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EFFECT OF SURFACTANT CONFIGURATIONS 
ON MINIEMULSION POLYMERIZATION* 

HOU-HSEIN CHU and RUE-TSENG HSEIH 

Feng Chia University 
Department of Chemical Engineering 
Taichung, Taiwan 407, Republic of China 

ABSTRACT 

In the adsorbed state, the molecular area ( A , )  of fatty alcohol 
(FA) decreases and the hydrodynamic layer thickness (6)  of mixed- 
surfactant (FA + sodium dodecyl sulfate, SDS) increases with increasing 
alkyl chain length of FA. In bulk solution, the hydrodynamic volume 
of mixed-surfactant (FA + SDS) increases with increasing alkyl chain 
length of FA. In both states the FAs were solubilized by SDS. These 
results reflect that a FA with a shorter alkyl chain length can stabilize a 
larger total particle surface area on latex and form smaller particles. The 
increase in the content of FA leads to increases in 6 and particle size, and 
a decrease in polymerization rate. It may be plausible to consider that 
the FA has a rather rigid configuration in water. The degree to which the 
size of monomer droplets can be reduced may be related to the rigidity 
of the FA. 

*Corresponding author: Dr. Hou-Hsein Chu, Department of Chemical Engineering, 
Feng Chia University, 100 Wenhwa Rd., Seaton, Taichung, Taiwan 407, Republic of China. 
FAX: 886-4-4510890 

1353 

Copyright 0 1995 by Marcel Dekker, Inc. 

D
o
w
n
l
o
a
d
e
d
 
A
t
:
 
1
5
:
2
9
 
2
4
 
J
a
n
u
a
r
y
 
2
0
1
1



1354 CHU AND HSEIH 

INTRODUCTION 

The low molecular weight fatty alcohols (or  hydrocarbons) have been used in 
miniemulsion to retard the diffusion of monomer out of monomer droplets [ 1 ] and, 
therefore, to  attain stable dispersion. The particle diameter of monomer droplets 
can be as small as 100-400 nm in miniemulsions [2, 31, so that the monomer 
droplets become the dominating nucleation site. The thermodynamic principle be- 
hind the miniemulsion has been studied rather extensively [ 1, 4, 51. 

The use of a mixture of cetyl alcohol (CA) and sodium dodecyl sulfate (SDS) 
was found to improve effectively the stability of styrene emulsion [2]. This surfac- 
tant combination has been applied in the miniemulsion polymerization [ 1-3, 6, 71 
and the direct emulsification of polymers [ 8, 91. 

When low molecular weight fatty alcohols (i.e., partially miscible polar sub- 
stances) such as CA are solubilized in water in the presence of SDS, it is believed 
that the polar component is on the micelle surface with the hydrocarbon chain 
pointing inward [ 10, 11 1. 

It has been reported [ 121 that the addition of low molecular weight hydrocar- 
bons or alcohols to aqueous solutions of ionic surfactants decreases the critical 
micelle concentration (CMC) and increases the micellar size. The increase in micel- 
lar size may be attributed not only to the incorporation of solubilizate molecules but 
also to the increase of the aggregation number of the surfactant itself in micelles 

In a miniemulsion copolymerization [ 61 , using hexadecane (HD) as a cosur- 
factant, the amount of adsorbed sodium hexadecyl sulfate (SHS) on the monomer 
droplets was found to increase rapidly with the amount of HD added. 

In addition, styrene emulsion prepared by using SDS together with a fatty 
alcohol ( Cl,-C,8) was found to  have its stability decrease in the following order: C,6 
> C18 > C,, > CI2 > Cl0, where the stability was measured by ultracentrifugation 
[ 141. Hence, the extension of the surfactants (SDS and solubilizate) both in bulk 
solution and at the adsorbed state seems important to an understanding of the 
stabilizing effect of the surfactant systems. 

To understand the extension of surfactant molecules at the adsorbed state, 
attempts were made to investigate the saturated molecular area and the hydrody- 
namic layer thickness ( 6 )  of surfactant molecules. The soap titration method [ 15, 
161 was used to determine the saturated molecular areas of surfactant ( A ,  or A c ) ,  
where the assumption made by Maron [ 151 of constant effective molecular area of 
a surfactant on a particle surface at the saturation adsorption was adopted. It has 
also been demonstrated [ 171 that within a range of particle diameter (700 to 1500 
A ), a constant A ,  can be obtained for a surfactant adsorbing on a specific polymer 
particle. Values of A,  of fatty alcohols (FA) in the mixture (SDS + FA) were 
evaluated by an additive rule. Values of the 6 [ 18-20] of the mixed surfactants were 
determined by modifying Einstein’s law. 

By adopting the concept of an equivalent hydrodynamic sphere [21], the 
effective hydrodynamic volume ( V,) of a mixed surfactant in bulk solution (i.e. , 
using the SDS aqueous solution of 10 mM as the diluent) was determined from the 
intrinsic viscosity. The mixture of (SDS + FA) was then applied to  the miniemul- 
sion polymerization of styrene. 

[ 131. 
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EFFECT OF SURFACTANT CONFIGURATIONS 1355 

The results may be helpful to an understanding of the stabilizing effects of 
(SDS + FA) on both the oil droplets and the particles. 

EXPERIMENTAL 

Materials 

Styrene (SM) was purified by washing with aqueous NaOH solution, followed 
by extra-pure water, dried over anhydrous MgS04, and stored at - 10°C until used. 
Other chemicals were reagent grade and used as received. The emulsifier used was 
sodium dodecyl sulfate (SDS). Cosurfactants (fatty alcohols) used included n- 
decanol (Clo or DA), lauryl alcohol (C12 or LA), cetyl alcohol (C16 or CA), and 
octadecyl alcohol ( CI8 or OA). The initiator was potassium persulfate ( K2S20s). 
Water was from the Ultra-pure Water System (Kintech Co.) with a conductivity of 
2 pmho. 

Emulsion Polymerization 

The polymerization recipe is shown in Table 1. Emulsion polymerizations were 
conducted in 120 mL glass bottles. The capped bottles with their contents were 
rotated end-over-end at 45 rpm and 60 f 0.5OC in a thermostated water-bath. 
The mixed surfactant was predissolved in water at 65OC 1 hour beforehand. The 
conversion of monomer to polymer was determined gravimetrically. The polymeri- 
zation rate was determined from the slope of the conversion-time curve in the 
constant rate region. The particle size was determined with a Photal DLS 3000/3100 
dynamic light-scattering spectrophotometer. The volume-average diameter (D,, in 
A ), the number of particles per liter of aqueous phase (N), and the total particle 
surface area per cm3 of aqueous phase (TS,  in A */cm3) were computed as follows: 

D, = [ CNJl~/CNJl1] (1) 

10( M/W ) ( 070 conversion) d, N =  
dp(7r/6)(Dv x 

( M/W ) ( 070 conversion ) d, TS = 
d,( 1 /6 ) (Ov  x (3) 

where N, is the number of particles with diameter Di, (M/W) is the weight ratio of 
monomer to water in the recipe, d, is the density of water ( = 1 .OO g/cm3), d, is the 
density of polystyrene (PS) ( = 1.053 g/cm3), and ?r = 3.14. 

TABLE 1. Polymerization Recipe 

Styrene = 25g 

K2S20, = 0.188g 
SDS Variable 
Fatty alcohol Variable 

H2O = 75g 
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1356 CHU AND HSEIH 

The average radical number per particle ( E )  was calculated by using 

R, = k , N Z  [M]/N, (4) 

where kp is the propagation rate constant (L-mol  - ' - s  - I ) ,  N, is Avogadro's number, 
and [MI is the monomer concentration within the particles (mo1.L-I) and was 
determined from Eq. ( 5 ) :  

where M, is the molecular weight of monomer ( = 104 g-mol- '  for SM), (bm is the 
weight fraction of monomer in the particle, and d, is the density of SM (0.91 
g/cm '). The fractional conversion ( 4,) is related to (b, by 

(bm = 1 - 9, 

Viscosity 

Viscosities of the surfactant solution and the latex were measured by using the 
Ostwald-Fenske capillary viscometer at 30 f 0.1 O C  in a thermostated water-bath. 

Determination of the Hydrodynamic Layer Thickness 

( 18-20) as 
The hydrodynamic layer thickness (6)  is related to the specific viscosity ( q , )  

7,  = 2.5(b(l + 61 ' r )~  ( 6 )  

where (b is the volume fraction of polymer in the latex and r is the radius of the 
particle. 

Determination of the Effective Hydrodynamic Volume 
of the Surfactant in Bulk Solution 

The specific viscosity (qsp) of mixed surfactants with a fixed molar ratio in an 
SDS aqueous solution of 10 mM (i.e., mol/L) was measured at various dilute 
concentrations. Note that SDS in the diluent was considered separately from that in 
the solute. The values of qSJc were plotted against c, where c is the solute concentra- 
tion (i.e., original mixture of FA and SDS) in g/dL. The intrinsic viscosity, [q], is 
obtained by extrapolating the data to infinite dilution [ 21 1. 

The effective hydrodynamic volume ( V , )  [ 21 ] of the mixed surfactant (SDS/ 
CA) was calculated by using Eq. (7): 

[q] = 2.5VJM ( 7 )  

where M i s  the average molecular weight (MW) of solute (i.e., the number-average 
MW of the fatty alcohol-SDS in each solute system). 
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EFFECT OF SURFACTANT CONFIGURATIONS 1357 

Surface Tension Measurements 

Surface tension was measured by using the duNoiiy tensiometer and a plati- 
num-iridium ring. 

Determination of Molecular Area of Surfactant 

The method of soap titration presented by Maron et al. [I51 was utilized to 
determine the area occupied by the surfactant molecule on the polymer (polysty- 
rene, PS) particle surface at saturation adsorption. 

Latices were titrated with an SDS aqueous solution of 30 mM until the critical 
micelle concentration (CMC) was reached (i.e., the saturation point). The molecu- 
lar area ( A , )  of the surfactant (SDS) was calculated by using 

A, = 6/ ( (q /m)D,Nap)  (8) 

where N, is Avogadro’s number and A, represents the molecular area of the surfac- 
tant on the latex particle of a volume-average diameter, D,, and density, p .  The q is 
the total moles of SDS required to cover m grams of polymer particles; i.e., q is the 
mole number of SDS presented originally plus that added during the titration, 
subtracting that dissolved in the aqueous phase. 

For latices covered with the mixed surfactant (FA + SDS), the same proce- 
dure was used to determine [Amlmix (i,e., the molecular area of SDS when FA was 
present). The latices were soap-titrated with 30 mM of the SDS aqueous solution to 
determine how many moles of SDS were required to cover the whole particle surface 
area, and [Arnlmix was then calculated by using Eq. (8). An assumption was made 
that all the particle surface area can be occupied by SDS regardless of the presence 
of FA. Therefore, the difference between the value of [A,],ix and that of A ,  of 
SDS (single surfactant) should be attributed to the presence of FA. 

The molecular area ( A , )  of fatty alcohol was obtained by subtracting the A ,  
of SDS from the [A,lmiX as follows: 

(9) ( [ A m l m i x  - Arn)Cs/C, = Ac 

where C, is the moles of SDS covering a unit weight of polymer and C, is the moles 
of fatty alcohol covering the same weight of polymer. 

RESULTS AND DlSCUSSlON 

Hydrodynamic Volume of Mixed Surfactant in the Bulk Solution 

Fatty alcohol can be solubilized in water by SDS. It was found that the hydro- 
dynamic volume (V,)  increases with the alkyl chain length of FAs, as shown in 
Table 2. The reduced viscosity is plotted against the concentration of solute (i.e., 
SDS + FA), as shown in Fig. 1. Both the slope and intercept (i.e., [ q ] )  increase 
with the alkyl chain length of FAs. The increasing slope reflects the decreasing 
interaction between the solute and solvent [22, 231, while the increasing [q] indi- 
cates the increasing rigidity of FAs in the solution. 
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1358 CHU AND HSElH 

TABLE 2. 
of a Mixed Surfactant and the Intrinsic Viscosity ( [ v  1)  and 
Effective Hydrodynamic Volume ( V,) for the Mixture 
(SDS + FA) at 3OoC with [SDS] = 10 mM as the Diluent 

Data of the Number-Average Molecular Weight ( M )  

~~ 

Surfactant Molar ratio M [ T I ,  dL/g V,, nm3 

SDS/DA 1.0/3.0 191 0.50 6.34 
SDS/LA 1.0/3.0 212 1.15 16.2 
SDS/CA 1.013.0 254 1.32 22.3 
SDS/OA 1.013.0 275 1.59 29.0 

Spatial Extension of Mixed Surfactant in the Attached State 

The molecular area ( A , )  for FAs on PS particle surface in the presence of SDS 
decreases with an increase in the alkyl chain length of FA, as shown in Table 3.  The 
value represents the saturated area occupied by a FA molecule, and its computation 
has been given in the Experimental Section. Note that the average values were 
obtained for A ,  for each FA from a series of soap titrations to latices with varied 
FA/SDS ratios. The deviation for each A ,  was mostly 10% except that of the OA. 

The molecular area ( A , )  of SDS on PS latices has been reexamined by using 
soap titration. The obtained value is 47 (A’), which is consistent with the reported 
value [ 171. 

The increase in the concentration of CA does not increase the total particle 
surface area per cm3 of aqueous solution (TS), as shown in Table 4. Consider also 
that the unsaturated molecular area should be much larger than the A ,  or A,. For 
instance, the value could be as large as 302 A’ for a recipe containing a single 
surfactant of SDS (0.22 g) .  Consequently, the addition of CA seems to pack at the 
interspace between SDS molecules. This leads to an arrangement in which molecules 
of SDS and FA pack side by side, similar to the schematic diagram depicted by some 
investigators [ 10, 1 1 1 .  This may lead to the formation of a compact envelope on the 

3 

FIG. 1. Huggins plot for each combination of (FA + SDS) as solute, diluted with 
an SDS aqueous solution of 10 mM. 
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EFFECT OF SURFACTANT CONFIGURATIONS 1359 

TABLE 3. 
Water and the Molecular Area ( A , )  for Fa on 
the Polystyrene Particle Surface, Both in the 
Presence of SDS 

Fatty alcohol CMC, mM A,,  A2 

Decanyl alcohol 24.0 34 f 5.0% 
Lauryl alcohol 23.1 31 f 5.1% 
Cetyl alcohol 20.0 24 f 9.7% 
Octadecyl alcohol 21.4 19 f 19% 

The CMC of Fatty Alcohols (FA) in 

surface of a particle (and on the surface of monomer droplets) and, therefore, 
impart significant stabilization to  the monomer droplets [ 241. 

It has been found that increasing the alkyl chain length of a surfactant de- 
creases the effective molecular area for such surfactants as sodium alkyl sulfate 
[ 171, fatty acids [ 151, and cationic alkyl ammonium [25]. It was interpreted [ 171 
that longer alkyl chain may increase hydrophobic interactions and, therefore, a 
larger number of surfactant molecules can be packed onto a fixed area of particle 
surface. Others [26] suggested that the adsorbed surfactant does not lie flat on the 
particle surface but instead forms some type of ordered structure when adsorbed. 

The 6 increases with both alkyl chain length and CA content, as shown in 
Table 5, where the same seed latex was used. Since the FA is rather insoluble in 
water and can be solubilized in the presence of SDS, it may be plausible to consider 
that FA has a rather rigid configuration in water and that the rigidity may be 
decreased by increasing the SDS content or by decreasing the alkyl chain length of 
FA so that 6 decreases. A thicker hydrodynamic layer may lead to the formation of 
larger particles [ 201 or larger monomer droplets in miniemulsion. 

Miniemulsion Polymerization 

By increasing the CA content, the latex particle size increases (or the particle 
number decreases), and the polymerization rate ( R,) decreases when the content of 
SDS is kept constant, as shown in Fig. 2. As the alkyl chain length (i.e., carbon 
number) of FA increases, D, increases and R, decreases, as shown in Fig. 3. Recall 
that an increase in CA content will increase 6, and an increase in the alkyl chain 
length of FA will increase 6 but decrease A,. Therefore, both an increase in 6 and a 

TABLE 4. 
Particle Surface Area per cm3 Aqueous Phase ( T S )  for Latex Using a Fixed 
Amount (0.22 g)  of SDS and Various Amounts of CA 

The Variation of the Volume-Average Diameter (D,) and the Total 

~~~~ ~ 

CA (8)  0 0.09 0.18 0.54 0.90 
Vo Conversion 94.8 95.7 93.9 94.4 97.5 
D" (nm) 82.6 136 142 153 159 
TS x lo-*' (A22/cm3) 2.18 1.34 1.26 1.17 1.16 

D
o
w
n
l
o
a
d
e
d
 
A
t
:
 
1
5
:
2
9
 
2
4
 
J
a
n
u
a
r
y
 
2
0
1
1



1360 CHU AND HSElH 

TABLE 5 .  
Thickness (6) of Surfactants on PS Latex of a Fixed D, of 79.7 nm, 
Measured at a Given Volume Fraction ( 4 )  ([  SDS] = 20 mM) 

The Specific Viscosity ( qsp) and Hydrodynamic Layer 

d) 6 / r  6, nm Surfactant Molar ratio V S P  

SDS 
SDS/CA 
SDS/CA 
SDS/CA 
SDS/CA 
SDS/DA 
SDS/LA 
SDS/CA 
SDS/OA 

1 .o/o.o 
1.0/0.5 
1.0/1 .o 
1.0/3.0 
1.0/5.0 
1.0/3.0 
1.0/3.0 
1.0/3.0 
1.0/3.0 

0.617 
0.708 
1.27 
1.71 
1.98 
0.777 
1.06 
1.71 
2.26 

0.116 
0.118 
0.121 
0.133 
0.145 
0.127 
0.129 
0.133 
0.135 

0.286 
0.338 
0.613 
0.726 
0.763 
0.348 
0.486 
0.726 
0.883 

11.4 
13.5 
24.4 
28.9 
30.4 
13.9 
19.4 
28.9 
35.2 

CA content (9) 

FIG. 2. Volume-average particle diameter (D.,, at  about 90% conversion) and poly- 
merization rate ( R , )  vs CA content with a constant [SDS] of 0.22 g .  

Carbon no. of alcohol 

FIG. 3.  Volume-average particle diameter (D,,, at about 90% conversion) and poly- 
merization rate ( R , )  vs the alkyl chain length of fatty alcohol ( [  SDS] = 0.22 g and [FA] = 
30 mM). 
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TABLE 6. The Average Radical Number per Particle (E) at about 50% 
Conversion Increases with the Content of CA ( N  = particle number per 
liter aqueous phase and [MI = monomer concentration within the particles) 

CA (g) 0 0.09 0.18 0.54 0.90 
Yo Conversion 54.8 54.9’ 54.9 52.4 49.6 
R, x i o ’ ( m o i / ~ . s )  56.8 35.3 18.0 14.0 17.7 

[MI (mol/L) 4.24 4.23 4.23 4.45 4.69 
n 0.49 0.98 0.85 1 . 1  1.2 

N x ~ o - ’ ~ ( L - I )  9.2 2.9 1.7 1 .0 1 . 1  

- 

decrease in A ,  lead to a decrease in the stabilizing efficiency of the mixed-surfactant 
system. 

It has been pointed out that monomer droplets are the dominant reaction sites 
[2, 31 in miniemulsion polymerization. Ugelstad et al. [2] showed that when the 
monomer droplet size is greatly reduced (to 0.7 pm or smaller), the principal nucle- 
ation sites are the droplets since most of the SDS molecules may pack on the 
droplets. Therefore, an increase of FA content will decrease the amount of free SDS 
in the aqueous phase and leave less chance for micellar nucleation [ 271 to occur. 

Note that Delgado [ 6 ]  has shown that in the presence of hexadecane, the 
amount of sodium hexadecyl sulfate adsorbed on monomer droplet increases rap- 
idly. The same situation may make the free SDS rare in the aqueous phase, reduce 
the amount of solubilized monomer, and change the dependence of R, on [ SDS]. 

It has been reported [28, 291 that the kinetics of emulsion polymerization in 
monomer droplets follow Smith-Ewart Case 3 [30], where the average radical 
number per particle ( E )  > 1.0 and the kinetics are like those of bulk polymeriza- 
tion. Computation of E at about 50% conversion has been performed in this study. 
In the absence of CA, i i is 0.5, where k, is 176 (L/mol-s) [31]. Note that it would 
be better to use the Kp data recommended by the IUPAC Working Party [32]. 
However, adequate data are not available for k, at 6OoC, except for the value of 161 
(L/mol.s) at 4OoC [33]  (which is close enough to 176 L/mol.s). In the presence of 
CA, values of E are larger than 0.5 and increase with the CA content, as shown in 
Table 6. 

CONCLUSIONS 

An increase of FA content in miniemulsion polymerization will decrease the 
free SDS content in the aqueous phase and leave less chance for micellar nucleation 
to occur, while the droplet size may become larger because of the formation of a 
thicker hydrodynamic film on the droplet surface. This leads to an increase in D, 
and a decrease in R,. Increasing alkyl chain length may have the same effect as 
increasing FA content due to an increase of the hydrophobic portion (and, there- 
fore, the rigidity) of the chain. 
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