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SgHHARY 
A correlation between the particle size and the amounts of 

surfactants was found to fit well for the mixed-surfactant system of 
sodium dodecyl sulfate (SDS) and Emulphogene BC-840 (a nonionlc 
surfactant) using in the emulsion polymerization of cyclohexyl 
methacrylate (CHMA) at 50~ The formation of mlcroglobules at early 
conversion was found. The effect of initiator (K.S=08) content and the 
water solubility of CHMA and PCHMA were also studied. 

INTRODUCTION 
The p r e p a r a t i o n  of monod i spe r se  l a t i c e s  by u s i n g  a m i x t u r e  of 

a n i o n i c  and n o n i o n i c  s u r f a c t a n t s  has been r e p o r t e d  p r e v i o u s l y  ( 1 , 2 ) .  
The s y n e r g i s t i c  e f f e c t  of  u s i n g  m i x e d - s u r f a c t a n t s  on l a t e x  s t a b i l i t y  
has a l s o  been i n v e s t i g a t e d  ( 2 - 8 ) .  

Chu e t  e l .  (6-8)  have per formed a s e r i e s  of s t u d i e s  on the  s t a b i -  
l i z a t i o n  e f f e c t  of m l x e d - s u r f a c t a n t s  in e m u l s i o n  p o l y m e r i z a t i o n .  A 
u n i f y i n g  approach has been a p p l i e d  on a s e r i e s  of monomers. As shown 
in Table  1, v a r i o u s  o rde r  dependence  of t o t a l  p a r t i c l e  s u r f a c e  a r ea  
per  cm 3 of aqueous  phase (TS, A"/cm s) on the  c o n t e n t  (E, g) of each 
s u r f a c t a n t  has been d e t e r m i n e d .  A c o r r e l a t i o n  between the  v o l u m e - a v e r -  
age p a r t i c l e  d i a m e t e r  (Dr) and the  c o n t e n t  of each s u r f a c t a n t  has a l s o  
been f o r m u l a t e d  fo r  each sys tem.  

In t h i s  s t u d y ,  the  e m u l s i o n  p o l y m e r i z a t i o n  of c y c l o b e x y l  
m e t h a c r y l a t e  (CHHA) u s i n g  d i f f e r e n t  c o m b i n a t i o n s  of a n i o n i c  s u r f a c t a n t  
(SDS) and n o n i o n i c  s u r f s c t a n t  (BC-840) was i n v e s t i g a t e d .  So was t he  
water  s o l u b i l i t y  of CHHA. Bes ides  the  c h a r a c t e r i s t i c s  r e f l e c t e d  by the  
c o r r e l a t i o n ,  the  e m u l s i o n  p o l y m e r i z a t i o n  of t h i s  monomer e x h i b i t s :  ( i )  
m l c r o b u l e s  f o r m a t i o n  in the  b e g i n n i n g  of p o l y m e r i z a t i o n ;  ( i i )  easy  
p a s t e  f o r m a t i o n  in the  s i n g l e - s u r f a c t s n t  sys tem of BC-840; and ( i i i )  
d i f f e r e n t  o rde r  dependences  of p o l y m e r i z a t i o n  r a t e  (Rp) and p a r t i c l e  
number (N) on i n i t i a t o r  (K,S~O,, KPS) c o n t e n t .  

EXPERIMENTAL 
H a t e r i a l s  

The CHHA monomer was washed with aqueous  sodium hyd r ox i de  s o l u t i o n  
f o l l o w e d  by d o u b l y - d i s t i l l e d  wa te r ,  d r i e d  over  anhydrous  sodium 
s u l p h a t e ,  v a c u u m - d i s t i l l e d ,  and s t o r e d  a t  5"C u n t i l  used .  Water f o r  
the  p o l y m e r i z a t i o n  p r o c e s s  was doubly  d i s t i l l e d .  The n o n i o n i c  s u r -  
f a c t a n t  (Emulphogene BC-840, CIsH,,O(CH,CH.O) ssH ) was t r e a t e d  by 

* C o r r e s p o n d i n g  a u t h o r  



434 

Table 1 
Comparisons of values of "a" (in ~=/cm') and "b" in TS = a E = for 
different monomer systems (at 50~ 

SDS BC-840 Nater solubility 
of monomer (at t'C) 

s t y r e n e  a=3.37xlO g~ a=3.79x10 "~ 0 .036~ wt 
(6) b= 0 .0792 b= l .  O0 (45"C) 
RHA a = l . 2 8 x 1 0  '~ a=5.54xlO * '  1 .50~ wt 
(7) b= 0.158  b=2.95 (4G~ 
BA a = l . 2 6 x l O  "* a=4.68xlO ' ~  0.32% wt 
(8) b= 0.318  b=0,556 (20"C) 

heating at 70"C overnight under vacuum to destroy any peroxides. All 
others were used as received. 

Polymerization 
Polymerizations were conducted in 250 ml fourneck round-bottom 

flasks at 50~ in a constant temperature bath, as was described pre- 
viously (7). Samples for monomer conversion and for particle size 
measurements were withdrawn using a hypodermic needle and a syringe. 
The conversion of monomer to polymer was determined gravimetrically. 
A typical polymerization recipe is shown in Table 2. The recipe for 
studying the effect of mixed-surfactants contains X grams of BC-840 
and Y grams of SDS, where X ranged from Og to 7.00g (8.14 mmol) and Y 
ranged from Og to 0.75g (2.60 mmol). The critical micelle concentra- 
tion (CRC) for SDS and BC-840 are 0.38g (1.32 mmol) and O.05g (0.058 
mmol) per 165g of water, respectively. The polymerization rate was 
determined from the slope of the conversion-time curve at the constant 
rate region. 

P a r t i c l e  S i ze  A n a l y s i s  
The p a r t i c l e  s i z e  was measured wi th  a Pho ta l  3000/3100 dynamic 

l i g h t  s c a t t e r i n g  s p e c t r o p h o t o m e t e r  (DLS), and some d a t a  were d o u b l e -  
checked wi th  a J eo l  JER-2OOCX T r a n s m i s s i o n  E l e c t r o n  R ic roscope  (TER). 
In c a r r y i n g  out  t he  DLS measurement ,  each d e t e r m i n a t i o n  was r e p e a t e d  
a t  l e a s t  t w i c e .  The random e r r o r  f o r  most of the  p a r t i c l e  s i z e  d e t e r -  
mina t ed  by DLS f o r  moaod i spe r se  samples  i s  w i t h i n  4~ in our  s t u d y .  The 
c o m p u t a t i o n  of the  n u m b e r - a v e r a g e  d i a m e t e r  (Dn), v o l u m e - a v e r a g e  d iame-  
t e r  (Dr) ,  and w e i g h t - a v e r a g e  d i a m e t e r  (D~) f o l l o w e d  the  same f o r m u l a s  
as  t hose  men t ioned  in  Ref. 6. The number of p a r t i c l e s  per  c i  a of 
aqueous  phase (N) and the  t o t a l  p a r t i c l e  s u r f a c e  a rea  per  cm a of 
aqueous  phase  (TS) were c a l c u l a t e d  as f o l l o w s :  

N=[6(R/W) (% c o n v e r s i o n ) d , ] / [ l O O ~ d , ( D , ) ' ( l O - " ) ]  (1) 

TS=[6(R/14)(% c o n v e r s i o n ) d , ] / [ l O O d , D , ( l O - g ' ) ]  (2) 

where d~ i s  the  d e n s i t y  of PCHHA (1.1 g ' c m - ' ) ;  d. i s  t he  d e n s i t y  of 
water  (1 .0  g ' c m - ' ) ;  (H/W) i s  the  i n i t i a l  weight  r a t i o  of  monomer to  
w a t e r ;  and D~ in ~. 
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Table 2 
Polymerization recipe at 50~ 

Cyclohexyl methacrylate 37 .5  g 
Water 165.0 g 
K=S=O. 0.188 g 
SDS variable 
BC-840 variable 

CHHA phase was determined by polymerizing in a closed container in 
oven at 80~ for 5 hrs, using excess amount (e.g., 0.1g) of AIBN; and 
deciding the residual water content. The solubility of CH~A in the wa- 
ter phase was determined by the UV technique, using the absorbance at 
a wave length of 290 nm. 

Solubility of PCHHA in Water 
Ten grams of PCHHA was mixed with 100g of water using end-over- 

end agitation at 50~ for I hr. Then the mixture was filtered. The 
filtrate was dried to determine the solid content, and, therefore, the 
dissolved PCHHA. 

Solubility of PCHHA in CHHA 
Fifty grams of CHHA with 60 ppm of hydroquinone was mixed end- 

over-end with different amounts of PCHMA (i.e. 10, 20, 30, 40 and 
50g) at 50~ for 1 hr to see if the PCHNA was dissolved. 

RESULTS AND DISCOSSION 

Stabilizing effect of surfactants 
Data of the volume average particle size (D=) determined 

at around 90~ conversion are shown in Table 3. Data of particle size 
distribution (D=/D,) of corresponding latices are all below 1.1. 
In both slngle-surfactant systems, particle size decreases with 
increasing amount of surfactant. Note that all the particle size data 
for the nonionic surfactant system are below 900 A at each surfactant 
level. These particle sizes are far smaller than those of other mono- 
mers, such as H~A, using the same surfactants and recipes, as reported 
by Wang and Chu (7). It is generally accepted that the increase of 
surfactant concentration will produce a smaller particle size latex, 
as more stabilizer will be present to cover the increasing surface 
area (9).  

The t o t a l  p a r t l c ] e  sur face area per cm 8 o f  aqueous phase (TS), 
which is  a r e c i p r o c a l  f u n c t i o n  of  p a r t i c l e  d iameter  as shown in Eq. 2, 
was u t i l i z e d  to  rep resen t  the s t a b i l i z a t i o n  e f f i c i e n c y  o f  a s u r f a c -  
r an t .  In o ther  words, the e m u l s i f i e r s  are cons idered to  have a h igher  
s t a b i l i z i n g  e f f i c i e n c y  i f  the l a t ex  p a r t i c l e s  formed have a l a r g e r  TS 
value. 

In each single-surfactant system, a relationship between the TS 
value and the amount (g) of surfactant (E) is correlated as follows: 

TS = a E h (3) 

where "a"  i s  t he  i n t e r c e p t  and "b" i s  t h e  s l o p e  when v a l u e s  of  log(TS)  
a r e  p l o t t e d  a g a i n s t  l o g ( E ) .  In t h i s  s t u d y ,  t h e  v a l u e s  o f  "a"  were 
found t o  be 1 .37x10 sl  and 8 .19x10 g~ (~S/cm a) f o r  SDS and BC-840, 
r e s p e c t i v e l y ;  w h i l e  t h e  v a l u e s  of  "b" were 0 .244  and 0 .424  f o r  SDS 
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Table  3 
V o l u m e - a v e r a g e  p a r t i c l e  d i a m e t e r  a t  abou t  90% c o n v e r s i o n ,  ( in  4) 

N o n i o n i c  A n i o n i c  S u r f a c t a n t ,  SDS (g) 
S u r f a c t a n t ,  
BC-840 (g) 0 0 .30  0 .45  0 .60  0 .75  

0 - -  1130 950 030 870 
1 .00  - -  730 800 710 - -  
2 .00  - -  810 730 710 - -  
3 .00  860 710 740 720 - -  
3 .50  830 810 650 700 - -  
3 .75  760 . . . .  
4 .50  730 . . . .  
5 .00  700 . . . .  
7 .00  600 . . . .  

and BC-840, respectively. This reveals that to stabilize the same 
total particle surfacearea, much more BC-840 is required than SDS. 

Table I shows the comparisons of values of "a" and "b" in Eq. 3 
for different monomer systems. The exponent "b" for both SDS and 
BC-840 on CHHA are comparatively close to those on n-butyl acrylate 
(BA). Note that the solubility of CHHA in water is smaller than that 
of BA, as will be shown later. 

For t h e  m i x e d - s u r f a c t a n t  sy s t em,  a r e l a t i o n s h i p  was used t o  
c o r r e l a t e  TSm and (TS ,+TS , ) ,  where t h e  s u b s c r i p t s  i ,  n, and m d e n o t e  
SDS, BC-840, and t h e  m i x e d - s u r f a c t a n t  sys t em,  r e s p e c t i v e l y .  The r e l a -  
t i o n s h i p  was c o n s i d e r e d  as f o l l o w s :  

TS,= c + d (TS, + TS, ) (4) 

S u b s t i t u t i n g  Eqs.  3 and 2 i n t o  Eq. 4, we o b t a i n e d  Eqs.  5 and 6, 
as  f o l l o w s :  

and 

[ D . ] .  = 1 . 1 2 x 1 0 " / [ 2 . 4 0 x 1 0  g"+ 4 .43x10 ~" X ~ . . . .  

+7.41x10 ~o y " . " ' ]  

1 / i D o l ,  = 2 . 1 4 x 1 0 - "  + 0.541 ( 1 / [ D v ] ,  + 1 / i D y l l )  

(5) 

(6) 

Here ,  X and Y r e p r e s e n t  t h e  amounts  (g) of  BC-840 and SDS, r e s p e c -  
t i v e l y ,  in t h e  r e c i p e s .  

The d e v i a t i o n s  be tween t h e  c o r r e l a t e d  v a l u e s  and t h e  e x p e r i m e n t a l  
v a l u e s  f o r  Eqs.  5 and 6, a r e  7 .9~ .  and 9 .2~ ,  r e s p e c t i v e l y ,  as shown 
in T a b l e s  4 and 5. 

P a s t e  f o r m a t i o n  
In some r e c i p e s ,  t h e  l a t e x  became a p a s t e  a t  h igh  c o n v e r s i o n s .  

The p a s t e  i s  a b l e  to  r e d i s p e r s e  by d i l u t i o n .  The same k ind  of  p a s t e  
has been found in t h e  e m u l s i o n  p o l y m e r i z a t i o n  o f  o t h e r  monomers, such 
as HHA (7) .  The p a s t e  formed a t  h i g h e r  c o n v e r s i o s  in t h e  p o l y m e r i z a -  
t i o n  when the  h i g h e r  amounts o f  n o n i o n i c  s u r f a c t a n t  (BC-840) were 
used ,  as  shown in F i g .  1; but  no p a s t e  formed when t h e  c o n t e n t  o f  
BC-840 was l a r g e r  than  3 . 7 5 g .  In c o m p a r i s o n ,  r e c i p e s  u s i n g  SDS d id  not  
form p a s t e  in t he  r e a c t i o n .  
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Table 4 
Error between the predicted values 
values 

x(g) 

of Eq. 5 and the experimental 

Y(g) [D~]= [Dv], X Error 
Pred. ~ Expt. A 

1.00 0.30 970 730 24.2 
1 .00  0 .45  866 800 8 .3  
1 .00  0 .60  838 710 18 .0  
2.00 0.30 808 810 -0.2 
2 .00  0 .45  776 730 6 .3  
2 .00  0 .60  752 710 5 .9  
3 .00  0 .30  748 710 5 . 4  
3 .00  0 .45  720 740 - 2 . 7  
3 .00  0 .60  700 720 - 2 . 8  
3 .50  0 .30  725 810 - 1 0 . 5  
3 .50  0 .45  699 650 7 .5  
3 .50  0 .60  680 700 - 2 . 9  

Avg. 7 . 9  

Table 5 
Error between t h e  :predicted values 
values 

X(g) 

of Eq. 6 and the experimental 

Y(g) [Du], IDol= ~ Error 
Pred. A Expt. A 

3.00 0.30 757 710 6.6 
3.00 0.45 708 740 -4.3 
3.00 0.60 702 720 -2.5 
3.50 0.30 652 810 -19.5 
3 .50  0 .45  589 650 - 9 . 4  
3 .50  0 .60  610 700 - 1 2 . 9  

Avg. 9 .2  

The mechanism of paste formation in emulsion polymerization is 
attributed to the agglomeration of particles (10). The paste was often 
formed at recipes with higher solid content and a rapid increase in 
viscosity was detected before the formation of paste (10). For the 
system of HMA, in the presence of SDS, the gel forms when the reduced 
thickness (~/r, i.e., thickness/radius of particles) of hydrodynamic 
layer exceeds 3.0 (10). The agglomeration process may be a synonym to 
the reversible flocculation (11), which has been found long time ago 
in the creaming process of a natural rubber latex by adding sodium 
alginate (12). The type of flocculation was reversed by dilution and 
the latex could be taken through the aggregation-redispersion-aggre- 
gation cycle many times. 

Effect of initiator content 
The electrostatic effect of the initiator on the stability of 

polymer latices has been investigated before (13-15). It was shown 
that the sulphate end group of a polymer chain stays on the particle 
surface and has a stabilizing effect on the latex particles. 

Results of this study showed that the particle size decreases 
with increasing content of KPS, regardless either SDS or BC-840 
was used and the polymerization rate increases with [I], as shown in 
Table 6. 

Rough estimation of the order dependences of both R~ and N on [I] 
for SDS and BC-840 systems are shown as that: Rp ~ [I] ~ and 
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Table 6 
Effect of amount of initiator (K2S202) on the Dv(~) of the latices at 
about 90% conversion and the polymerization rate (RP, x10 B mol/ml.min) 

K=S=02 (g) 
0.0376 0.188 0.94 

SDS (0.60g) 
D~ 950 930 740 
Rp 0.855 3.76 6.70 

BC-840 (5.00g) 
D~ 760 700 650 
Rp 0.766 5.08 9.34 

N - [ I ]  " ' = 2  f o r  r e c i p e s  wi th  0 .60g  of  SDS; and Rp ~ [ I ]  2 . ' B  and 
N ~ [I]  2 - 1 .  f o r  r e c i p e s  wi th  5 .00g  of  BC-840. 

The o r d e r  d e p e n d e n c e s  o f  Rp on [ I ]  a r e  g r e a t e r  than  0 . 4 ,  w h i l e  
t h o s e  of  N on [ I ]  a r e  s m a l l e r  than  0 . 4 .  Th is  may r e f l e c t  t h a t  t h e  
greater number of radicals, generated by the greater [I], was entering 
particles, but the the particle number is increase limitedly. This 
leads to the average number of radicals per particle, n, to be greater 
than 0.5 in these recipes. 

Although the rater solubility of monomer is higher and surfactant 
contents are lower in the emulsion polymerization of n-butyl acrylate 
(BA) (16), the great discrepancy in order dependence has been found. 
The order dependences of R~ and N on [I] are shown as that: 
Rp- [1] ".82 and N ~ [I]""" for recipes with 0.45g of SD$; and 
Rp~ [I] "'sg and N ~[I] ".gl for recipes with 2.0g of BC-840. 

Microbule formation at early conversions 
The formation of microglobules was observed in the runs where 

recipes containing the lowest initiator content (i.e. 0.0376g). The 
particles were small at early conversions (i.e. 140 4) compared to 
those at higher conversions (i.e. 640- 680 4), as shown in Fig. 2. It 
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F i g .  1. P a s t e  formed at  
h i g h e r  c o n v e r s i o n s  when 
the  h i g h e r  amounts  of  
BC-840 were used 

F i g .  2. V a r i a t i o n s  o f  
p a r t i c l e  d i a m e t e r  (D.,  4) 
in t h e  p o l y m e r i z a t i o n  f o r  
r e c i p e s  c o n t a i n i n g  0 .0376g 
of  KP$ 



Table 7 
Solubility Data 

CHMA in w a t e r  0.016% wt 
water in CHHA 1.2% wt 
PCHMA in wa te r  0.022% wt 
PCNMA in CNMA > 50% wt 
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was found tha t  the p a r t i c l e  s i ze  increased  f o u r f o l d  in a shor t  per iod 
of t ime. Simi lar  case has been found in the rec ipe  con ta in ing  0.30g of 
SDS ( s i n g l e - s u r f a c t a n t ) .  This i n d i c a t e s  the aggrega t ion  of primary 
particles at the early stage of the emulsion polymerization. The 
aggregation process has been found by Hergeth et al. (17-19) for emul- 
sion polymerization of vinyl acetate, ~MA and styrene. This has also 
been reported as the flocculation of microglobules (20, 21). A second 
nucleation makes the average particle diameter drop at 33% conversion 
for the case of BC-840, as shown in Fig. 2. This has been observed 
quite often for the emulsion polymerization using BC-840 as the emul- 
sifier (22). 

The butyl methacrylate (BMA) (20) (which is slightly soluble in 
water with solubility of 0.078% vol. at 25"C) does not seem to form 
microglobules. Note that the CHMA has a structure that closer to BHA, 
but does form microglobules. 

It is believed that the micellar nucleation mechanism dominates 
the microglobule formation process. Since both the CHMA and PCHMA have 
low solubility in water, as shown in Table 7; the chance for the homo- 
geneous nucleation is comparatively low. Furthermore, for most of the 
recipes, surfactant concentrations are above CMC, and therefore, the 
micellar nucleation mechanism is expected to predominate. It has been 
pointed out (23) that the micellar nucleation mechanism predominates 
in the emulsion polymerization once the surfactant concentration is 
above CHC, despiting that a monomer of high water-solubility may be 
nucleated homogeneously. However, the homogeneous nucleation mechanism 
can not be excluded since the emulsion polymerization can be conducted 
with surfactant concentration below CMC (e.g., the recipe containing 
0.30g of SDS in the single-surfactant system). 
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