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ABSTRACT: A batch emulsion copolymerization for the preparation of styrene-n -butyl-
acrylate (St/BA) copolymer latexes is investigated. A series of n -butylacrylate-styrene
copolymer latexes were obtained by emulsion copolymerization in the presence of
K2S2O8 (KPS) as initiator and with/without emulsifier (sodium lauryl sulfate). The
effect of such preparation conditions as initiator concentration, the St/BA ratio, reaction
temperature, agitation rate, and emulsifier concentration on the polymerization rate,
particle size of copolymer latex, and molecular weight distribution of the resulting
copolymer (Ç 80% conversion), respectively, is systematically studied using fractional
factorial design methodology. Fractional factorial analysis indicates that the effects of
the St/BA ratio, reaction temperature, emulsifier concentration, as well as the two-
factor interaction of temperature and emulsifier concentration, are the key variables
influencing the polymerization rate. AtÇ 80% monomer conversion, statistical analysis
clearly isolates emulsifier concentration as the dominant factor affecting average parti-
cle size of copolymer latex; results also indicate that the effects of the St/BA ratio,
reaction temperature, and emulsifier concentration are major effects influencing the
polydispersity of polymer molecular-weight distribution. For 7.30 g KPS/100 g mono-
mer and 500 rpm agitation rate, the conditions for minimizing molecular-weight distri-
bution (Ç 80% conversion) occur for a reaction temperature, St/BA ratio, and surfac-
tant concentration of 707C,Ç 3.59/1, andÇ 2.08 g/100 g monomer, respectively, gener-
ating a minimum molecular-weight polydispersity of Ç 3.0. q 1998 John Wiley & Sons,
Inc. J Appl Polym Sci 69: 551–563, 1998

Key words: emulsion copolymerization; statistical experimental strategies; styrene;
n-butylacrylate

INTRODUCTION polymerization process has been used in a variety
of monomers/comonomers and demonstrated ef-

Since the successful development of emulsifier- ficaciousness for producing monodispersity and
free emulsion polymerization Ç 3 decades ago, ‘‘clean’’ latexes.1–7 In this polymerization system,
this polymerization process has drawn the atten- polymer particles are stabilized by ionizable initi-
tion of researchers from the polymer field. Such a ators or by ionic comonomers. Several mecha-

nisms have been proposed for particle nucleation
and growth during polymerization without emul-Correspondence to: C.-H. Yang.

Contract grant sponsor: The National Science Council of sifier.8–10 Generally, these mechanisms are in
the Republic of China; contract grant numbers: NSC-86-2214- agreement with the actual process, which de-
E-168-001 and NSC-87-2218-E-168-006.

pends on the water solubility of a monomer. In
Journal of Applied Polymer Science, Vol. 69, 551–563 (1998)
q 1998 John Wiley & Sons, Inc. CCC 0021-8995/98/030551-13 a study of the K2S2O8 (KPS)/styrene (St)/H2O
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552 YANG AND YANG

Table I Factors and Levels for the 25-1system, Goodall and colleagues2 and Goodwin and
Fractional Factorial Designcolleagues11 found that the nucleation mechanism

is the micellar type. St monomers polymerize in
Levelsthe aqueous phase to oligomeric radicals with the

sulfate group, which are surface-active and form
Factorsa / 0micelles in emulsion polymerization.8 On the

other hand, for a more water-soluble monomer— A, KPS concentration (g) 5.838 1.946
like methyl methacrylate10—the particles are B, St/BA ratio 8/72 72/8
formed by the precipitation of a critical chain C, Reaction temperature (7C) 70 60
length. In the previous two cases, subsequent po- D, Agitation rate (rpm) 500 250

E, SLS concentration (g) 1.664 0lymerization would occur in monomer swollen
particles.12

a The volume of aqueous solution of St/BA comonomer mix-St-butylacrylate (BA) emulsion copolymers
ture is Ç800 mL containing 80 g monomers and 720 g H2O.

have received considerable attention in the past
few years due to their successful application in
industry. The flexibility of obtaining a large num- concentration, St/BA ratio, polymerization tem-
ber of polymer materials is usually used through perature, agitation rate and emulsifier concentra-
the variation of the copolymer composition and tion on polymerization kinetics, emulsion particle
the polymerization process. Owing to the differ- size, and polymer molecular weight distribution.
ences in the physicochemical properties of mono-
mers (polarity, water solubility) and of the corre-
sponding homopolymers (Tg , solubility parame- EXPERIMENTAL
ters), this copolymerization system is quite
interesting and has been extensively studied. Ki- Materials
netic study showed that the reactivity ratios de-

The monomers, St (from Osaka Co., Osaka, Ja-termined in batch emulsion polymerization13–15

pan) and BA (from Osaka Co.) , were stored atare close to those obtained in bulk or solution poly-
057C in nitrogen. Potassium persulfate (frommerization16,17 ; there exist some differences in
Merck GR grade) was used as received. Sodiumcomparison with a semicontinuous condition.18 In
lauryl sulfate (SLS) (from Osaka Co.) was used asaddition, the formation of particles is significantly
an emulsifier. Deionized water was purged withdominated by a homogeneous nucleation mecha-
nitrogen 1 h before use.nism due to the relatively higher water solubility

of BA,18 except when the emulsifier concentration
exceeds its critical micelle concentration. Preparation of Latexes

Recently, many papers19,20 and patents have
described the preparation of structured latexes by Latexes were prepared according to the copoly-

merization process in one step. The device usedemulsion polymerization and found that many pa-
rameters influence particle formation. Hearn and was constituted of a 1000 mL, four-necked, round-

bottomed reactor vessel equiped with a Tefloncolleagues3 reported that the bimodal molecular
weight distribution could not be explained by con- paddle-propeller stirrer, a nitrogen inlet and out-

let, a temperature control, and a thermometerventional theory and that the polymerization pos-
sibly proceeded at two sites. Arai and colleagues21 (thermocouple).

The effects of the following parameters on thecompared the polymerization rate of bulk poly-
merization, emulsion polymerization, and emulsi- polymerization rate, particle size of copolymer la-

texes, and molecular weight distribution of thefier-free emulsion polymerization, and also stud-
ied the effects of the mixing rate.22 However, there resulting copolymer, respectively, were investi-

gated: (1) initiator (potassium persulfate) con-is still a lack of a systematical study for the effects
of process parameters on kinetic behavior, emul- centration; (2) St/BA ratio; (3) reaction tempera-

ture ( 7C); (4) agitation rate (rpm); and (5) surfac-sion particle size, and polymer molecular weight
distribution. tant (SLS) concentration. Experiments were

conventionally conducted by varying 1 factor at aIn this study, fractional factorial design23 was
used in planning experiments that study the ef- time, with the remaining factors held constant.

In this study, fractional factorial design was uti-fects of such preparation variables as initiator
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Table II Design Matrix and Experimental Data from the 25-1 Fractional Factorial Design with the
Defining Relation I Å ABCDE

Responses
Factors

t*80%
a DT*max

b D*p c MU *n d Remark
Run A B C D E (min) (7C) (nm) (105) MU *we/MU n (Ç80% conversion)

1 0 0 0 0 / 33.5 1.8 66 3.76 3.53 82.5
2 / 0 0 0 0 435 0.9 593 0.29 4.25 81.0
3 0 / 0 0 0 270 1.2 643 1.09 9.80 82.5
4 / / 0 0 / 13 4.9 57 3.42 5.19 83.7
5 0 0 / 0 0 334 0.8 543 0.30 4.51 77.3
6 / 0 / 0 / 14.5 3.6 48 0.98 2.77 80.5
7 0 / / 0 / 7.5 6.2 48 3.44 4.34 83.8
8 / / / 0 0 50 3.3 445 0.61 4.63 81.7
9 0 0 0 / 0 1500 0.6 366 0.45 5.15 77.1

10 / 0 0 / / 27 2.2 52 2.25 3.20 80.0
11 0 / 0 / / 78 5.2 51 6.24 4.65 81.7
12 / / 0 / 0 230 1.6 584 0.80 7.03 79.1
13 0 0 / / / 16 2.5 61 3.11 2.73 80.9
14 / 0 / / 0 162 2.0 363 0.15 3.12 76.6
15 0 / / / 0 90 1.7 479 1.01 5.38 81.2
16 / / / / / 9.5 7.3 60 2.61 4.32 83.7

a Reaction time for Ç80% conversion.
b Maximum temperature rise during polymerization.
c Hydraulic-average particle size for Ç80% conversion.
d Number-average molecular weight corresponding to the polymer with Ç80% monomer conversion.
e Polydispersity of polymer molecular weight.

lized in designing the experiments. A total of 16 Particle Size and Particle Size Distribution
experiments were performed. Fixed levels and de-

The particle size and particle size distributionsign levels for the previous five parameters are
were determined by a laser scattering spectropho-given in Tables I and II respectively.
tometer (Otsuka, LPA 3000/3100). This proce-To a 1000-mL, four-necked, round-bottomed
dure involved diluting a few drops of the emulsionflask, water (720 g) was charged under a nitrogen
in distilled water before spectrophotometric mea-gas atmosphere, and a solution of 80 g monomer
surement.mixtures (St/BA) and KPS with or without SLS

surfactant—depending on the reaction in ques-
tion (refer to Tables I and II) —was then added

Molecular Weightsimmediately and kept over a period of 1 h while
stirring. Depending on the reaction in question, The molecular weight distribution and the aver-
the resulting mixture was then heated at a reac- age molecular weight of the polymer were deter-
tion temperature of either 60 or 707C under an mined by gel permeation chromatography (Shi-
agitation rate of either 250 or 500 rpm until matsu R-7A data module, LC-10AS pump). TheÇ 80% conversion of the monomer was reached, separation columns were two linear columns in
as determined by the gravimetric method. A latex the series. The flow rate for tetrahydrofuran was
of Ç 10% solids was obtained. 1 mL min01 at 407C using polystyrene standards.

Polymerization Rate
Glass Transition Temperatures

Monomer conversion was determined by the
gravimetric method of solid product precipitated The Tg’s of copolymers were determined with dif-

ferential scanning calorimetry equipment (Du-and dried from the reaction mixture.
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run 4). The former result is possible because more
particles are generated by increasing surfactant
concentration. The latter result is attributable to
the lower reactivity of the St monomer. In Figure
1(b), it is obvious that the increase of tempera-
ture (cf. run 1 and run 13) and agitation rate (cf.
run 3 and run 15) can enhance the reaction rate.
The reaction rate increases with increasing tem-
perature due to the increase of reaction energy.
In Figure 1(c) , it is noted that the reaction rate
significantly decreases with decreasing initiator
concentration (cf. run 2 and run 9, and run 3
and run 12) in soap-free polymerization at a high
agitation rate. The result can be attributed that
less free radicals are generated by decreasing ini-
tiator concentration under this experimental con-
dition.

To identify the key variables influencing the
polymerization rate of St/BA copolymerization
from the following process variables [(A ) KPS
concentration, (B ) St/BA ratio, (C ) reaction tem-
perature, (D ) agitation rate, and (E ) surfactant
concentration], the fractional factorial method
and response surface procedure were first estab-
lished. This experimental design allows the in-
fluence on each process variable to be observed at
a variety of other variable levels, as well as
allowing observations of the interaction effects
among the variables.

The design factors and levels for the 25-1 frac-
tional factorial experiments are listed in Table I,Figure 1 Conversion vs. reaction time. The recipe of
and the results of these experiments are given inexperimental run refers to Table II.
Table II. The level of each variable during a run
is indicated in columns 2 to 6 of Table II, with
the time of Ç 80% monomeric conversion (t80%)Pont 2910 MDSC) between 0607C and 1207C, us-
corresponding to each set of conditions shown ining a heating rate of 107C/min.
column 7. Note that the combination of observa-
tions used in estimating the main effect of factor

Copolymer Composition E (surfactant concentration) is identical to that
used estimating the 4-factor interaction effect ofThe copolymer composition of the various samples
factors A ( initiator concentration), B (St/BA ra-at different conversions was deduced from the Tg
tio) , C (reaction temperature), and D (agitationdata of these copolymers.
rate); hence, estimates of factor E and the interac-
tion effect of factors A , B , C , and D are said to be
‘‘confounded.’’ 23 Accordingly, the defining relationRESULTS AND DISCUSSION
I Å ABCDE , suggested by Box and colleagues,23

was established to identify those relationshipsPolymerization Rate
that exist between the effects.

Estimates of the experimental variable effectsFigure 1 shows plots of conversion against time.
In Figure 1(a), it is clear that the surfactant con- were algebraically calculated following the proce-

dure recommended by Box and colleagues23 andcentration can enhance the reaction rate (cf. run
1 and run 2). But, the increase in monomer ratio are given in Table III. Note that if the basic as-

sumption of Box and colleagues23 is employed,of St/BA retards the reaction rate (cf. run 3 and
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Table III t80% Estimates of the Effects from reaction mixtures, leading to a decrease in reac-
the 25-1 Fractional Factorial Design with the tion time. At 0 g SLS surfactant, decreasing the
Defining Relation I Å ABCDE St/BA ratio from 72/8 to 8/72 and increasing re-

action temperature from 60 to 707C results in a
Effect Estimate decrease in the t80%. This situation is thought to

arise from the fact that St/BA comonomers devoidA / BCDE 0173.5
of SLS surfactant with high St/BA ratios and low*B / ACDE 0221.7
temperature are able to form uniform emulsion*C / ABDE 0237.8
particles and results in a significant increase inD / ABCE 119.3
the t80%. On the other hand, at 1.664 g SLS surfac-*E / ABCD 0359.0

AB / CDE 136.6 tant, the t80% decreases after an increase in tem-
AC / BDE 120.6 perature from 60 to 707C. This result is similar to
AD / BCE 0140.3 that of 0 g SLS surfactant. At the same reaction
AE / BCD 180.8 temperature, it is noteworthy that the changes
BC / ADE 129.3 of t80% for the 1.664 g SLS system are relatively
BD / ACE 0102.6 insignificant to the variations of the St/BA ratio.

*BE / ACD 226.0 A batch emulsion copolymerization was con-CD / ABE 0151.5
ducted in which the reactor was initially charged*CE / ABD 211.8
with all the water, monomers, initiator, and with/DE / ABC 0103.8
without surfactant. Figure 3 presents the temper-
ature variation (DT ) and conversion of reaction
system against reaction time. The points were ex-where higher order interaction effects (3- and 4-

factor interactions in this study) are often negligi- perimental values measured by the thermocouple.
In Figure 3(a), it can be seen that a continuousble and can be ignored, the main and 2-factor in-

teraction effects can be obtained without confu- increase of the polymerization rate was observed
from Ç 20% conversion to 80%. This increase ission with higher order interaction effects.

An examination of Table III reveals that the attributable to the more BA generating the higher
copolymerization rate, reflecting the fact that theeffects of the St/BA ratio (B ) , reaction tempera-

ture (C ) , and surfactant concentration (E ) are the fraction of St decreases consecutively in the St/
BA comonomer mixture as the conversion in-key variables influencing the t80%, and that the 2-

factor interactions on the t80% of the St/BA ratio creases. In Figure 3(b), as explained previously,
there was obviously a similar tendency of experi-and surfactant concentration (BE ) , and of reac-

tion temperature and surfactant concentration mental results. To confirm this explanation, run
15 was conducted using the recipe of Table II and(CE ) are significant and require further interpre-

tation. These effects are indicated with an aster- the plot of glass transition temperature (Tg , dif-
isk in Table III, and represent the relatively
larger positive and negative estimated values.
The effects of the St/BA ratio (B ) , reaction tem-
perature (C ) , and surfactant concentration (E )
cannot be discussed separately due to the signifi-
cant interactions on the t80% between the St/BA
ratio and surfactant concentration (BE ) , as well
as reaction temperature and surfactant concen-
tration (CE ) . Hence, the t80% is depicted as a func-
tion of St/BA ratio (B ) , reaction temperature (C ) ,
and surfactant concentration (E ) in Figure 2. An
examination of Figure 2 reveals that the combina-
tion of these effects clearly isolates surfactant con-
centration as the dominating factor affecting the
t80%. The t80% decreases after the addition of 1.664
g of SLS surfactant into the reaction mixture. This Figure 2 Model predictions for the time of Ç 80%
result can be ascribable to many uniform emul- monomeric conversion as a function of SLS concentra-

tion, St/BA ratio, and reaction temperature.sion particles (micelles) easily generating in the
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Figure 4 Plot of glass transition temperature (Tg )
against conversion for run 15.

influencing the DTmax, and that the 2-factor inter-
actions on DTmax of the St/BA ratio and surfac-
tant concentration (BE ) are significant. The main
effect of a variable can be individually interpre-
ted, if and only if its effects are not confused with
those of other variables. Because interaction of
the reaction temperature (C ) with the other fac-
tors is insignificant—their estimated values are
relatively small (see Table IV) —the effect of reac-
tion temperature on DTmax will be discussed sepa-
rately. The DTmax versus reaction temperature is
plotted in Figure 5, and reveals that an increase
in the former corresponds to an increase in the
latter. This situation is thought to arise from the

Figure 3 Temperature variation (DT ) and conver-
sion of reaction system vs. reaction time. (a) Run 4. (b)

Table IV DTmax Estimates of the Effects fromRun 15.
the 25-1 Fractional Factorial Design with the
Defining Relation I Å ABCDE

ferential scanning calorimetry results) of copoly-
Effects Estimatemer against conversion is presented in Figure 4.

An examination of Figure 4 reveals that Tg de-
A / BCDE 0.72creases with increasing conversion. This result re-

*B / ACDE 2.12flects the fact that St is enriched in the early stage
*C / ABDE 1.12of polymerization and then gradually decreased D / ABCE 0.05

in the later stage. *E / ABCD 2.7
The quantity of DTmax corresponds to the most AB / CDE 00.02

significant existence in the autoacceleration pro- AC / BDE 0.52
cess of polymerization. To clarify the effects of AD / BCE 0.05

AE / BCD 00.15process variables on DTmax, the results of 25-1 frac-
BC / ADE 0.27tional factorial experiments are given in Table II
BD / ACE 0.00(column 8); and estimates of the experimental

*BE / ACD 1.12variable effects are given in Table IV. An exami-
CD / ABE 00.42nation of Table IV reveals that the effects of the
CE / ABD 0.25St/BA ratio (B ) , reaction temperature (C ) , and
DE / ABC 0.12surfactant concentration (E ) are the key variables
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Figure 7 Hydraulic-average particle size (Dp ) vs. con-
Figure 5 Effect of reaction temperature on the maxi- version.
mum temperature variation (DTmax) .

This result is thought to arise from the fact
autoacceleration process promoted by higher tem- that more particles can be easily generated with
perature that provides more reaction energy to the addition of (1.664 g) surfactant; whereas at
initiate the free-radical polymerization. This pro- relatively higher St /BA ratios, reactivity de-
motion of autoacceleration process leads to more creases, which results in a significant decrease
evolution of heat with the net result of higher in the DTmax .
DTmax being formed. Due to the significant inter-
action on DTmax between the St/BA ratio and sur-

Particle Sizefactant concentration (BE ) , the DTmax is depicted
as a function of St/BA ratio and surfactant con- The particle size (Dp , hydraulic-average size) ob-
centration in Figure 6. An examination of Figure tained from laser scattering spectroscope as a
6 reveals that the combination of these effects function of conversion is shown in Figure 7. Parti-
clearly isolates St/BA ratio as the dominating fac- cle size increases with increasing conversion for
tor affecting DTmax. At a St/BA ratio of 8/72, the both with (run 13) and without (run 3) surfac-
DTmax for a specific SLS surfactant is relatively tants. The particle size gradually approaches a
sensitive, while increasing the SLS surfactant constant when monomers are used up. This figure
from 0 to 1.664 g results in a significant increase also shows that smaller particles are obtained
in the DTmax. Decreasing the St/BA ratio from with the addition of surfactant (run 13). The simi-
72/8 to 8/72 results in an increase in the DTmax. lar phenomena have been observed in Chiu and

Figure 8 Particle size distribution. (a) Run 3 (conver-Figure 6 Model predictions for DTmax as a function
of SLS concentration and St/BA ratio. sion 80%). (b) Run 11 (conversion 87%).
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Table V Dp Estimates of the Effects from the
25-1 Fractional Factorial Design with the
Defining Relation I Å ABCDE

Effects Estimate

A / BCDE 06.8
B / ACDE 34.3
C / ABDE 045.6
D / ABCE 053.3

*E / ABCD 0446.6
AB / CDE 012.0
AC / BDE 047
AD / BCE 32.0
AE / BCD 5.0
BC / ADE 030.0
BD / ACE 49.00
BE / ACD 037.0
CD / ABE 23.0
CE / ABD 43.05
DE / ABC 55.0

colleagues.24 This could be explained by the effect
of surfactant on the increase of particle number.
Figure 8 shows the particle size distribution. A
comparison of Figure 8(a, b) reveals that the uni-
modal distribution exists in surfactant-free co-
polymerization system (run 3), and that the bi-
modal distribution exists in with-surfactant co-
polymerization system (run 11). These results
suggest that the nucleation time is short relative
to reaction time in the surfactant-free system, Figure 10 Number-average molecular weight (Mn )
which leads to a uniform size of particles and that and polydispersity (Mw /Mn ) of polymer vs. reaction
the nucleation time is long in with-surfactant sys- time. (a) Run 3. (b) Run 13.
tem, which results in a bimodal size distribution
of particles.25

To identify the effects of process variables on
Dp corresponding to 80% monomeric conversion,
the results of 25-1 fractional factorial experiments
are also given in Table II (column 9). Estimates
of the experimental variable effects are given in
Table V. An examination of Table 5 reveals that
the effect of surfactant concentration (E ) is the
key variable influencing particle size. Particle size
versus surfactant concentration is plotted in Fig-
ure 9 and indicates that an increase in the former
corresponds to a decrease in the latter. This result
is attributable to less particles being generated in
surfactant-free emulsion polymerization.

Molecular Weight

The molecular weight changes with time areFigure 9 Effect of SLS concentration on the average
particle size. shown in Figure 10. It is clear that the molecular
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Table VI Mn Estimates of the Effects from the
25-1 Fractional Factorial Design with the
Defining Relation I Å ABCDE

Effects Estimate

*A / BCDE 01.034
*B / ACDE 0.993
*C / ABDE 00.760
D / ABCE 0.339

*E / ABCD 2.639
AB / CDE 00.049
AC / BDE 0.158
AD / BCE 00.215

*AE / BCD 00.787
Figure 11 Effect of St/BA ratio on the number-aver-BC / ADE 00.209
age molecular weight of polymer.BD / ACE 0.181

BE / ACD 0.409
CD / ABE 0.046

*CE / ABD 00.619
of low St /BA ratio are easily propagated to ob-DE / ABC 0.309
tain the polymer of higher molecular weight.
Owing to the significant interactions on Mn be-
tween initiator concentration and surfactant
concentration (AE ) , as well as reaction temper-weights increase with increasing polymerization
ature and surfactant concentration (CE ) , thetime for both cases of surfactant-free and with-
Mn is depicted as a function of initiator concen-surfactant systems. These results are similar to
tration (A ) , reaction temperature (C ) , and sur-those of the previous works.27,28 Similarly, the
factant concentration (E ) in Figure 12. An ex-polydispersity of molecular weight increases with
amination of Figure 12 reveals that the com-increasing polymerization time, and the polydis-
bination of these effects clearly isolated apersity of the surfactant-free system is larger
surfactant concentration as the dominating fac-than that of the with-surfactant system. These
tor affecting the Mn . The Mn is quite sensitive toresults reflect that many molecules of different
the addition of SLS surfactant, while increasingmolecular weight generated in the later stage of
SLS surfactant concentration from 0 to 1.664 gpolymerization (BA rich in this period) and that
results in a significant increase in Mn . This re-the larger polydispersity exists in the system of

larger particle size.
To identify the effects of process variables on

Mn corresponding to Ç 80% monomeric conver-
sion, the results of 2 5-1 fractional factorial exper-
iments are also given in Table II (column 10) .
Estimates of the experimental variable effects
are given in Table VI. An examination of Table
VI reveals that the effects of initiator concentra-
tion (A ) , St /BA ratio (B ) , reaction temperature
(C ) , and surfactant concentration (E ) are the
key variables influencing molecular weight
(Mn ) . The 2-factor interactions on Mn of initia-
tor concentration and surfactant concentration
(AE ) , and reaction temperature and surfactant
concentration (CE ) are significant. The Mn ver-
sus the St /BA ratio is plotted in Figure 11 and
reveals that an increase in the former corre- Figure 12 Model predictions for Mn as a function of
sponds to a decrease in the latter. One possible SLS concentration, reaction temperature, and KPS con-

centration.explanation for this result is that the monomers
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Table VII Mw/Mn Estimates of the Effects from sult is thought to arise from the decrease of par-
the 25-1 Fractional Factorial Design with the ticle size induced by the addition of surfactant,
Defining Relation I Å ABCDE which can be regarded as case II of the Smith-

Ewart 26 theory. Such a decrease of particle size
Effects Estimate leads to the result that rt ( termination rate) is

much higher than rp (propagation rate) . Al-A / BCDE 00.70
though the polydispersity decreases with in-*B / ACDE 2.01
creasing reaction temperature (C ) , the interac-*C / ABDE 01.37
tions between reaction temperature and surfac-D / ABCE 00.39
tant concentration (CE ) , and the ratio of St /BA*E / ABCD 01.64

AB / CDE 00.05 and reaction temperature (BC ) are also signifi-
AC / BDE 0.17 cant. Thus, the key variables influencing the
AD / BCE 0.64 polydispersity of molecular weight have been
AE / BCD 0.76 determined. Further verification of these re-

*BC / ADE 00.62 sults, as well as an investigation of the molecu-
BD / ACE 00.22 lar-weight polydispersity dependence of St /BA
BE / ACD 0.44 ratio, reaction temperature, and surfactant con-CD / ABE 0.26

centration, were undertaken.*CE / ABD 0.77
DE / ABC 0.20

Distribution of Molecular-Weight Polydispersity

Because a smaller molecular-weight polydisper-sult implies that more particles are generated
sity was obtained in the presence of higher initia-in the 1.664 g surfactant reaction mixtures,
tor level (5.838 g KPS) [see column 1 (A) in Tableleading to an easy increase of the molecular
VII] and the effect of agitation rate [see columnweight of molecules in these smaller particles.
1 (D) in Table VII] on molecular-weight polydis-On the other hand, decreasing reaction temper-
persity was insignificant, these parameters wereature from 707C to 607C and decreasing initiator
held constant at 5.838 g and 500 rpm, respec-concentration from 5.838 to 1.946 g result in an
tively. The designed factors and levels for the 16increase in the Mn . This result reflects the fact
central composite design experiments are listedthat the St /BA reaction comonomers with lower
in Table VIII. The results of the molecular-weightinitiator concentration at lower reaction tem-
polydispersity of St/BA copolymers are shown inperature are able to easily induce polymer chain
Table IX. These results were subjected to regres-propagation.
sion analysis and consequently generated the fol-To identify the effects of process variables on
lowing regression equation:Mw /Mn (polydispersity ) corresponding toÇ 80%

monomeric conversion, the results of 2 5-1 frac-
tional factorial experiments are also given in
Table II (column 11) ; estimates of the experi-
mental variable effects are given in Table VII.

Table VIII Factors and Levels for the CentralAn examination of Table VII reveals that the
Composite Designeffects of the St /BA ratio (B ) , reaction tempera-

ture (C ) , and surfactant concentration (E ) are Factors
the key variables influencing the polydispersity
of molecular-weight distribution. Decreasing Reaction Surfactant
the St /BA ratio from 72/8 to 8 /72 results in an St/BA Temperature Concentration

Levels Ratio (7C) (g)increase of polydispersity. This result is ascrib-
able that a more significant gel (autoaccelera-

01.6818 72/8 56.6 0.000tion) effect exists in BA-riched comonomers,
01 62.6/17.4 60.0 0.423leading to a wider distribution of molecular

0 40/40 65.0 1.043weight. On the other hand, increasing surfac-
/1 17.4/62.6 70.0 1.664tant concentration from 0 to 1.664 g results in /1.6818 2/72 73.4 2.087a significant decrease of polydispersity. This re-
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Table IX The Design Matrix and Experimental Data of Mw/Mn from the Central Composite Design
for the Quadratic Form Fit

Factors
Remark

Run B C E MV n (105) MV w/MV n (Ç80% conversion)

1 01 01 01 1.538 3.11 88.9
2 01 01 /1 2.250 3.20 81.0
3 01 /1 01 0.551 4.17 88.9
4 01 /1 /1 0.910 3.59 88.0
5 /1 01 01 1.919 3.27 81.7
6 /1 01 /1 1.623 4.41 89.8
7 /1 /1 01 1.074 3.81 79.0
8 /1 /1 /1 2.611 4.33 81.7
9 0 0 0 0.6828 6.10 80.4

10 0 0 0 0.678 6.12 80.4
11 0 0 01.6818 0.228 6.29 79.2
12 0 0 /1.6818 1.674 3.51 78.5
13 0 01.6818 0 4.020 2.64 76.3
14 0 /1.6818 0 0.568 4.72 78.1
15 01.6818 0 0 1.297 3.41 81.6
16 /1.6818 0 0 1.276 4.23 86.3

Y Å 0.14
(0.55)

/ 0.23B
(0.21)

/ 0.40C
(0.21)

0 0.25E
(0.21)

square of regression obtained by dividing the sum
of squares of regression with the degrees of free-
dom. MSE represents the mean square error from0 0.85B2

(0.25)

0 0.98C2

(0.27)

0 0.51E2

(0.27) the analysis of variance. R2 is the multiple corre-
lation coefficient, with a value close to 1 meaning0 0.12BC

(0.28)

/ 0.27BE
(0.28)

0 0.16CE
(0.28)

(1)
a perfect fit to the experimental data.

The magnitudes of the regression equation co-where the Y , B , C , and E terms, respectively, efficients, compared with their estimated stan-represent polydispersity of molecular weight, the dard errors, are used as a basis for judging statis-St/BA ratio, polymerization reaction tempera- tical significance and illustrate the relative effectsture, and surfactant concentration. The number of linear, quadratic, and cross-product interactionin parentheses below the coefficients are their between the parameters and molecular-weightstandard errors based on error variance estimates polydispersity. Accordingly, to examine the distri-(s2 Å mean square of error Å 0.63). The analysis bution of molecular-weight polydispersity, the re-of variance is summarized in Table X. The test action temperature was held at an arbitrary valuestatistics, F and R2 , are defined as FÅMSR/MSE (707C), thereby illustrating the relationship be-and R2 Å 1 0 SSE/SST, where MSR is the mean tween expected molecular-weight polydispersity,
St/BA ratio, and surfactant concentration. Thus,
the substitution of C Å 1 (the reaction tempera-
ture at 707C) into eq. (1) gives the following equa-Table X Analysis of Variance for the Quadratic

Form Fit of Mw/Mn tion:

Sum of Degrees of Mean
Y Å 5.56 / 0.11B 0 0.41E 0 0.85B2

Source Squares Freedom Square F

0 0.51E2 / 0.27BE (2)Model 15.30 9 1.70 2.687
Error 3.79 6 0.63
Total 19.09 15 Since the sign of the coefficients associated with
R2 Å 0.81 the quadratic terms (B2 and E2) are negative, the
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determined relationship between the distribution
of molecular-weight polydispersity, St/BA ratio,
and surfactant concentration at a 60 and 507C
reaction temperature was similar to that at 707C.
To confirm the validity of the statistical experi-
mental strategies, an additional experiment was
performed under the conditions of minimum mo-
lecular-weight distribution. The results are listed
in Table XI. An examination of Table XI indicates
that fractional factorial design and regression
analysis are in good agreement with the experi-
mental results.

CONCLUSIONS

Emulsion copolymers of St and n-BA were pre-
pared and the effects of the following operating
parameters (KPS concentration, St/BA ratio, re-
action temperature, agitation rate, and surfactant
concentration on the polymerization rate, particle
size of the St/BA copolymer, and molecular-
weight distribution of these copolymers) experi-Figure 13 Constant polymer polydispersity contour
mentally investigated. Fractional factorial designlines against St/BA ratio and SLS concentration at a
was shown to be a useful tool in reducing the num-707C reaction temperature, 5.838 g KPS, and 500 rpm
ber of trial runs and in reaching the unconfoundedagitation rate. (l ) Experimental check point.
result. The experimental results from the re-
sponse surface method, subjected to regression
analysis and plotted as contour diagrams, were
extremely useful in studying the effects of the keydistribution of molecular-weight polydispersity

exists a maximum. variables (St/BA ratio, reaction temperature, and
surfactant concentration) on the polydispersity ofEquation (2) was used in constructing the con-

tour plot shown in Figure 13 for the distribution molecular-weight. Polymerization rate was pre-
dominantly influenced by the single factor effectsof molecular-weight polydispersity against St/BA

ratio and surfactant concentration for a reaction of St/BA ratio (B ) , reaction temperature (C ) , and
surfactant concentration (E ) , in addition to the 2-temperature of 707C. An examination of Figure

13 reveals that the minimum molecular-weight factor interactions of St/BA ratio and surfactant
concentration (BE ) and reaction temperature andpolydispersity of Ç 3.0 occurs in the outside sur-

rounding region of the St/BA ratio and surfactant surfactant concentration (CE ) . The effect of sur-
factant concentration was the key variable influ-concentration. Under these conditions, the mini-

mum molecular weight distribution is thought to encing the particle size of copolymer latexes. The
effects of St/BA ratio, reaction temperature,arise from the interactions between the St/BA ra-

tio and surfactant concentration. The statistically and surfactant concentration were the key vari-

Table XI Typical Experimental Data of Mn, Mw, and Mw/Mn for the
Conditions Corresponding to the Check Point on Figure 13

Sample, 105 Remark
(St/BA) MV n (105) MV w (105) MV w/MV n (Ç80% conversion)

62.6/17.4 0.921 2.912 3.2 80.5
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