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The effect of oil viscosity, as well as the type and concentration of emulsifiers, on the deposition of 
nonionic silicone oils from oil-in-water emulsions on both untreated and cationically modified human 
hair was investigated. The emulsifiers in the ionic emulsions consisted of a mixture of either sodium 
octadecyl sulfate (SODS) or cetyltrimethylammonium bromide (CTAB) in conjunction with the two 
nonionic, ethoxylated nonylphenol surfactants employed in neutral emulsion systems. At constant oil 
viscosity, the rates of deposition were found to decrease with increasing nonionic surfactant concentration. 
At constant surfactant concentration, increasing oil viscosity gave rise to increasing rates and extent of 
deposition. Incorporation of ionic surfactants into the emulsifier systems results in corresponding changes 
in the zeta potentials of oil droplets, and consequently leads to shifts in the rates of deposition on 
untreated (negatively charged ) or cationically modified keratin surfaces. The deposition data are discussed 
in relation to oil droplet size, zeta potential, and viscosity. © 1991 Academic Press. Inc. 

INTRODUCTION 

Modificat ion o f  the surface properties o f  
solid substrates such as fibers by deposi t ion o f  
silicone and other oils f rom aqueous emulsions 
is widely utilized in the textile and cosmetic  
industries (1 -3 ) .  In cosmetics, silicone oils are 
used as lubricating or  hydrophobic  agents in 
a variety o f  hair and skin care formulations.  
The  performance of  these products  is usually 
de termined by the ability o f  the dispersed 
phase to interact and deposit on  the keratinous 
surface, by  the distribution and  thickness o f  
the deposited oil layer, and  by the durability 
(resistance to detergents) o f  the treatment.  
Commerc ia l ly  available products  are usually 
complex  systems composed  o f  a host o f  ad- 
dit ional ingredients including surfactants 
(emulsifiers),  polymers  ( thickeners) ,  fra- 
grances, and preservatives. In  addit ion to this, 
oils o f  differing viscosities are frequently em- 
p loyed depending on the end-use o f  a specific 
product .  

' To whom correspondence should be addressed. 

Previously, the deposit ion o f  cationic, an- 
ionic, and neutral  silicone oils f rom oil-in-wa- 
ter emulsions,  prepared primarily with non- 
ionic surfactants, on  unmodif ied and cation- 
ically modified h u m a n  hair was explored (3).  
The deposit ion was shown to occur  as a result 
o f  electrostatic as well as van der Waals forces 
which control  the droplet-f iber interaction. 
Aminofunc t iona l  (cat ionic at neutral pH  ) sil- 
icone oils were shown to readily deposit on  
untreated (negatively charged) hair fibers, 
while neutral  or  anionic  oils interact only with 
cationically modified surfaces. It was also sug- 
gested that  the processes o f  spreading or  co- 
alescence o f  oil droplets might  affect the rates 
and extents o f  oil deposit ion onto fiber sur- 
faces. 

This paper  explores the contribution o f  
other  parameters  including oil viscosity, 
emulsifier concentra t ion,  and the character o f  
the emulsifier system (nonionic,  cationic, and 
anionic)  on the deposit ion process o f  emul- 
sions based on  neutral  silicone oils. These fac- 
tors were expected to influence the surface 
characteristics o f  emulsion droplets, their av- 
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erage size and size distribution, and their abil- 
ity to spread on the fiber surface, and thus to 
affect the kinetics of deposition. Untreated 
hair, whicl~ is negatively charged above pH 4, 
and cationically modified fibers characterized 
by a positive zeta potential in the pH range 
from 3 to 10, were both used in this investi- 
gation (3).  

E X P E R I M E N T A L  

Materials 

Samples of hair. All fiber samples were 
commercially blended virgin brown hair pur- 
chased from DeMeo Brothers, New York. The 
hair was precleaned with either 5% sodium 
dodecyl sulfate (Fluka Chem.) or Triton X- 
100 (Rohm and Haas) and thoroughly rinsed 
under running deionized water. Hair samples 
were then soaked in three 500 ml water baths 
for 15 min each to ensure complete removal 
of any residual surfactant. Cationically mod- 
ified hair was prepared by adsorption of a 1% 
solution of  poly(methacrylamidopropyltri-  
methyl ammonium chloride) (PMAPTAC, 
obtained from Alcolac, tool wt 2.5 × 105 as 
determined by GPC)  for 17 h followed by the 
rinsing procedure described above. Hair 
swatches were dried in vacuo at 37°C. 

Emulsions. All emulsions were prepared 
using methyl-endcapped poly (dimethyl silox- 
anes) obtained from Dow Corning (DC 200 
Series fluids). There were six oils ranging in 
viscosity from 50 to 12500 centistoke. The 
general procedure for emulsion preparation 
was as follows: Silicone oil was combined with 
two nonionic surfactants nonoxynol-9 and 
nonoxynol-4 (Igepal CO Series 630 and 430, 
GAF Corp.) possessing HLB values of 13.0 
and 8.8, respectively. The mixture was heated 
to 70-75°C, and water of the same tempera- 
ture was slowly added while stirring on a 
homomixer, at a speed of  approximately 5000 
rpm with a tangential shear rate of 37,000 s-I 
(assuming a gap setting of 1 / 10,000 in. and a 
turbine diameter of 1.72 in.). The initial water- 
in-oil emulsion formed, quickly inverted to 

an oil-in-water system. Stirring was continued 
for 20 min after addition of water, and then 
through cooldown on a propmixer. In all sys- 
tems the oil concentration was 5% by weight. 
Total surfactant concentration was varied 
from 0.25 to 4.0% by weight. In experiments 
involving ionic surfhctants, SODS and CTAB 
were dissolved in the water phase prior to ad- 
dition to the oil. 

Deposition 

The silicone emulsion deposition experi- 
ments were conducted in 20-ml scintillation 
vials using 1.0 g of hair fibers and 10.0 ml of  
emulsion solutions at 0.25% oil concentration, 
prepared by diluting 5.5% stock solutions im- 
mediately prior to the deposition experiments. 
Such a dilution was selected in order to: (a) 
be able to perform kinetic deposition mea- 
surements, (b) approximate practical usage 
values, and (c) enable turbidimetric analysis 
as an analytical technique. The vials were 
tumbled continuously at a rate of  8 rpm at 
ambient temperatures for specified amounts  
of  time. At completion of the adsorption pro- 
cess, 5-ml aliquots were removed and diluted 
for turbidity measurements. The amounts  of  
silicone adsorbed were calculated from a cal- 
ibration of solution turbidity versus concen- 

• trations. The transmittance was measured at 
540 nm in a 1.0-cm path length cell by means 
of  a Brinkman PC/600 dipping probe color- 
imeter with a Beckmann Tech 300 voltmeter 
attached for more accurate readings. The cal- 
ibration was repeated twice over a period of  3 
weeks, providing results which were repro- 
ducible within 1.5%. Stable readings could be 
made within 1 or 2 rain. The overall error of 
deposition measurements is estimated to be 
about 10%. 

Microelectropkoresis 

The electrophoretic mobilities of  the emul- 
sion droplets were measured by a microelec- 
trophoretic technique using a Pen Kern Lazer 
Zee Meter, Model 501 (3).  
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Particle Size Analysis 
The size distributions of silicone oil droplets 

in emulsions were determined by using a laser 
diffraction instrument (Malvern particle sizer 
Model 2600) equipped with a 63-mm lens and 
a PS1 cell. The instrument was operated in 
the Easy Sizer mode. The results are presented 
as particle volume distributions (defined as the 
volume percent of  particles as a function of  
their diameter),  and also as particle size av- 
erages which are defined as 

~D~2D4n(D)dD 
D ( 4 , 3 ) =  D: [1] 

fD D3n(D)dD 
1 

D ( 3 , 2 ) =  ~)2 [21 
fD D2n(D)dD 

1 

D(90)  - D(10)  
Span = , [ 3 ] D(50) 

where: 

DI, D2 are the limits of integration of the 
diameter distribution function, 

n(D) is the diameter distribution function 
giving the number percentage of particles with 
diameter D, 

D(90),  D(50), and D(10)  are the diameters 
below which 90, 50, and 10% of the volume 
of the particles lies, respectively, and 

Span and the ratio of D(4, 3)/D(3, 2) 
characterize the width of the distribution 

The measurements of size distributions were 
performed on very dilute emulsions prepared 
by adding 100-1000 #1 aliquot of 0.25% 
emulsion solution (or a corresponding quan- 
tity of  5% emulsion) to 13.5 ml of deionized 
water in a measuring cell. The size distribution 
readings were taken as soon as the droplet be- 
came uniformly dispersed in the cell (approx- 
imately 1 min)  and was found to be un- 
changed for about 10-15 min. Stirring of these 
dilute solutions for longer periods of  time usu- 

ally resulted in a significant change (broad- 
ening) in the droplet size distributions. Thus, 
it was assumed that the readings taken shortly 
after the dilution represent the size distribution 
of droplets in a concentrated emulsion dis- 
persion. 

RESULTS 

Droplet Volume Distributions 
and Emulsion Stability 

The volume distribution of droplets in 
emulsions, prepared according to the method 
described in the experimental section, was 
found to be related to the viscosity of the oil. 
This was demonstrated by analyzing the 
emulsions prepared from 50, 200, 1000, and 
12500 cs oils at 0.5% total surfaetant concen- 
tration (nonoxynol-4/nonoxynol-9,  1:1 by 
weight). As shown in Fig. 1 which presents 
the volume distribution curves obtained im- 
mediately after 30 min homomixing, the av- 
erage particle size increases, and the distri- 
bution becomes broader for emulsions pre- 
pared from higher viscosity oils. The system 
containing the 12500 cs oil displays even a 
bimodal distribution. Broad distributions in  
emulsion systems obtained from high viscosity 
oils might be related to the energy of homo- 
mixing being insufficient to disperse the vis- 
cous fluids into micrometer-sized droplets. In 
agreement with the size analysis data, it was 
observed that emulsions based on the high 
viscosity fluids are less stable than those pre- 
pared from the lower viscosity silicone oils, 
and undergo relatively fast flocculation or co- 
agulation. 

Emulsion stability was monitored by mea- 
suring the droplet size distributions with the 
Malvern particle sizer immediately after prep- 
aration, and after 2 days, 12 days, and 3 
months storage under ambient conditions. All 
of  the investigated emulsion systems (based 
on nonionic surfactants-- l : l  by weight non- 
oxynol-4/nonoxynol-9),  with the exception of 
those based on high viscosity oils (i.e., over 
1000 cs), were found to be stable for 2 weeks, 
as indicated by relatively narrow distributions. 
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F1G. 1. The effect of oil viscosity on the volume distribution after homomixing for (a) 50 cs oil, (b) 200 
cs oil, (c) 1000 cs oil, and (d) 12500 cs oil. All systems were prepared with 5% wt oil and 0.5% wt total 
surfactant concentration. 

After 3 months storage, however, the distri- 
bution of particle sizes becomes broader, as a 
result of flocculation or coagulation. This effect 
appears to be dependent on the total amount  
of  surfactant present, as the distributions of  
systems prepared at lower concentrations of  
surfactants (0.5% and less) undergo very little 
change with time, while the emulsions con- 
taining over 1.0% total surfactant display an 
increase in the average size of  oil droplets and 
a broadening of the distribution. This effect is 
illustrated by the representative results shown 
in Figs. 2 and 3 for emulsions prepared with 
50 cs oil at 0.5% and 2.0% total surfactant 
concentration. Although this result is difficult 
to interpret, it has also been observed, and dis- 
cussed by other researchers (4).  According to 
these authors, stability was found to depend 
both on the surfactant concentration and the 
length of the hydrocarbon chain. For  the sys- 
tems stabilized by long chain surfactants, elec- 
trokinetic potential was observed to decrease 
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with surfactant concentration increase. This 
finding is confirmed by the data presented in 
Table I for the emulsion prepared from the 
1000 cs oil. 

Size Distribution of the Emulsion Droplets 
as a Function of Deposition Time 

Emulsions prepared with the 50 cs oil at 
0.25 and 1.0% total nonionic surfactant con- 
centration (equal parts by weight nonoxynol- 
4 /nonoxynol -9) ,  and with the 1000 cs oil at 
0.5% total surfactant concentration, were used 
in deposition experiments on cationically pre- 
treated hair. The particle size distribution was 
measured immediately after dilution (from 5 % 
oil concentration in the stock solutions to 
0.25%) and after the exposure to hair for 5, 
10, 20, and 40 min. The results, presented in 
Fig. 4 for the emulsion containing the 1000 cs 
oil, show that the droplet size decreased, and 
the distribution became narrower with in- 
creasing deposition time. Similar trends were 
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FIG. 2. Particle volume distributions in emulsions pre- 
pared with 50 cs oil as a function of storage time for (a) 
t = 0, (b) t = 2 days, and (c) t = 3 months. All systems 
contained 5% wt oil and 0.5% wt total surfactant concen- 
tration. 

observed for the two other  systems. It is, thus 
evident  that  the larger emuls ion droplets de- 
posi t  at a faster rate than do the smaller ones. 
Al though  the theory o f  deposi t ion o f  m o n o -  
disperse spherical particles on to  cylinders, 
fo rmula ted  by Spielman and  Friedlander  (5) ,  
predicts higher rates o f  delivery o f  smaller 
particles to the surface, these results suggest 
tha t  the larger ones are more  likely to become 
pe rmanan t ly  attached, possibly due  to higher 
probabi l i ty  o f  collapse and spreading. Fur ther  
analysis o f  this problem is presented later in 
the text o f  this paper. 

Effect of Emulsifier Concentration 

The influence o f  emulsifier concentrat ion 
on deposit ion o f  emulsions onto cationically 
modified hair  was examined using a nonionic  
surfactant system nonoxyno l -4 /nonoxyno l -9  
( 1:1 by weight) with 50, 200, and 1000 cs oils. 
The size distributions o f  droplets in all inves- 
tigated systems were similar to the ones shown 
in Figs. l a -c ,  and all experiments were per- 
formed on freshly prepared emulsions in order 
to avoid the effect o f  emulsion coagulation or 
flocculation on deposition. 
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FIO. 3. Par t ic le  vo lume  dis t r ibut ions  in emuls ions  pre- 

pared  wi th  50 cs oil as a func t ion  of  storage t ime  for (a )  
t = 0, ( b )  t = 2 days, and  (c )  t = 3 months .  All systems 
con ta ined  5% wt oil and  2.0% wt  total  surfactant  concen- 
trat ion.  
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Zeta potentials were measured for emulsions 
prepared from 50 and 1000 cs oils at pH 6.5. 
These values along with electrophoretic mo- 
bilities are presented in Table I. Although both 
the oil and the emulsifying system employed 
were nonionic, the emulsion droplets display a 
negative zeta potential ranging from - 2 0 . 5  to 
- 2 6 . 9  inV. Previous investigations of a similar 
neutral system (DC 347, (3))  showed an iso- 
electric point between pH 6 and 7, and sug- 
gested that the zeta potential variation with pH 
is caused by adsorption of H + and O H -  ions 
from solution. For emulsions prepared from 
50 cs oil, there is virtually no variation of  zeta 
potential as a function of surfactant concentra- 
tion. On the other hand, the measurements in- 
volving emulsions prepared from the 1000 cs 
oil exhibited a decrease in the absolute value 
of zeta potential with an increase in the surfac- 
rant concentration. The observed decrease is 
small, however, it does exceed the limits of  ex- 
perimental error (+_ 1.5 mV).  

The kinetic curves of deposition on cation- 
ically modified fibers, for emulsions prepared 
at various emulsifier concentrations, are pre- 
sented in Figs. 5 a-c. The measurements were 
obtained for emulsions prepared from 50, 200, 
and 1000 cs oils. The data for 50 and 1000 cs 
systems correspond to 0.25-4.0% emulsifier 
concentration range, while those for 200 cs 
emulsions were obtained over the range 1.0- 
4.0%. Generally, the shape of the kinetic curves 
suggests high initial rates of  oil heterocoagu- 
lation followed by a leveling off in the rate of  
uptake. It can be seen that the deposition rates 
as well as the extent of  deposition are higher 
for the systems containing lower amounts  of  
surfactants. It should also be noted that ex- 
periments involving lower viscosity oils yield 
lower rates of  deposition. Further discussion 
of  this phenomenon is presented below. 

Effect of Oil Viscosity 

The effect of oil viscosity was examined us- 
ing the emulsions prepared at 0.5 and 4% sur- 
factant concentration (nonoxynol -4:nonoxy-  
nol-9 ( 1:1 )). As was previously discussed, the 
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F I G .  4. The effect of deposition on the volume distribution of emulsion droplets in the supernatant for 
( a )  t = 0, ( b )  t = 5 rain, ( c )  t = 10 ra in ,  ( d )  t = 20  rain, ( e )  t = 40  ra in .  The emulsion was prepared with 
1 0 0 0  cs oil at 5% by weight, and 0 .5% w t  total surfactant concentration. 

emulsions derived from high viscosity oils 
possess broader volume distributions than 
those obtained from less viscous fluids (Fig. 
1 ). The zeta potentials and electrophoretic 
mobilities of  the emulsions prepared from dif- 
ferent viscosity oils are given in Table II. While 
the zeta potentials for the emulsions prepared 
from the four lowest viscosity otis are un- 
changed within the experimental limits, the 
systems based on high viscosity oils (5000 and 
12500 cs) are characterized by slightly lower 
absolute values of zeta potential. 

Kinetic deposition experiments were per- 
formed on both untreated and cationically 

modified hair at 4% total surfactanf concen- 
tration (Figs. 6a and b),  and on cationically 
modified hair at 0.5% surfactant (Fig. 6c, data 
taken from Figs. 5a and c).  In experiments 
involving unmodified hair, there appears to 
be an initial lag time in the deposition process, 
followed by a rise in the rate of  oil deposition 
and then a leveling off in the curves over ex- 
tended time periods as can be seen in Fig. 6a. 
Generally, the rates and extents of  deposition 
on unmodified hair are low due to unfavorable 
electrostatic interactions. For PMAPTAC 
pretreated hair, the rate of  deposition is ini- 
tially high, tapering off with time. Similar 
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FIG. 5. The kinetic curves of  silicone deposition on cationically modified hair for emulsions prepared at 
various surfactant concentrations for (a) 50 cs oil, (b)  200 cs oil, and (c) 1000 cs oil. 
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shapes  o f  the kinet ic  depos i t ion  curves  were 
observed  for the systems o f  varying surfac tant  
concen t ra t ion  which were also s tud ied  using 
P M A P T A C  pre t rea ted  hair.  The re  is a d is t inct  
increase  in the rate and  extent  o f  oil precipi-  
t a t ion  f rom the emuls ions  con ta in ing  higher  
viscosity oils onto  cat ionical ly  modif ied  fibers. 
A l t h o u g h  not  to the  same extent ,  this  increase  
was noted  in the exper iments  on un t rea ted  hair  
as well. 

Effect of Ionic Surfactants 

Expe r imen t s  designed to  invest igate  the  in-  
f luence o f  ionic  surfactants  on  the  depos i t ion  
process  e m p l o y e d  emuls ions  p r e p a r e d  using 
the  1000 cs oil. The  ionic  charac te r  o f  the  

emuls ions  was a l tered by  replacing 20% of  the 
total 0.5% emulsif ier  concentra t ion  with either 
CTAB or  SODS.  The  vo lume  dis t r ibut ions  of  
the  an ion ic  and  ca t ionic  systems immedia t e ly  
after p repara t ion ,  and  after  3 months  storage 
at  a m b i e n t  condi t ions ,  are presented  in Figs. 
7a -d .  As was expected,  the  init ial  d is t r ibut ion 
is s imi lar  to that  ob ta ined  for the 1000 cs oil 
emulsif ied by  a non ion i c  surfactant  system; 
however,  it  should  be no ted  that  upon  aging 
there  is a m a r k e d  decrease  in the average 
drople t  size. 

Table  l I I  compares  zeta  potent ia ls  and  elec- 
t rophore t i c  mobi l i t i es  o f  the  emuls ions  pre- 
pared  using ionic  and  non ion ic  surfactant  sys- 
tems.  The  zeta  po ten t ia l  o f  the  system emul -  

TABLE II 
Zeta Potentials and Eleetrophoretic Mobilities as a Function of Oil Viscosity for Emulsions Prepared 

at 5% wt Oil and 4% wt Total Nonionic Surfactant Concentration 

Oil viscosity (cs) 50 100 200 1,000 5,0130 12,500 

Zeta potential (mV) -19.7 -18.7 -19.0 -17.5 -13.0 -13.8 
Mobility (10 -8 m 2 s-' V -~) - 1.40 - 1.33 - 1.35 - 1.24 -0.924 -0.976 

Note. Emulsion solutions were diluted to 0.25% wt oil immediately prior to measurements. 
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'FABLE III 

Zeta Potentials and Electrophoretic Mobilities for 
Emulsions Prepared with Anionic, Nonionic, and Cationic 
Emulsifier Systems 

Surfactant type Anionic Nonionic Cationic 

Zeta potential (mV) -39.4 -26.8 +7.5 
Mobility 

(10 -8 m 2 s ~ V -~) -2.79 -1.90 +0.53 

Note. Emulsion solutions were prepared at 5% wt oil 
and 0.5% total surfactant concentration, and were diluted 
to 0.25% wt oil immediately prior to measurements. 

sifted by SODS / nonoxynol-4/nonoxynol-9 
was more negative than that prepared with the 
nonoxynols only. The zeta potential of the 
CTAB-containing system was found to be 
positive. These data demonstrate that the ionic 
surfactants are capable of  altering the electro- 
static characteristics of the oil droplets. The 
changes in the electrostatic nature of  emul- 
sions prepared with ionic and nonionic sur- 
factant systems are reflected in the deposition 
process. The kinetic curves of oil uptake on 
untreated and PMAPTAC modified hair are 
shown in Figs. 8a and b. Qualitatively, the 
variations in rates and extents of deposition 
follow the changes of zeta potential of both 
hair and oil droplet surfaces. The emulsion 
containing cationic surfactant readily precip- 
itates on the untreated hair surface which pos- 
sesses a negative zeta potential at pH 7. On 
cationically modified hair, oil uptake of this 
system was much  less. The nonionic and an- 
ionic emulsions, on the other hand, both de- 
posited at higher rates and to a greater extent 
on cationically modified surfaces which is 
consistent with their electronegative nature. It 
should be noted, however, that the anionic 
emulsion, characterized by a more negative 
zeta potential than the neutral and cationic 
systems, precipitates at a relatively low rate on 
PMAPTAC pretreated hair. 

DISCUSSION 

In order to analyze the rates and extents of  
coagulation of oils from oil-in-water emulsions 

on solid substrates the following factors have 
to be taken under consideration: 

electrostatic characteristics of  both the sub- 
strate and oil droplets provided by the zeta 
potentials measurements; 

the physical characteristics of  the dispersed 
phase in the emulsions, including droplet size 
and size distribution as well as oil viscosity; 
and 

composition of the aqueous phase. 

As pointed out previously (3) ,  the coagu- 
lation of  silicone emulsions on keratin fibers 
appears to be primarily determined by elec- 
trostatic interactions, at least in the early stages 
of  the process. The ionic nature of  the fiber 
surface can be modified by the adsorption of  
cationic polymers which reverse the negative 
zeta potential of untreated hair to positive. In 
the neutral pH range, hair samples used in this 
investigation were characterized by a zeta po- 
tential of  about - 1 2  mV which, after the ad- 
sorption of PMAPTAC, was changed to +20 
mV (for the measurements performed at pH 
6 and 10 -4 MKCI) .  The emulsions comprised 
of  neutral oils and nonionic emulsifiers possess 
a zeta potential in the range from -13 .8  to 
-27 .3  mV depending on the surfactant con- 
centration and oil viscosity (Tables I and II). 
In agreement with predictions provided by 
theoretically calculated stability ratios (3),  
these systems minimally deposit onto un- 
treated hair fibers at a very low rate (Fig. 6a). 
On the other hand, the neutral emulsions 
readily precipitate on cationically modified 
hair surfaces. 

The electrostatic characteristics of the 
emulsion droplets can be changed by incor- 
poration of  ionogenic groups into the oil 
structure or by introduction of  ionic surfac- 
tants into the emulsifying system. Previously, 
it has been shown that oils with incorporated 
amino or carboxyl groups, and emulsified with 
nonionic surfactant systems, possess positive 
or negative zeta potentials at neutral pH, re- 
spectively (3). Consequently, aminofunctional 
emulsions exhibited strong interactions with 
untreated hair, while the carboxyfunctional 
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systems readi ly  depos i ted  on to  cat ionicaUy 
modi f ied  fibers. The  da ta  presented  in this  re- 
po r t  demons t r a t e  tha t  ionic  surfac tants  can 
also affect the  zeta potent ia ls  o f  emul s ions  
p repared  with neut ra l  oils, and  p roduce  cor-  
responding  changes in rates and  extents  o f  
he te rocoagula t ion  (Tab le  I l l  and  Fig. 8) .  An-  
o ther  factor  to cons ider  in these systems is the  
possibi l i ty  o f  excess surfactant  in the  cont in-  
uous  phase  o f  the  emuls ion ,  no t  b o u n d  at  the  
o i l -wa te r  interface.  This  free de tergent  m a y  
h inder  the  depos i t ion  process  by  i tself  adsorb-  
ing to the  avai lable  sites on  the fiber surface, 
thus  creat ing electrostat ical ly unfavorab le  de- 
pos i t ion  condi t ions .  This  migh t  expla in  the  
relat ively low adsorp t ion  rates for the  emul -  
sions p repa red  with  an ionic  de tergent  on  cat-  
ionical ly  pre t rea ted  hair. 

The  average drople t  size and  d i s t r ibu t ion  

can  affect the  process  o f  depos i t ion  by  al ter ing 
the  in te rac t ion  po ten t i a l  and  the  diffusion 
coefficients, i.e., the  rate o f  del ivery o f  particles 
to  the  surface. The  effect o f  the  average drople t  
size on  the in te rac t ion  potent ia l ,  ca lcula ted  
accord ing  to the  H H F  theory,  is i l lus t ra ted  in 
Fig. 9. The  calculat ions were pe r fo rmed  by  the 
s u m m a t i o n  o f  the  e lec t ros ta t ic  po ten t ia l  en- 
ergy and  the van der  W a a l s  energy for the  case 
o f  a sphe re -p l a t e  in terac t ion .  F o r  oppos i te ly  
charged surfaces, such as cat ionical ly  modif ied  
hair  and  non ion i c  or  an ion ic  emul s ion  sys- 
tems,  there  is no  energy bar r ie r  for  depos i t ion .  
The  increase in  d rop le t  size cons ide rab ly  in- 
creases the  a t t rac t ive  poten t ia l ,  a l though,  un-  
der  these condi t ions ,  the  depos i t i on  migh t  be 
diffusion controlled.  The  theoret ica l  predic t ion  
o f  increased a t t rac t ive  in te rac t ions  for larger 
drople ts  is cons is ten t  with the  observed  in- 
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crease in deposition rates of emulsions ob- 
tained from higher viscosity oils, characterized 
by larger particles, as seen in Figs. 6b and 6c. 
For substrate and droplets possessing a zeta 
potential of the same sign, e.g., untreated hair 
and nonionic and anionic emulsions (Figs. 6a 
and 8a), the height of the potential barrier for 
deposition rises with an increase in the average 
droplet diameter. It was also pointed out by 
Verwey and Overbeek (10) that a combination 
of repulsive electrostatic potential with attrac- 
tive van der Waals forces would always pro- 
duce a secondary potential minimum at large 
separations (not shown in Fig. 9). The depth 
of this minimum increases with increasing 
particle size. The larger particles might, thus, 
be prevented from depositing into the primary 
minimum, but are likely to be collected in the 
secondary minimum. This type of deposition 
is reversible since a layer of water separates 
the fiber surface from the particles thus pro- 
hibiting collapse, and subsequent spreading, 
of the oil droplets. Since, on untreated hair, 
the deposition rates and extents were found to 
be higher for emulsions comprising larger par- 
ticles, secondary minimum deposition might 
be a possible explanation of this effect. This 
argument is, however, weakened by the fact 
that the silicone-keratin system is character- 
ized by a relatively low value of the Hamaker 
constant which could produce only a shallow 
secondary minimum. 

According to the theory of deposition of 
monodisperse spherical particles onto cylin- 
ders, at a given flow velocity, the rate of  de- 
position (I) onto a unit length of a cylinder, 
in the absence of  an energy barrier, i.e., under 
electrostatically favorable conditions, is con- 
trolled by the diffusion coefficient as shown in 
Eq. [4] (5) 

I = 4 .591(DZaAcu) l /3c (O)  [4] 

k T  
D - [ 5 1  

67rna 

and Ac is a flow parameter for an isolated cyl- 
inder defined by 

Ac = 0.5[2 - l n ( 2 R u / v ) ]  -~ [6] 

where c(0) is the particle number concentra- 
tion, u is the flow velocity far from the cylin- 
der, D is the diffusion coefficient, a is the 
droplet diameter, v is the kinematic viscosity, 
and n is the viscosity. 

Equation [4] predicts that the rate of de- 
position is inversely proportional to the cube 
root of the particle diameter. For example, the 
theoretical rate of deposition of 4 and 20-#m 
droplets on the hair surface was calculated to 
be 0.659 and 0.384 mg/(g(fiber)min),  re- 
spectively (6). Experimentally, however, the 
initial rates of deposition on cationically 
modified hair were higher for larger droplets, 
corresponding to emulsions obtained from 
high viscosity oils, and were found to vary 
from 0.44 to 1.1 mg/(g(f iber)min) for 50 and 
12500 cs emulsions, respectively (Fig. 6b). 
Similarly, for untreated hair, the initial rates 
of deposition were also faster for higher vis- 
cosity oils, and varied from 0.05 to 0.14 mg/ 
(g(fiber)min) for 50 and 12500 cs emulsions, 
respectively (Fig. 6a). Based on these results, 
it is obvious that in spite of good numerical 
agreement between the calculated and ob- 
served rates of deposition, there are other op- 
erational factors which influence the process 
of  deposition. 

It has been previously suggested that the 
phenomenon of spreading and coalescence of 
oil droplets may play an important role in the 
process of deposition (3). This is because the 
interaction of droplets remaining in solution 
is probably different with the untreated fiber 
surface than with the surface covered by a layer 
of  oil. Although the increasing surface cover- 
age with oil creates a repulsive potential for 
further deposition, the experimental data in- 
dicate that the process of oil precipitation 
continues and in some cases, is even enhanced 
by a layer of oil. For example, the deposition 
curves of negatively charged emulsion droplets 
on untreated hair show an induction period 
which is followed by a gradual increase in the 
rate of precipitation (Fig. 8a). The shape of 
the kinetic curves suggests that the heteroco- 
agulation takes place on the oil-modified frac- 
tion of the surface. Both the size and the vis- 
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cosity of deposited oil droplets influence 
the rate of spreading and consequently the ex- 
tent of surface coverage. Quantitatively, the 
spreading of liquids on solid surfaces was re- 
cently discussed by Dodge (7),  and is given 
by the equation which demonstrates the de- 
pendence of spreading rate on the droplet vol- 
ume and viscosity 

d = K[(eV~/~)t + (di/K) v11/7, [7] 

where d is the diameter of the contact area, 
is liquid surface tension, Vo is the initial vol- 
ume, ~ is liquid viscosity, K is a nondimen- 
sional parameter, and t is time. 

From the data given in the paper, it can be 
calculated that for a silicone oil droplet of 60 
cs viscosity the surface coverage would in- 
crease approximately 6 times in 10 min, but 
to achieve the same increase in coverage by a 
6000 cs oil would require 1000 min. This 
demonstrates that the rate of spreading of the 
oils employed in this work (50-12500 cs) oc- 
curs within the same time scale as the depo- 
sition experiments (0-1440 min) .  However, 
it should be noted that the rate of increase in 
surface coverage is proportional to the term 

K(~V~/~) 1/7, [8] 

which implies a very strong dependence on 
the initial volume. Since the emulsions pre- 
pared from 12500 cs oil had an average particle 
size of about 21 ~m as opposed to 4~m in 
emulsions based on 50 cs oil, the rate of surface 
modification by the high viscosity oil should 
be approximately 4 times as fast as that by the 
low viscosity oil. This could be a contributing 
factor in the observed high rates and uptakes 
of emulsions prepared from higher viscosity 
oils. 

Finally, the composition of the continuous 
phase, especially as related to surfactant con- 
centration, has to be taken under considera- 
tion. The surfactant can absorb at both the 
fiber-water and oil-water interfaces and thus 
modify the interaction between undeposited 
droplets and oil coated, as well as virgin, fiber 
surfaces. In the case of  ionic surfactants the 
change in interaction may be primarily due to 

electrostatic repulsion. This might explain the 
deposition patterns observed in the experi- 
ments involving CTAB and SODS as emul- 
sifying agents, and amounts  deposited lower 
than expected based on the comparison of zeta 
potentials of hair and emulsions. A similar 
trend was observed in a codeposition experi- 
ment involving an aminofunctional silicone 
emulsion combined with a cationic polymer. 
It was found that the adsorption of  polymer 
considerably reduced deposition of silicone 
from this system (8). For nonionic surfactants, 
it was shown that an increase in surfactant 
concentration did not significantly alter either 
the particle size or the zeta potential of the 
emulsions (Table 1). It is also not expected to 
affect the value of the zeta potential of the fiber 
surface. Therefore, the observed reduction in 
rates and amounts deposited for the systems 
containing a higher concentration of surfac- 
tant (Fig. 5 ) can probably be ascribed to steric 
hinderance effects caused by the surfactant 
adsorption on the fiber. A similar explanation 
was also proposed in interpreting the results 
of deposition experiments involving polymer 
latices on a variety of  synthetic or natural fibers 
in the presence of surfactants and nonionic 
polymers (9, 10). 

C O N C L U S I O N S  

It has been shown tha t  many factors con- 
tribute to the process of deposition of silicone 
emulsions based on nonionic silicone oils. The 
ionic nature of  the emulsifying system is the 
most important because it can influence the 
sign and value of  the zeta potential ofoil  drop- 
lets. Since van tier Waals forces play a rela- 
tively unimportant  role in the deposition pro- 
cess (very low value of  the Hamaker  constant 
for the silicone-keratin interface (3)) ,  the 
electrostatic potential determines the inter- 
action between the oil droplets and the fiber 
surface. The concentration of nonionic emul- 
sifier can also influence the rates and extents 
of deposition probably resulting from steric 
hindrance effects. The influence of oil viscosity 
and the droplet size were difficult to separate 
because emulsions based on the more viscous 
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oi ls  were  cha r ac t e r i z ed  by la rger  ave r age  d r o p -  

le t  size a n d  b r o a d e r  size d i s t r ibu t ions .  T h e  

t h e o r e t i c a l l y  e v a l u a t e d  de l i ve ry  ra tes  o f  par -  

t ic les  to  t he  surface,  based  o n  h y d r o d y n a m i c  

cons ide ra t ions  inc lud ing  d i f fus ion  coefficients ,  

a re  re la t ive ly  in sens i t ive  to t he  d r o p l e t  size. 

T h e r e f o r e ,  the  o b s e r v e d  h i g h e r  ra tes  a n d  ex-  

t en t s  o f  d e p o s i t i o n  for  sys t ems  c o n t a i n i n g  

l a rge r  d rop le t s  ( a n d  s i m u l t a n e o u s l y  m o r e  vis- 

c o u s  oi ls)  c o u l d  resul t  f r o m  an  i n c r e a s e d  at-  

t r a c t i v e  i n t e r a c t i o n  a n d  t h e  ab i l i ty  to  c o v e r  a 

l a rger  f iber  sur face  a rea  by d e p o s i t i o n  a n d  

spread ing .  
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