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This paper deals with the effects of initiator concentration ([I]) on the styrene (STY) emulsion polymerisation 
stabilised by the mixed anionic/nonionic surfactants, sodium dodecyl sulfate (SDS)/nonylphenol polyethoxylate 
with an average of 40 ethylene oxides per molecule (NP-40). The reaction system stabilised only by SDS ([NP-40] 
= 0 wt%) results in an increase in the rate of polymerisation (Rp) with [I]. For the system stabilised only by NP-40 
([NP-40] = 100 wt%), Rp remains relatively constant when [I] increases. For the system with [NP-40] = 50 or 
80 wt%, R v first increases to a maximum and then decreases with increasing [I]. Furthermore, the total scrap, 
presumably caused by bridging flocc ulation and/or formation of complex between the ethylene oxide units of NP- 
40 and the particle surface SO~ end-groups derived from the persulfate initiator, first remains relatively constant 
and then increases rapidly to a maximum with increasing [I]. Beyond the maximum, the total scrap starts to 
decrease with increasing [I]. Smith-Ewart case 1I theory (i.e., n~ = 0.6 and n~ = 0.4 in the relationship 
Np~[S]n~[I] n' ) is only applicable to the system with [NP-40] = 0 wt%. At [1] = 1.38 X 10 3 M, systems with [NP- 
40] :-- 0, 50 and 80 wt% result n comparable latex particle sizes (dp) and relatively monodisperse size 
distributions throughout the reactiorL. On the other hand, the system with [NP-40] =- 100 wt% shows the largest dp 
and the broadest size distribution, which is attributed to the long particle nucleation period and/or limited 
flocculation. © 1998 Elsevier Science Ltd. All rights reserved. 
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INTRODUCTION 

Emulsion polymerisation involves dispersion of  a relatively 
water-insoluble monomer (e.g. styrene, STY) in water at the 
reaction temperature with the aid of  surfact~ nts, followed by 
addition of  the persulfate initiator solution. The resultant 
latex products are widely used in adhesives, coatings, 
binders, thermoplastics and in the rubber industries. A 
latex product is a dispersion of  innumerable polymer 
particles (ca.  5 0 - 1 0 0 0 0  nm in diameter) in the aqueous 
phase. These submicron particles are unstable in nature and 
they can be stabilised by the electrostatic repulsion force 
provided by anionic surfactants I and/or steric repulsion 
force provided by nonionic surfactants 2 to override the van 
der Waals attraction force between the interactive particles. 
Anionic surfactants such as sodium dodecyl sulfate 
C ~2H25SO4Na" (SDS) serve as strong particle generators 3'4, 
whereas nonionic surfactants such as nonylphenol poly- 
ethoxylate with an average of  40 eth31ene oxides per 
molecule CgHIo-C6H4-O-(CHzCHzO)a0H (NP-40) pro- 
vide the latex product with excellent stalcility toward high 
electrolyte concentrations, freeze-thaw cycling and high 
shear rates 5'6. 

The particle nucleation period is quite short in emulsion 
polymerisation, but it has a crucial influence on the final 
latex particle size (dp )  and size distribution. Control of  dp is 
crucial in determining the quality ot  latex products. 
According to the micellar nucleation mechanism (Smith-  
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Ewart theory) 7-~° primary particle nuclei are generated via 
capture of  the relatively hydrophobic oligomeric radicals in 
the aqueous phase by the monomer-swollen micelles. The 
number of primary particles nucleated is controlled by the 
amount of surfactant available for stabilising the generated 
polymer particle-water interfacial area. The remainder of 
the reaction is simply the growth of these primary particles 
via polymerisation of the imbibed monomer provided by the 
monomer droplet reservoir. The number of latex particles 
(No)  produced at the end of polymerisation, as predicted by 
Smith-Ewart  theory, follows the following relationship: 

Np~[S]~'[l] ' '  ( l)  

where [S] and [1] are the concentrations of  surfactant and 
initiator, respectively. For example, the values of  n~ and n~ 
are equal to 0.6 and 0.4, respectively, for polymerisation 
systems which follow Smith-Ewart  case II theory. This 
relationship has been confirmed in the STY emulsion poly- 
merisation stabilised only by SDS. However, the literature 
dealing with the particle nucleation and growth mechanisms 
for the reaction system stabilised by the mixed SDS/NP-40 
surfactants has been scarce. 

In our previous report tl, the critical micelle concen- 
trations (CMC) in an aqueous solution of the mixed SDS/ 
NP-40 surfactants at both 25 and 80°C were determined by 
surface tension measurements. It was shown that the CMC 
of the mixed surfactant solution decreases with an increase 
in the weight percentage of NP-40 in the surfactant mixture 
([NP-40]). Furthermore, the CMC of the mixed surfactant 
solution at 80°C is slightly higher than that at 25°C and the 
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Figure I Smith-Ewart parameters ni and n~ as a function of the weight 
percentage of NP-40 in the surfactant mixture when [l] is in the range of 
5.00 x tO '4-6.43 X 104 M. D, 17i; O, ns 

difference diminishes when [NP-40] approaches 100 wt%. 
At a constant mixed surfactant concentration ([S]), the 
number of mixed micelles formed irrtmediately before the 
start of particle nucleation should be a function of such 
parameters as [NP-40], the aggregation number of a mixed 
micelle, polymerisation temperature, ,etc. These parameters 
are expected to show a significant irfluence on Np, if the 
micellar nucleation mechanism predominates during the 
particle nucleation period. Recently, the mixed SDS/NP-40 
surfactants were used to examine the generality of Smith- 

r 12 Ewart case II theory in our laboratoo . The concentration 
of sodium persulfate ([I]) was kept constant in most of the 
experiments. The log Np v e r s u s  log [S] data are consistent 
with Smith-Ewart case I1 theory (i.e., ns = 0.6) only when 
[NP-40] is below 30 wt%. Nevertheless, the polymerisation 
system deviates from Smith-Ewart case I1 theory signifi- 
cantly (n~ > 0.6) when [NP-40] is greater than 50 wt% (see 
the circular data points in Figure 1). Furthermore, the steric 
stabilisation effect provided by NP-40 alone is not sufficient 
to prevent the latex particles from flocculating with one 
another during polymerisation. As a consequence, the 
resultant latex particles stabilised only by NP-40 are 
quite large. On the other hand, the electrosterically 
stabilised latex particles are relatively stable due to 
the synergetic stabilisation effects, provided by SDS 
and NP-40 and, therefore, limited ltocculation is greatly 
retarded during polymerisation. Thus, the final latex particle 
size for the system stabilised by SDS/NP-40 is generally 
smaller. 

The objective of this work was to gain a better 
understanding of the role of the persulfate initiator in 
the STY emulsion polymerisation stabilised by the mixed 
SDS/NP-40 surfactants. The values of rt i as a function of 
[NP-40] were determined to further assess the applic- 
ability of Smith-Ewart case II theory (see equation (1)). 
Furthermore, the concentration of sodium ions derived 
from the persulfate initiator increases with increasing [I]. 
The increased ionic strength of ':he aqueous solution 
provided by the counter-ion Na + tends to destabilise the 
latex particles and, thereby, increases the probability of 
forming large flocs (scrap) during polymerisation. Thus, 
it is interesting to study the effectiveness of the mixed 
SDS/NP-40 surfactants in stabilising the latex particles 
in the course of polymerisation, especially when [I] is 
high. 

EXPERIMENTAL 

Materials 
The chemicals used in this work include styrene (Taiwan 

Styrene Monomer Co.), sodium dodecyl sulfate (Henkel 
Co.), nonylphenol polyethoxylate with an average of 40 
ethylene oxides per molecule (Union Carbide), sodium 
persulfate (Reidel-de-Haen), sodium sulfate (Ishizu Phar- 
maceutical Co.), nitrogen (Ching-Feng-Harng Co.), and 
deionised water (Barnstead NANOpure water purification 
system, specific conductance < 0.057 /,S cm-1). The 
monomer STY was distilled under reduced pressure 
before use. All other chemicals were used as received. 

PoIymerisation process 
Batch emulsion polymerisation was carried out in a 

baffled glass reactor equipped with a four-bladed fan turbine 
agitator, a thermometer, and a reflux condenser (reactor 
volume 1.5 1). A typical recipe is shown in Table 1. The 
parameter [S] was kept constant at 6 X 10-3M throughout 
this work, whereas [I] was varied from 5.02 X 10 -4 to 
9.20 X 10 -2 M. This value of IS] is about 1.5 times the 
CMC (80°C) of the SDS solution and it is always higher than 
the CMCs (80°C) of the mixed surfactant solutions with 
various levels of [NP-40] II. The total solid content was 
designed at 15%. First, water, SDS/NP-40, and STY were 
charged to the reactor and the reactor charge was purged 
with nitrogen for 10 rain to remove dissolved oxygen while 
heating to 80°C, followed by addition of the initiator 
solution. The polymerisation was carried out at 80°C over a 
period of 4 h. The agitation speed was maintained at 
400 rev min ~ throughout the reaction. 

Characterisation of latex samples 
The latex product was filtered through 40-mesh 

(0.42 ram) and 200-mesh (0.074 ram) screens in series to 
collect the filterable solids. Scraps adhering to the agitator, 
thermometer, and reactor wall were also collected. The total 
scrap data reported in this work represents the large flocs 
collected by the 40- and 200-mesh screens in series plus 
those adhering to the agitator, thermometer, and reactor 
wall. The total solid content of the latex sample was 
determined by the gravimetric method. 

Particle size (dp) data were obtained from the dynamic 
light scattering (DLS) method (Otsuka, Photal LPA-3000/ 
3100). If necessary, the turbid latex sample comprising large 
particles produced at a relatively high monomer conversion 
was further diluted with deionised water to adjust the CPS 
value to the range 8000-12 000. The parameter 'accumula- 
tion times' was set at 50 throughout this study. The dp data 
reported in this work represent an average of at least three 
measurements and these data show an error of 4% or less. 
Some latex sam3ples taken from a series of experiments with 
[ S ] = 6  x 10- M , [ I ] =  1.38 x 10 -3 M, various levels of 

Table I A typical recipe for the batch emulsion polymerisation of styr- 
ene: [SI = 6  × 10-3 M, [NP-40] = 50wt%, li] = 1.38 × 10 ~M 

Reagent Weight (g) 

Reactor charge 

Initiator solution 

H zO 764.91 
SDS 1.155 
NP-40 1.155 
STY 134.99 

H:O 5 
Na2S20 ~ 0.252 
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Figure 2 Representative monomer conversion v*'rsus reaction time 
profiles: (a) [I] = 0.00138M; (b) [I] = 0.0105 M; (c) [I] = 0.0493 M. 

[NP-40] (0, 50, 80 and 100 wt%) and various monomer 
conversions (ca. 23, 50 and 95%) were chosen for further 
examination by transmission electron microscopy (TEM) 
(JEOL JSM-1200EXII).  Approximately 500 particles were 
measured for each latex sample. 

RESULTS AND DISCUSSION 

Reaction kinetics 

Representative monomer conversion (X) versus reaction 
time (t) profiles with [I] = 1.38 X 10 -3, 1.05 X 10 -2 and 
4.93 X 10 2M are shown in Figure 2a, b and c, 
respectively. When [I] is below 1.05 X 10 -2 M, the rate 
of change in X with t (dX/dt, obtained from the least-squares 
best-fitted slope of the linear portion of the X versus t curve 
in Figure 2a, which is proportional to the rate of 
polymerisation) in decreasing order is: [NP-40] = 
80 w t % - [ N P - 4 0 ]  = 50 wt% > [NP-40] = 0 wt% >> [NP- 
40] -- 100 wt%. This trend is consistent with the work of  
Chern et al. 12 However, the dX/dt data in decreasing order 
become: [NP-40] = 0 wt% > [NP-40] = 80 wt%~[NP-40]  
= 50 wt% >> [NP-40] = 100 wt% when [I] is above 1.05 X 
10 -2 M (see Figure 2c). This transition occurs at [I] = 1.05 
× 10 -2 M, in which the dX/dt data in decreasing order are: 
[NP-40] = 0 wt%--[NP-40]  = 80 wt%~[NP-40]  = 50 wt% 
>> [NP-40] = 100 wt% (see Figure 2b). 

The log Np versus log [I] plots for the STY emulsion 
polymerisation with various levels of [NP-40] are shown in 
Figure 3. The number of latex particles per litre of  water 
(Np) shown in this plot was determined by the DLS method. 
When [I] is in the range of 5.0 × 10 -4 tO 6.4 × 10 -3 M ,  the 
slopes of the log Np versus log [I] data (i.e. ni shown in 
equation (1)) are all positive for the experiments with [NP- 
40] = 0, 50, 80 and 100 wt% (see Figure 3) when [I] is in 
the range 6.4 × 10 -3 to 4.9 × 10 -2 M, the values of ni are 
also positive for the reactions with [NP-40] = 0 and 
100wt% (see the square and diamond data points in 
Figure 3). However,  the parameter  n i becomes negative for 
the reaction with [NP-40] = 50 or 80 wt% (see the circular 
and triangular data points in Figure 3). Figure I shows the 
c a l c u l a t e d  n i as a function of [NP-40] when [I] is within 
5.0 X 10 -4 to 6.4 X 10 -3 M. The parameter  n i was 
determined by the slope of  the least-squares best-fitted log 
Np versus log [I] straight line. Also included in Figure 1 are 
the n~ versus [NP-40] data taken from Ref. f2. The parameter  
n i first increases from 0.42 to a maximum of 0.72, followed 
by a rapid decrease when [NP-40] increases. These data for 
n~ and n i clearly show that Smi th -Ewar t  case II theory is 

Figure 3 
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Figure 5 Total scrap as a ['unction of the concentration of initiator. [NP- 
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only valid for the STY emulsion polymerisation with [NP- 
40] = 0 wt%. The parameter Np for the polymerisation 
system stabilised only by NP-40 is rather insensitive to 
changes in [I] because of the very small value of  ni (0.18). 
Thus, the parameter [I] is not a's effective as [S] in 
controlling Np (or dp) for the sy,,tem with [NP-40] = 
100 wt%. 

The square data points in Figure 4 represent the 
calculated ni values as a function of  [NP-401 for [I] values 
in the range 6.4 × 10 .3 to 4.9 × 10 2 M. The circular data 
points in this plot are the average total scrap data (based on 
monomer weight) over the same range of  [I]. The latex 
stability reflects in the amount of  coagulum formed during 
polymerisation. For the system with [NP-40] = 0 or 
100 wt%, the average total scrap is about 2% or less, 
which is much lower than that (ca. 1(1%) for the system with 
[NP-40] = 50 or 80 wt%. Thus, the values of ni ['or the 
relatively stable systems with [NP-40] = 0 and 100 wt% are 
0.42 and 0.18, respectively. At relatively high levels of [I], 
the system with [NP-40] = 0 wt% still follows Smith-Ewart  
case II theory. On the other hand, the values of ni for the 
very unstable systems with [NP-40] = 50 and 80 wt% are 
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Figure 6 Rate of polymerisation as a function of the concentration of 
initiator. [NP-40] (wt%): D, 0; ©, 50: 4, 80: O, 100 

- 1.08 and -0 .76 ,  respectively. These values of  ni represent 
the condition that Np decreases rapidly with increasing [I] 
due to the conversion of  the extremely unstable latex 
particles into large flocs. Figure 5 shows the total scrap 
versus [I] data for the systems with various levels of [NP- 
40]. The total scrap data show that the recipes only 
containing SDS or NP-40 are quite stable over a wide 
range of  [I]. For the recipe containing SDS/NP-40 (50/50 or 
20/80), the total scrap first remains relatively constant (ca. 
2%) when [I] increases from 1.4 X 10 3 to 3.8 x 10 -s M. 
The total scrap then increases rapidly to a maximum (ca. 
25%) when [I] increases from 3.8 x 10 -3 to 1.8 X 10 -2 M. 
This is followed by a rapid decrease in total scrap with [I] 
being increased from 1.8 x 10 -2 to 4.9 x 10 2 M. 

The rate of  polymerisation (Rp) for emulsion polymerisa- 
tion can be calculated according to the following equation: 

Rp -- [M]0dX/dt---- Kp[M]p(hNp/Na) (2) 

where Kp is the propagation rate constant, [M]p is the con- 
centration of monomer in the particles, h is the average 
number of  flee radicals per particle and Na is Avogadro 's  
number. Equation (2) predicts that Rp is proportional to Np 
(the number of  reaction loci) and h. This equation can be 
used to calculate h if the parameters Rp, Kp, [M]p and Np are 
known. During Smith-Ewart  Interval II (X is approximately 
in the range 15-45% for the STY emulsion 
po lymer i s a t i on )  H, Rp remains relatively constant due to 
the steady values of [M]p, h and Np. The parameter Rp can  
be calculated according to equation (2) (i.e., Rp ---- [M]0dX/ 
dt), in which dX/dt is simply the slope of the least-squares 
best-fitted X versus t straight line during Interval II. The 
calculated R v and h as a function of [I] are shown in Figures 
6 and 7, respectively. 

Figure 6 shows that Rp increases with increasing [I] for 
the system stabilised only by SDS because of  the increased 
number of reaction loci (Np) (see the square data points in 
Figure 3). For the system stabilised only by NP-40, 
however, Rp remains relatively constant when [I] increases. 
This is simply due to the fact that Np increases very slowly 
with increasing [I] (see the diamond data points in Figure 3). 
As to the system with [NP-40] ---- 50 or 80 wt%, Rp first 
increases to a maximum at [I]--6.4 × 10 3 M and thereafter 
starts to decrease when [I] increases. The corresponding log 
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N o versus log [I] plots support this kind of behaviour, as 
shown by the circular or triangular data points in Figure 3. 
The slower Rp for the system stabilised only by NP-40 is due 
to the smaller Np and/or the more intensive limited 
flocculation occurring during the panicle growth period. 
Such a limited flocculation process involves the extremely 
large polymer particle-water interfacial area generated 
during the panicle nucleation period due to the quite low 

4 o I1 CMC of NP-40 (1.52 × 10- M at 80C,) . Thus, the 
particle surface coverage of NP-40 may not ge high enough 
to provide the interactive particles with adequate steric 
stabilisation. These latex particles may thus grow in size by 
mild aggregation of a few panicles. This will result in a 
reduction in the number of latex panicles (or a reduction in 
the particle-water interfacial area) and, thereby, enhance 
the particle surface coverage of NP-40. guch a limited 
flocculation process will cease when the concentration of  
NP-40 adsorbed on the panicle surface increases to a critical 
level and most of the aggregated particle,; still be stably 
dispersed in the aqueous phase. This result i,~ consistent with 
Refs. ~- 17 

Figure 7 shows that all the polymerisaticns conducted in 
this work follow Smith-Ewart  case III kinetics (i.e., h > 
0.5) 8. Only when [I] is within 6.4 × 10-3-1.1 × 10 -2 M, 
the systems with [NP-40] = 0 and 50 wt% approach Smith-  
Ewart case II kinetics (i.e,, h = 0.5) s. For the system with 
[NP-40] = 0 wt%, fi does not change ver7 much (0.81 + 
0.14) over the range of [I] investigated in this work (see the 
square data points in Figure 7). For the system with [NP- 
40] = 50 or 80 wt%, h first remains relatively constant (0.83 
+ 0.25 or 1.04 + 0.17) up to [I]~1.1 × 10-2M and then 
increases significantly with increasing [I] (see the circular or 
triangular data points in Figure 7). For the system with [NP- 
40] = 100 wt%, the data of h as a function of [I] are quite 
scattered (within 0.91-2.56), as shown by the diamond data 
points in Figure 7. The reason for this observation is not 
clear at this time, but it is probably related to the periodic 
events of limited flocculation and particle nucleation taking 
place during polymerisation. 

For emulsion polymerisations stabilisett only by SDS or 
NP-40, the number of micelles (Nm) for 'ned immediately 
before the start of reaction can be estimated by the following 

Table 2 Kinetic parameters for batch emulsion polymerisation of styrene 
at 80°C 

Parameter Numeric value Units References 

f 1 This work 
Kd 1.10:< 10 4 s 1 ts 
Kp 342 M Is  i ]3 

IM]II 1.697 M This work 
[MJp 5.2 M I_~ 
m (SDS) 71 19.2(I 
m (NP-40) 8 21 
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Figure 8 Fraction of micelles that is ultimately converted to the latex 
particles as a function of the number of free radicals captured by one 
micelle. [NP-40] (wt%): ~, 0; £~, 100 

equation provided that the monomer effect is not important. 

M m = (IS] - CMS(80°C))/m (3) 

where m is the number of  surfactant molecules present in a 
micelle (i.e., aggregation number). The number of  free radi- 
cals captured by one micelle is therefore equal to Ri/Nm, 
where Ri = 2JKd[I] is the generation rate of  free radicals 
in the aqueous phase , f  is the initiation efficiency factor, and 
Kd is the initiator decomposition rate constant. The kinetic 
parameters used in the calculation of Nv/N m and Ri/Nm are 
listed in Table 2, and the results are shown in Figure 8. The 
parameter Np/Nm represents the fraction of micelles that is 
ultimately converted to the latex panicles. Theoretical ana- 
lysis on the experiments with [NP-40] = 50 and 80 wt% was 
not conducted because the information about the mixed 
micelles (e.g., the structure, composition, and m of the 
mixed micelles) required for calculation is not available at 
this point of time. Figure 8 shows that Np/Nm increases with 
i n c r e a s i n g  Ri/Nm and the slope of  the log(NJNm) versus 
log(Ri/Nm) data is 0.329 for the system stabilised only by 
SDS. A similar trend is observed for the reaction stabilised 
only by NP-40, but the rate of  change in log(NJNm) with 
log(Ri/N~) is smaller (slope = 0.136). Furthermore, at con- 
stant RJNm, the value of Np/Nm for the system stabilised 
only by SDS is approximately two orders of  magnitude 
greater than that for the system stabilised only by NP-40 
(see the Np/Nm data with Ri/Nm in the range of 10 -3 -  
10-21 s -f in Figure 8). This result is consistent with our 
previous work and it implies that not all the nucleated 
primary particles can survive limited flocculation when 
NP-40 is used as the sole stabiliser f2. 
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So far, it has been shown that conventional Smith-Ewart 
case lI theory (n~ = 0.6 and ni ----- 0.4 in equation (1)) is only 
applicable to the STY emulsion polymerisation stabilised 
only by SDS. Incorporation of 50 w:% or more NP-40 into 
the surfactant mixture leads to dramatic deviations from 
Smith-Ewart case II theory. The pa::ameters Np and Rp for 
the NP-40 stabilised polymerisation system are relatively 
insensitive to changes in [I]. Furlhermore, in terms of 
coagulum formation, the latex parti:les stabilised only by 
SDS or NP-40 are quite stable during the course of 
polymerisation. For the system with [NP-40] = 50 or 
80 wt%, the transition from a stable l:o an unstable colloidal 
state occurs at [I] = 6.4 × 10-3-1.1 X 10 2M, judging 
from the experimental data of Np,/~p and total scrap. This 
result suggests that the parameters [NP-40] and [I] should 
play an important role in controlLng the latex stability 
during polymerisation. This transitional behaviour will be 
discussed in detail in the following ,;ection. 

Stabili O' of latex particles during polymerisation 
The shear force generated by intensive agitation may 

cause significant turbulence in a stined-tank reactor, which 
increases both the force and frequen,:y of collisions among 
the interactive latex particles. Thus, these latex particles 
under mechanical agitation may coagulate with one another 
due to the attractive van der Waals force during polymer- 
isation. It is postulated that the total scrap formed during 
polymerisation is determined by the fraction of the particle 
surface covered by NP-40 (0) and the ratio of the thickness 
of the NP-40 adsorption layer (3) to the thickness of the 
electric double layer (K -l) around the latex particles K6(6/ 
(~ i) = K6)z2-25. The electric double layer around these 
latex particles originates from the adsorbed SDS species and 
the sulfate groups (SO2) on the particle surface derived 
from the persulfate initiator. According to De Witt and van 
de Ven 23, the parameter 0 and the ratio K6 may play an 
important role in the brid~ing flocculation process. At lower 
values of ~6 (i.e., 6 < K- ) the electrostatic repulsion force 
predominates the interparticle interz,ction process, leading 
to a relatively stable colloidal system. The colloidal system 
becomes unstable due to bridging flocculation when the 
ratio K6 is equal to unity. Under the condition of 0 ~ 1 and 
K6 > 1 (i.e., 6 >> K-~), the colloidal system is stable as a 
result of steric stabilisation. 

As shown in Figures 4 and 5, the total scrap data for the 
system with [NP-40] = 0 wt% are quite low and they are 
insensitive to changes in [I]. The relatively low levels of 
total scrap are attributed to the extreraely small ratio K6 (i.e. 
6 ---* 0 and K6 < 1). This is because the good stability of the 
latex particles stabilised only by SDS during polymerisation 
is achieved mainly by electrostatic stabilisation. Similarly, 
the total scrap data for the system with [NP-40] = 100 wt% 
are quite low and, again, they are independent of [I]. In this 
case, the relatively low total scrap data are most likely due 
to the condition that the latex particles are well protected by 
NP-40 (i.e., 0 ---* I) and K6 > 1 (i.e., ~; >> K-=). As a result of 
the predominant steric stabilisation ncechanism, the polymer 
colloid shows an excellent stability in the course of 
polymerisation. 

The total scrap data are strongly dependent on [I] for the 
system with [NP-40I = 50 or 80 wl% (see the circular or 
triangular data points in Figure 5). Increasing [I] will 
enhance the ionic strength of the aqueous solution. The 
increased ionic strength will compress the electric double 
layer around the latex particles and, hence, ~reatly reduce 
the thickness of the electric double layer (K '). At constant 

[S] (6 × 10-3M) and [NP-40] (50 or 80wt%), the 
parameter 6 should not change very much during poly- 
merisation. This may thus cause the ratio K6 to approach 
unity and, thereby, reduce the colloidal stability signifi- 
cantly. On the other hand, increasing [I] may also result in 
an increase in the particle surface SO4 end-groups when the 
oligomeric radicals enter the monomer-swollen latex 
particles and polymerise therein. This will enhance the 
particle surface charge density and, thus, increase the 
thickness of the electric double layer K- l (or decrease K). In 
this case, the ratio K6 decreases to a value far below unity 
and, consequently, these latex particles can be stably 
dispersed in the aqueous phase during polymerisation. 

When [I] is within the range of 1.4 × 10-3-6.5 × 
10 -3 M, the stabilising effect provided by the increased 
electric double layer thickness may counteract the destabi- 
lising effect caused by the increased ionic strength. At 
relatively low levels of [I], the system with [NP-40] ----- 50 or 
80 wt% may thus produce relatively clean latex products. 
On the other hand, the destabilising effect may override the 
stabilising effect when [1] increases from 6.5 X 10 --~ M to 
about 1.8 × 10 -2 M. This will then cause the ratio K6 to 
approach unity and greatly reduce the stability of latex 
particles during polymerisation. Thus, the higher the level of 
[I], the greater is the amount of coagulum formed during 
polymerisation. Beyond the maximal point occurring at 
[I]--1.8 × l0  -2 M, the total scrap decreases rapidly with 
increasing [I]. This is simply because the stabilising effect 
provided by the increased electric double layer thickness 
becomes predominant again. This may further increase the 
ratio K6 and cause the coagulation process to cease when the 
ratio K6 is greater than unity. 

Although bridging flocculation has not been reported in 
the literature for the molecular weight range of the 
hydrophilic ~art of NP-40 (40 units of ethylene oxide-- 
2000 g tool- ), the proposed bridging flocculation mechan- 
ism may provide qualitative explanations for the total scrap 
versus [I] data presented in this work. It is postulated that the 
hydrophobic nonylphenol group of NP-40 will be anchored 
firmly on the latex particle surface. This may result in an 
extended conformation in water for the ethylene oxide chain 
of NP-40 and, thereby, increase the probability of bridging 
flocculation between two a~groaching latex particles. 
According to Chu and Cheng , the thickness of the NP- 
40 adsorption layer around the latex particles (3) is 7.3 nm, 
which is comparable to the value of 6 reported for the 
flocculated polystyrene latex particles induced by poly(- 
ethylene oxide) -3. This provides supporting evidence of 
significant bridging flocculation occurring during the 
reaction for the system with [NP-40] = 50 or 80 wt%. 
Furthermore, the shear force generated by intensive 
agitation may bring the latex particles into close contact 
and, thereby, increase the probability of bridging floccula- 
tion. However, further research is required to verify the 
bridging flocculation mechanism proposed in this work. 

Another possible explanation for the total scrap versus [I] 
data for the polymerisation systems with [NP-40] = 50 or 
80 wt% is that the ethylene oxide unit of NP-40 can form a 
complex structure with the SO4 end-group (derived from 
the persulfate initiator) on the neighbouring latex particle 
surface 27. This complex formation mechanism may thus 
cause the interactive particles to coagulate with one another 
during polymerisation. When [I] is below 6.5 x 10 -3 M, the 
ionic strength of the aqueous solution is not strong enough 
to significantly compress the electric double layer around 
the latex particles. As a result, the synergetic stabilisation 
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Table 3 Effect of total concentration of sodium ions on the amount of coagulum formed during polymerisation: [SI = 6 × l0 -3 M and INP-40] = 50 wt% 

[I] [NaeSO~] [Na +] dp Np Rp Total scrap 
× 10 ~ (M) X 10 ~ (M) ~ × 10 -'~ (M) (nm) × 1017 (l/L) x 10 -~ (M s L) t5 (%) 

17.70 35.40 95 2.65 9.47 1.21 28.31 

2.31 15.40 35.40 122 1.69 5,04 1.01 26.47 

2.31 - 4.62 84 5.40 13, l 0 0.82 2.53 

"Concentration of sodium sulfate 

effects provided by the mixed SDS/NP-40 surfactants make 
the colloidal system rather stable during polymerisation. On 
the other hand, the electrostatic repulsion force between two 
approaching particles is greatly reduced due to the increased 
ionic strength with increasing [I] (6.5 × 10 -3 ~ 1,8 × 
10 -2 M). This may promote the complex formation process 
and result in an increase in the total scrap with [I]. Further 
increasing [I], the extremely high concentratJ on of counter- 
ion Na + ([Na+]) in the aqueous phase may lower the 
electrostatic force exerted by the particle surface SO4 end- 
groups and, thereby, reduce the degree of corr plex formation 
significantly. This screening effect may thus result in polymer 
colloids with relatively low levels of coagulum. 

It has been shown that the influence of [Na +] on the 
amount of coagulum produced during polymerisation is 
significant for the system with [NP-40] = 50 or 80 wt%. 
One exl)eriment with constant [Na*] (2 (2.31 X 10-3 + 1.54 
× 10-") = 3.54 × 10-2M) achieved by using 2.31 × 
10-3M Na:S208 and 1.54 × 10-2M Na2SO4 (a non- 
reactive salt) was carried out to verify this argument, The 
parameters [S] and [NP-40] were kept constant at 6 × 
10 -3 M and 50 wt%, respectively, in this experiment. Some 
of the experimental results are listed in Table 3. As 
expected, the system with the same |Na +] (3.54 × 
10 -2 M) results in comparable total scrap data (ca. 27%), 
even though the levels of initiator are quite different (2.31 × 
10 -3 versus 1.77 × 10 2 M). For comparison, the system 
with IS], [NP-40], [1] and [Na +1 -~ equal to 6 x 10 -M,  

× - 3 .  50 wt%, 2.31 × 10 -3 M, and 4.62 10 " VI, respectxvely, 
was also included in Table 3. At constant [I], the total scrap~ 
is greatly reduced when [Na-] decreases from 3.54 X 10-" 
to 4.62 × 10 -3 M. These experimental data further support 
the bridging flocculation mechanism discussed above. 

Latex particle size and particle size distribution 
For the systems with various levels of [NP-40] (0, 50, 80 

and 100 wt%), the latex samples taken at low (ca, 23%, at 
the early stage of Interval II), intermediate (ca. 50%, at the 
early state of Interval III) and high (ca. 95 %, at the end of 
polymerisation) levels of monomer conversion X were 
further examined by TEM to study the particle nucleation 
and growth mechanisms. The paramete, r [I] was kept 
constant at 1.38 X 10 -3 M in this series of experiments. 
The particle size distribution data are shown in Figure 9. 
Representative TEM photographs for the systems with [NP- 
40] = 0 and 100 wt% are shown in Figure 10. Some of the 
numeric data are also summarised in Table 4. The symbols 
d,, d~, PDI and ~ represent the number averaged particle 
size. weight averaged particle size, pol'.¢dispersity index 
defined as dw/d, and standard deviation, re.spectively, for the 
'dried' particles. 

Figure 9 shows that the systems with [NP-40] = 0, 50 and 
80 wt% result in comparable latex particle sizes and 
relatively monodisperse size distributions throughout the 
reaction. On the other hand, the system atabilised only by 
NP-40 exhibits the largest particle size anti the broadest size 
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Figure 9 Particle size distribution data for the latex samples taken at (a) 
low (ca. 23%), (b) intermediate (ca. 50%), and (c) high (ca. 95%) levels of 
monomer conversion. [NP-40] (wt%): ~,  0; O, 50; A, 80; O, 100 

distribution, which may be attributed to the longer particle 
nucleation period. The long tail shifting toward smaller 
particle sizes (see Figure 9) and the slightly larger PDI data 
(see Table 4) further serve as supporting evidence for the 
longer particle nucleation period. Another possible explana- 
tion for the unique particle nucleation and growth behaviour 
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(a) ['NP-Li0] = 0 wt%,  X = 23% 

I 

( b ) [NP-40 ]  = 0 ' w t % , X =  96% 

(c) [NP-40]  = 100 wt%,  X = 2 4 %  ( d ) [ N P - 4 0 ]  = 1 0 0 w t % , X  = 9 0 %  

F i g u r e  10 Representat ive TEM photographs  for the latex samples  taken at low and high levels o f  m o n o m e r  conversion:  (a) [NP-40] = 0 wt% at X = 23%; (b) 
[NP-40] = 0 wt% at X = 93%; (c) [NP-40] = 100 wt% at X = 24%; (d) [NP-401 = 100 wt% at X = 90% 

T a b l e  4 Particle size and part icle size distr ibution data determined by 
TEM for the latex samples  with var ious levels o f  [NP-40J: IS] = 6 × 
10 -3 M and [I] = 1.38 × 10 3 M 

[NP-40] X dw d ,  o 
(wt%) (%) (nm) (nm) PDI" (nm) ~' 

0 22.9 47.9 46.3 1.03 4.5 
50.9 54.9 51.6 1.06 7.0 
97.5 68.8 67.3 1.02 5.6 

50 22.3 51.8 49.5 1.05 5.6 
45.0 57.9 55.5 1.04 5.8 
93.8 68.6 66.7 1.03 6.2 

80 24.4 46.6 43.1 1.08 6.4 
48.2 52.0 50.4 1.03 4.7 
98.9 64.3 62~1 1.04 6.3 

100 23.8 132.4 111,5 1.19 21.1 
54.4 146.9 137,6 1.07 20.3 
90.0 157.6 149.7 1.05 20.4 

"Polydispersi ty index = dw/d,, 
~Standard deviat ion 

associated with the system with [NP-40] = 100 wt% is that 
the nonionic surfactant with a conce:~tration of 6 X l0 -~ M 
is not high enough to prohibit the growing latex particles 
from flocculating with one another t 2. This limited flocculation 

may also contribute to the broader size distribution. On 
the other hand, the mixed surfactant system (SDS/NP-40) 
containing 20 wt% SDS or more can be very effective for 
stabilising these latex particles during the particle nuclea- 
tion period. This makes the polymerisat ion system with 
[NP-40] = 0, 50 and 80 wt% exhibit very different particle 
nucleation and growth behaviour from the system with NP- 
40 as the sole stabiliser. In addition, the size distribution 
becomes narrower as polymerisation proceeds (see the 
decreased PDI data with increasing X in Table 4), which is 
typical of  the relatively long residence time in a batch 
reactor. 

CONCLUSIONS 

The influence of  the persulfate initiator on the batch 
emulsion polymerisation of STY stabilised by the mixed 
SDS/NP-40 surfactants was investigated in this work. The 
parameter  [I] was varied from 5.02 x 10 -4 to 9.20 x 
10 -2 M. The polymerisation system stabilised only by SDS 
([NP-40] = 0 wt%) results in an increase in R p  with [I]. For 
the system with NP-40 as the sole stabiliser ([NP-40] ---- 
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1 0 0 w t % ) ,  Rp remains relatively consta~lt when [I] 
increases. As to the system with [NP-40] = 50 or 80 wt%, 
Rp first increases to a maximum at [I]~6.4 ;< 10 --~ M and 
thereafter starts to decrease with increasing [I]. The greater 
the number of reaction loci (Np),  the faster the rate of 
polymerisation (Rp). The slower rate of polymerisation for 
the system stabilised only by NP-40 is due to the smaller 
value of Np and/or the more intensive limited flocculation 
occurring during the particle growth period. 

Conventional Smith-Ewart case II theory (i.e., n~ = 0.6 
and ni = 0.4 in the relationship Np~[S]n'[I] n+) is only 
applicable to the STY emulsion polymerisation stabilised 
only by SDS. On the other hand, incorporatio3 of 50 wt% or 
more NP-40 into the surfactant mixture leads to deviations 
from Smith-Ewart case II theory. The parameter n i first 
increases to a maximum and then decreases with an increase 
in [NP-40], The parameters Np and Rp for the system with 
[NP-40] = 100 wt% are relatively insensitiw~ to changes in 
[I], The latex particles stabilised only by SDS or NP-40 are 
quite stable in the course of polymerisation. For the system 
with [NP-40] = 50 or 80 wt%, transition from a stable to an 
unstable colloidal state occurs at [I] = 6.4 × 10 3 - 1 . 1  X 

10 -2 M. Furthermore, the total scrap, presumably caused by 
the bridging flocculation mechanism, first reraains relatively 
constant and then increases rapidly to a maximum when [1] 
increases. Beyond the maximal point, the amount of 
coagulum starts to decrease with increasing [I]. The fraction 
of the particle surface covered by NP-40 (0) and the ratio of 
the thickness of the NP-40 adsorption layer :o the thickness 
of the electric double layer around the latex particles (K6) 
were postulated to be the crucial parameters in determining 
colloidal stability during the reaction. Anol:her postulation 
proposed for the total scrap v e r s u s  [I] data associated with 
the system with [NP-40] --- 50 or 80 wt% is related to the 
complex formation between the ethylene oxide unit of NP- 
40 and the particle surface SO4 end-group cIerived from the 
persulfate initiator. 

At constant [I] (1.38 × 10 -3 M), the systems with [NP- 
40] = 0, 50 and 80 wt% result in comparable latex particle 
sizes and relatively monodisperse size distributions 
throughout the reaction. On the other h~tnd, the system 
with [NP-40] = 100 wt% shows the largest particle size and 
the broadest size distribution, which may be attributed to the 
long particle nucleation period and/or limited flocculation. 
Incorporation of a small amount of SDS (20 wt% or more) 
into the system makes it stable enough to withstand limited 
flocculation and hence results in quite different particle size 
and size distribution data from those for the latex particles 
stabilised only by NP-40. 
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