

Table IIT contains the F and D values obtained from
Figures 7 and 8. It should be noted that the range
of flow rates studied is in excess of two orders of
magnitude. The scatter in the values of F and D
prevents useful mathematical treatment of the data
of Table IlI, but some important conclusions can
nevertheless be drawn. The Dupré mechanism is ef-
fective in the removal of both species of tristearin
but is about two orders of magnitude greater for
species 1 than for species 2. Also, the Dupré mecha-
nism is independent of the flow rate for both species,
a result that is not surprising since the forees arising
at the air-detergent-soiled steel junction are not de-
pendent upon flow rate. A 10 sec cleaning time was
used in all other experiments of this study. If the
value of 10 sec is substituted for ¢ in the equations of
Table III, it will be found that the Dupré mechanism
is responsible for about 90% of the soil removal in
these experiments.

The flow mechanism for species 1 shows a minimum
at a rate of 3.2 Ib/sec. Since all flow rates are in the
turbulent region, the minimum cannot be associated
with a change from laminar to turbulent flow. No
explanation can yet be given for this minimum. The
flow mechanism for species 2 is absent at flow rates of
2 Ib/sec and less, but present at flow rate of 3.2 1b/sec
and higher. The existence of a threshold flow rate,
below which the flow mechanism is absent for species
2, is interesting. It could be interpreted as an ex-
ample of the Kling and Lange (11) energy barrier,
which must be overcome before so0il is removed from
a surface. If this is the correct interpretation, it
again shows that species 2 is bound more strongly
than species 1, since species 1 shows no such threshold
over the range of flow rates studied. Jennings et al.
(8) studied the removal of thick milk films from
stainless steel in a ecirculation cleaning system and
found a threshold flow rate equivalent to a Reynolds
number of ca. 25,000; soil removal was independent
of flow rate below this threshold, and directly propor-
tional to flow rate above this threshold value. Tt is
possible that a threshold level exists for the mechani-
cal-energy requirement of detergency.

Comparison with Monomolecular Layers

Only polymolecular films have been studied up to
this point in these experiments. Even after prolonged
cleaning, the tristearin level never reached the equiva-
lent of a monomolecular layer. There is evidence to
indicate that a monomolecular layer of tristearin is
bonded more strongly to the steel than to itself (2);
hence it was predicted that a monomolecular layer

Vor. 40

would be removed more slowly than a polymolecular
layer. It is not intended to make a thorough study of
the kinetics of removal of monomolecular layers in
this model system but, for comparative purposes, two
strips were soiled with a monomolecular layer of tri-
stearin and cleaned in the usual way. The results are
shown in Figure 9, together with the curve of a poly-
molecular layer cleaned under the same conditions.
Although there is no evidence for assuming first-
order kinetics for the removal of monomolecular
layers, a semi-log plot has been used for comparison.
Actually, the points fit a semi-log plot for the first
7 or 8 cleaning treatments, and then diverge. The

slopes obtained from Figure 9 are shown in Table IV,

together with the slopes obtained for polymolecular
layers given the same cleaning treatment.

In comparing the monomolecular layers, it will be
seen that 60 sec cleaning treatments give an initial
slope which is twice that for 2 sec cleaning treatments.
This indicates that two mechanisms, one time-
dependent, and the other time-independent, must be
effective in monomolecular layers also, since a time-
dependent mechanism alone would give the 60 sec
plot an initial slope 30 times as great as that for the
2 sec plot.

The initial slope of the monomolecular layer given
the 2 sec treatments is double that for the species 2
slope for the same experimental conditions. For the
60 sec treatment, the initial slope of the monomolecu-
lar layer is four times as great since ke is independent
of the flow rate at 2 1b/sec (see Table I1I) and the
monomolecular layer rate is not. The more rapid re-
moval of the monomolecular layers indicates that the
forees holding species 2 to the surface are even greater
than the strong force of adhesion between the mono-
molecular layer and the surface. The partial time-
dependence of removal of the monomolecular layers
is in contrast to the time-independence of species 2
at this flow rate and shows that species 2 is physically
different from a monomolecular layer.

The rate constants k; are about one order of magni-
tude greater than the initial slopes for the mono-
molecular layers. The time-dependent mechanism in
the monomolecular layers must be proportionately
more dominant than in the rate constant k; since a
30-fold inecrease in cleaning time increases k; by 25%,
but increases the initial slope of the monomolecular
layers by 1009%. This comparison between a mono-
molecular soil film and a polymolecular soil film in-
dicates that the two mechanisms are still present in
the monomolecular film, but that it has different
properties than either species 1 or species 2 soils. To
save confusion a monomolecular layer might be desig-
nated as speeies 3 soil, but this is a minor point since
practical detergency is seldom concerned with remov-
ing the last monomolecular soil layer.

The Mechanism of the Cleaning Action

The mechanism of detergent action has been at-
tributed to many factors, including surface tension,
interfacial tension, contact angle, surface viscosity,
lather, electrostatic properties, solubilization, adsorp-
tion, eryoscopy, wetting, suspending action, emulsifica-
tion, saponification, and lubrication. In this study
only NaOH was used as detergent, to eliminate such
factors as solubilization, lather, and surface tension
(NaOH raises surface tension slightly).

The strong tristearin-substrate bond and weak tri-
stearin-tristearin bond present in this model system
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(2) suggests a three-step mechanism of tristearin
removal.

Step 1) Since each layer is held by the same
strength bonds the tristearin is removed at a
constant rate until only two layers remain on the
surface, (zero order kinetics):

—dS/dt =k
where S is the amount of tristearin removed.

Step 2) As the seecond layer of tristearin is re-
moved the strongly held monomolecular layer is
exposed. The amount of the second layer removed
will be proportional to the amount present (first
order Kkinetics) :

—dS/dt =k6

where 6 is the fraction coverage of the second
layer.

Step 3) The removal of the monomolecular layer
commences as soon as a part of it is exposed. The
rate constant will be small since stronger bonds
must be broken. The amount removed will be
proportional to the amount of the monomolecular
layer exposed, (another first order process):

—dS/dt = ko ¢

where ¢ is the fraction of exposed monomolecular
layer.

This three-step mechanism must be excluded be-
cause the experimental results show that the first
step does not follow zero order kinetics.

The most probable mechanism would seem to be
the rolling up of the tristearin by preferential wetting
(1,6,7,11,14,16). Bourne and Jennings (4) showed
that the solid tristearin on stainless steel is rolled up
into lumps after long exposure to aqueous NaOH.

There is good evidence to believe that immersion
in CCl, removes all but a monomolecular layer of tri-
stearin from stainless steel and frosted glass (2). In
this study, it was found that immersion of the soiled
strips in CCly consistently gave residual counts in the
range of 3,500-4,500 (10 min counts), but after a
series of cleaning treatments immersion in CCl, gave
much lower residual counts. For example, a strip
with an initial count of 106,750 gave a residual count
of 4,213 after immersion in CCly. In another experi-
ment the same strip gave an initial count of 117,389;
after twelve 10 sec treatments in .03M NaOH at 65C
the count had fallen to 33,668; immersion in CCly
reduced the count to 1,414. This result indicates that
the detergent not only cause the continuous tristearin
film to roll up but also protects the exposed stainless
steel surface against redeposition of tristearin from
the CCly. From this evidence it seems probable that
preferential displacement and rolling up of the tri-
stearin is the mechanism of removal in the model sys-
tem used in this study.

On the other hand, the Dupré mechanism, which is
the dominant mechanism of this system, arises from
the air-detergent interface which moves across the
strip very rapidly, especially at high flow rates. It
is therefore unlikely that the tristearin would have
time to be rolled up for the Dupré mechanism. It
seems, therefore, that the rolling up process is a
phenomenon that is unrelated to the Dupré mecha-
nism, but may be associated with the flow mechanism.

In view of the variable proportion of species 2 in
this system, there must be a process for eonverting
species 1 into species 2 and viee versa. Hence, each
species may be lost by three processes: the Dupré
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TABLE IV
Comparison of Monomolecular layer and Polymolecular layer

Cleaning time
Nature of film Factor
2 sec | 60 sec
Polymolecular layer Rate constant k1 3.5 4.8
Polymolecular layer.. Rate constant ke .15 .16
Monomolecular layer Initial slope .33 .63

Conditions: .08 NaOH, 65C, 21b/sec.

mechanism, the flow mechanism, and conversion to the
other species. In view of the complex kineties it seems
remarkable at first sight that the overall rate of re-
moval of each species ean be empirically deseribed to
a high degree of precision by a simple first-order
process.

This complexity presents no problem if we postu-
late that each process is a first-order process. For
example, there are four processes affecting the amount
of species 1, and if these are all first-order we have:

1) loss by flow mechanism: —d(A)/dt =kg(A)

2) loss by Dupré mechanism: —d(A)/dt =kp(A)

3) loss by conversion to species 2:

—d(A)/dt =ke.(A)
4) gain by conversion of species 2 into species 1:
+d(A)/dt = ke (B)

where ky, kp, keq, and and ke are first order rate con-
stants, (A) is the amount of species 1 present at time
t and (B) is the amount of species 2 present at time t.
Summing the four processes gives:
—d(A)/dt = (kg + kp + keg) (A) — kes(B)
or
—d(A)/dt =k (A) —kez(B)
where ky = (kg + kp + key)

The conversion of species 1 into species 2 is slow
during the aging process (Table 1) and the inter-
conversion of the species is probably slow or mnon-
existent, during the course of a cleaning experiment.
If this is so, the term kea(B) becomes very small rela-
tive to the term ky;(A), and it can therefore be

‘dropped from the equation. The overall loss of

species 1 then becomes:
—d(A)/dt =k (A)
which is the equation of a simple first order process.
100

ca 6 monolayers

xig3
-

species 2

counts

_, Monolayer  2sec

° 0 4,

Tristearin

":.;pecles |

o) 5 0 5 20
Number of Washes

F16. 9. Cleaning curves obtained on polylayer and mono-
layers. 0.03M NaOH, 65C. Flow, 2 lb/sec.
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The same reasoning can be applied to produce the
simple first order equation:

—d(B)/dt = ko (B) for species 2.

The removal of the rolled-up films of tristearin that
are obtained after a long continuous treatment is
very slow and similar to that for species 2. This leads
to the speculation that some feature of the rolling-up
process is responsible for the formation of species 2.

ACKNOWLEDGMENT

This investigation supported in part by Research Grant EF176 of the
U. 8. Public Health Service.

REFERENCES

1. Adam, N. K., The Physics and Chemistry of Surfaces, 3d. Ed.,
Oxford TUniversity Press, London, 1941.

2. Anderson, R. M., J. J. Satanek, and J. C. Harris, JAOCS, 36,
286 (1959).

Vor. 40
Anderson R. M., J. J. Satanek, and J. C. Harris, Ibul 37, 119
(19
4, Bourne, M. C., and W, G. Jennings, Food Technol, 15, 495
(1961).

5. Durham, K. Surface Activity and Detergency, p. 228. Macmillan
and Co., London, 1961.

6. Harker, R. P., J. Textile Inst., 50, 189 (1959).

7. Harris, J. C., and J. J. Qatanek JAOCS 38, 169 and 244 (1961).

8. Jennlngs, w. G., A A, McKlllop, and J. R. Luick, J. Dairy
Science, 40, 1471 (1957).

9. Jenmngs W. G., Ibid., 42, 1763 (1959).

10. Jones, T. G., Surface Act1v1ty and Detergency, ed. by J Durham,
Macmillan and Co, London, p. 103, 1961,

11. Kling, W., and H. Lange JAOCS 37, 30 (1960).

12. Overbeek, J. Th. G., Colloid Sc1ence, od. by H. R. Kruyt, Vol. 1,,
301, Elsevier Publishing Co., 1952.

13. )Rhodes, F. H., and 8. W. Brainard, Ind. Eng. Chem., 21, 60
(1929

14. Stevensgon, D. G., J. Textile Ingt.,, 44, T12 (1953).

15. Utermohlen W. P Jr., and B, L. Wallace, Textile Res. J., 17,
670 (1947).

16. Wagg, R. E.,, and G. D. Fairchild, J. Textile Inst., 49, T455
(1958).

17. Weatherhurn, A. 8., and C. H. Bailey, JAOCS, 87, 20 (1960).

[Received November 1, 1962~—Accepted March 26, 1963]

Quantitative Gas Liquid Chromatographic Analysis of

Butterfar Triglycerides

A. KUKSIS, M. J. McCARTHY, and J. M. R. BEVERIDGE, Department of
Biochemistry, Queen’s University, Kingston, Ontario, Canada

Abstract

Gas liquid chromatographic triglyceride separa-
tion by earbon number, and integration of the
area response obtained in the hydrogen flame ioni-
zation detector, has permitted the calculation of
the following molar proportions for the various
triglyceride types in a blended butterfat sample:
024 05, 025 008, 026 057, 0‘27 018, 028 081, 029
0.17, C30 1.15, C31 0.2, C32 3.1, Cyy 0.34, Cz4 541,
035 1.0‘, Cge 106, 037 12, 038 128, 039 115, 040
10.7, Gy 1.0, Cy2 6.1, Cyz 0.58, Cyy 5.15, Cy5 0.6,
04.6 58, 047 10, 043 64:5, 049 147, 050 85, 051
143, 052 695, 053 105, 054 4.0. The Valldlt}y of
these estimates was verified by similar determina-
tions performed on molecular distillates of butter-
fat and on butterfats with known amounts of
added saturated and unsaturated long chain tri-
glycerides. The fatty acid carbon recoveries esti-
mated on the basis of the observed triglyceride
peak proportions were of the order of 95% or
better.

A comparison of the experimentally determined
triglyceride type distributions with those caleu-
lated on the basis of a completely random fatty
acid arrangement for the blended and the molecu-
larly distilled samples showed considerable dif-
ferences, the most apparent of which was the
greater proportion of both short and long chain
triglycerides consistently predicted for the ran-
dom population. On the basis of these studies, it
is suggested that butterfat possesses a non-random
fatty acid distribution which is reflected in its tri-
glyceride type distribution.

Introduction

HE COMPOSITION OF BUTTERFAT has been the subject
of many investigations in the past. While the
identification and elucidation of the structure of the
constituent fatty acids of butterfat has now been al-
most completed (1,2) virtnally nothing is known

1 Presented at the AOCS meeting in Toronto, Canada, 1962

about the triglyceride structure of this fat.

The large number of fatty acids in butter gives rise
to an extremely high number of combinations as glyc-
erides, which differ little in their physical properties
when adjacent triglycerides of the series are com-
pared. As a result, quantitative separations of indi-
vidual triglycerides have proved extremely difficult.
Such relatively successful techniques of glyceride frae-
tionation as low temperature cerystallization and coun-
tercurrent distribution have failed to effect any
butterfat separations useful in structural studies (3).

Analyses of the butterfat triglyceride structure by
use of pancreatic lipase for cleaving the fatty acids
esterified on the 1 and 3 positions of the glycerol
have revealed an increased concentration of the Cyo,
Ci2, and Cy4 saturated acids in the monoglycerides
resulting from the action of the enzyme on the intact
fat (4,5). On the basis of a mathematical evaluation
of the distributions of triglyceride types and isomeric
forms in terms of saturation and unsaturation, how-
ever, it has been concluded (5), that in butterfat the
fatty acyl groups, classified only as saturated and un-
saturated, have been brought together in groups of
three at random, or nearly so. Accordingly, butterfat
has been described as another of the group of fats in
which saturated and unsaturated fatty acids are as-
sociated as Sz, SoU, 8Us, and Us in proportions which
can be specified, at least approximately, by application
of the laws of probability operating freely or with
some restriction. These conclusions are supported by
analyses of the trisaturated glycerides of milk fat
by the mercaptoacetic acid method (6).

It is obvious that comparisons of fatty acid position-
ing on the basis of saturated and unsaturated acids
as classes is not an ideal manner of determining tri-
glyceride structure, in that it obscures patterns in
the placement of the individual fatty acids. Neither
is an enzymatic positional analysis, when performed
on a complex mixture of triglycerides. Before such
studies become meaningful, an effective preliminary
segregation of the fat either on the basis of unsatura-
tion or molecular weight, or both, is obligatory.



