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ABSTRACT: In this article, the influences of operating
variables on the particle size (PS) and particle size distribu-
tion (PSD) of emulsion poly(vinyl chloride) in batch reactor
were investigated using Taguchi experimental design
approach. The variables were temperature (T), water to
monomer weight ratio (R), concentrations of initiator ([I])
and emulsifier ([E]), and agitation speed (S). Scanning elec-
tron microscope was used together with image analysis soft-
ware to determine the PS and PSD. Statistical analysis of
results revealed that the PS of emulsion poly(vinyl chloride)
strongly depends on emulsifier and initiator concentrations,
respectively, whereas the other factors have no significant

effects in the range of levels investigated in this study.
Except initiator concentration, all factors have important
influence on the PSD (significance sequence: S > R > T >
[E]). It is implied from the greater influence of agitation
speed relative to temperature on PSD that the shear coagula-
tion predominates the Brownian coagulation in this system.
The relative optimum condition for a typical paste applica-
tion was also determined using overall evaluation criteria.
© 2008 Wiley Periodicals, Inc. ] Appl Polym Sci 111: 338-347, 2009

Key words: emulsion polymerization; particle size
distribution; poly(vinyl chloride); electron microscopy

INTRODUCTION

The particle size (PS) and particle size distribution
(PSD) in emulsion polymerization of vinyl chloride
are two important characteristics influencing the
processability of the latex, and the final quality of
product.” One of the most conventional forms of
emulsion poly(vinyl chloride) (e-PVC) applications is
plastisol (a stable dispersion of e-PVC particles in
plasticizer).> The application properties of plastisol
such as rheology and film formation are strongly de-
pendent on the PS and PSD. Small particles in plasti-
sol result in high viscosity media, whereas in paste
applications (like in manufacturing of artificial
leather), the presence of large particles is essential to
prepare low viscosity plastisol, and a wide PSD is
desirable.” In processing of e-PVC, when the plasti-
sol is heated up to 180-200°C, it undergoes two
processes, known as gelation and fusion. It is dem-
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onstrated that the gelation rate increases with
decreasing the PS due to more interactions between
particles and plasticizer.” Furthermore, the proper
shape and size distribution affect the fusion phe-
nomenon which is of importance in efficient per-
formance of the processing machines.*

During the emulsion polymerization, PS and PSD
are governed by interplay of three major phenom-
ena, called nucleation, growth, and aggregation of
the polymer particles. Although the nucleation pe-
riod is quite short, the generation of particle nuclei
during the early stage of the polymerization plays a
crucial role in determining the mean particle size
(MPS) and PSD of final latex.” The PSD is believed
to be a consequence of the distribution of times at
which different polymer particles are nucleated.® As
vinyl chloride monomer (VCM) is slightly soluble in
water, the particle nucleation occurs through both
homogeneous and heterogeneous mechanisms.
Entering the radicals into the micelles, and then
reaction with diffused monomer, lead to heterogene-
ous or micellar nucleation. On the other hand, the
reaction of dissolved monomers in water with the
radicals, forms polymer particles that grow until
they reach a critical size and then precipitate (homo-
geneous nucleation).” The particles formed by these
two mechanisms don’t differ essentially and are
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TABLE I
Selected Factors and Their Levels
Factors Levels
Description Unit  Symbol 1 2 3
Temperature °C T 46 53 60
Emulsifier conc. g/L [E] 1 4 7
Initiator conc. g/L [1] 0.4 2 3.6
W/M ratio g/g R 1.2 1.9 2.6
Agitation speed  rpm S 200 300 400

known as primary particles. These primary particles
then may simply grow by conversion of monomer to
polymer within these particles, or undergo aggrega-
tion. The aggregation of particles decreases the num-
ber of particles and thus affects both MPS and PSD.?

The formation of aggregates in the latex is caused
by a loss of colloidal stability of the particles. Desta-
bilization may be accelerated by reducing the elec-
trostatic repulsion between the particles and also by
increasing the average kinetic energy of the particles.
The former can be affected by physicochemical
parameters like initiator and emulsifier concentra-
tions. But, the kinetic energy of particles is influ-
enced by process variables; say agitation speed and
temperature.g’10

The process and reaction variables may affect the
nucleation, growth, and a gregation mechanisms,
and thus the PS properties.”''™'° In spite of various
articles published on this field, no report is available
suggesting application of experimental design for
quantified and comparative analysis of operating
variables effects on the MPS and PSD, especially for
emulsion polymerization of VCM.

In this study, the influences of temperature (T),
emulsifier and initiator concentrations ([E] and [I]),
water to monomer weight ratio (R) and agitation
speed (S), on MPS and PSD of e-PVC in batch reac-
tor have been statistically investigated using Taguchi
experimental design approach. Scanning electron mi-
croscopy (SEM) with an image analyzing software
has been utilized for PS and PSD determination.

EXPERIMENTAL
Experimental design

The conventional approach in process evaluation
involves changing one parameter at a time. This
approach requires numerous experimental runs to
fully explore the entire parameter space. In this
respect the experimental design approach including
Taguchi method can reduce the number of experi-
ments while retaining data collection quality.

The first important step in design of experiment is
the proper selection of factors and their levels. In
this study, five operating factors (temperature, emul-
sifier and initiator concentrations, water to monomer
weight ratio, and agitation speed) were considered
in three levels (Table I). The factors and their levels
have been chosen according to a literature review on
previous publications on the emulsion polymeriza-
tion of vinyl chloride. For design of experiments
with five factors and three levels for each factor, a
standard L,g orthogonal array was employed (Table
II). Each row of the matrix represents one run at
specified condition. To avoid the systematic bias, the

TABLE II

Taguchi Experimental Design Based on Coded Levels, and the Statistical Parameters Obtained from

Image Analysis of SEM Micrographs

Factors and their levels

Measured parameters

Run no. T [E] [1] R S Amin (Lm) dmax (Lm) MPS (um) PSD (variance)
1 1 1 1 1 1 0.0740 2.3730 0.2890 0.0220
2 1 2 2 2 2 0.0740 0.9490 0.2250 0.0226
3 1 3 3 3 3 0.0409 2.0300 0.2160 0.0422
4 2 1 1 2 2 0.0409 1.4560 0.3590 0.0984
5 2 2 2 3 3 0.0740 2.5140 0.2690 0.0854
6 2 3 3 1 1 0.0409 3.2250 0.2100 0.0487
7 3 1 2 1 3 0.0372 1.8900 0.4780 0.0744
8 3 2 3 2 1 0.0409 2.2460 0.2030 0.0470
9 3 3 1 3 2 0.0409 0.9250 0.1422 0.0197

10 1 1 3 3 2 0.0409 1.7400 0.3318 0.0314
11 1 2 1 1 3 0.0573 0.7630 0.1683 0.0157
12 1 3 2 2 1 0.0371 1.9930 0.2410 0.0395
13 2 1 2 3 1 0.0573 1.8420 0.3150 0.0233
14 2 2 3 1 2 0.0746 2.9550 0.2280 0.0207
15 2 3 1 2 3 0.0746 4.8580 0.3100 0.1110
16 3 1 3 2 3 0.0573 5.2200 0.2890 0.1160
17 3 2 1 3 1 0.0409 1.1230 0.1010 0.0190
18 3 3 2 1 2 0.0543 1.5950 0.2690 0.0326
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Figure 1 Schematic representation of the experimental set
up.

sequence in which these runs were carried out was
randomized.'”'®

Materials

VCM was kindly supplied by Bandar Imam Petro-
chemical Company (Iran). A gas chromatography
analysis showed a purity of 99.994% for this mono-
mer. Merck grades of potassium persulfate, sodium
dodecyl sulfate (SDS) and sodium bicarbonate (all
with purity over 99.99%), were used as initiator, sur-
factant and pH regulator, respectively. Deionized
water (with conductivity below 0.9 pS/cm at 25°C)
was used throughout the work.

Emulsion polymerization

A 6-L jacketed stainless steel reactor was used for
batch emulsion polymerization of VCM. The reacting
mixture was stirred by a turbine type impeller,
which was connected to a magnetic seal derive
(MSD) to prevent gas leakage. The reactor wall was
equipped with two rectangular baffles. The emulsion
temperature was measured by a thermocouple
placed inside the reactor, and was controlled by a
circulating water system. A schematic of experimen-
tal set up is shown in the Figure 1.
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For polymerization, the reactor was first charged
with water. The system was then warmed up (to
about 40°C) and purged by nitrogen while stirring,
to eliminate the dissolved oxygen. The emulsifier
was used in compressed form to control the foaming
in the reactor before charging the VCM.'” The initia-
tor (in powder form) and pH regulator (0.1 N) were
also added. The reactor was then heated to reaction
temperature, and the desired amount of VCM
was charged by nitrogen pressure. This time was
considered as the start of reaction. The reaction was
followed for 3 h and at the end of reaction hydro-
quinone was added to the reaction mixture to termi-
nate the polymerization.'*

Characterization method

Among various methods including dynamic light
scattering, sieving, sedimentation, centrifugation,
coulter counter, and electron microscopy; SEM plus
image analyzer software have been proved to be a reli-
able method for determination of MPS and PSD.**2%">
The most advantages of this method, is its sensitiv-
ity to PSs as small as 0.1 um, and also its capability
to give additional information on morphology.

In this study, the MPS and PSD of the final latex
was measured using SEM and image analysis soft-
ware. The latex sample was first diluted with bidis-
tilled water, to eliminate the emulsifier. The solution
was then put in ultrasonic bath to disperse the par-
ticles, and finally one drop was placed on a slide,
and dried.”’ This method was applied identically to
all 18 samples to keep a similar condition for sample
characterization and analysis.

For viewing in SEM (Phillips XL30), a 50 nm gold
film was sputtered on the surface with a Sputter
Coater (BAL-TEC. SCD 005) to make it conductive
and to prevent charging in the electron beam.*!
Mahmud et al.* have suggested that for statistical
validation of the results, the number of PVC par-
ticles in the SEM micrograph should be more than
430. We chose a 1000 times dilution and magnifica-
tion of 1200x, to satisfy these criteria.

The average PS in each micrograph was determined
by means of Sigma Scanpro5® software (version 5.0),
in which the surface area of each particle was meas-
ured by filling the surface with pixels. The number of
pixels (NP) is then equaled to the surface area of a
circle, so that the equivalent circular diameter (ECD)

is obtained in dimension of pixel numbers®:

ECD = (@)1/2 1

Comparing the number of pixels in micrograph
width, and the scale given in bottom of micrograph,
the ECD is converted to micrometer dimension.
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Figure 2 SEM micrograph (a) and corresponding cumula-
tive distribution (b) of emulsion PVC particles (Run no. 7
in Table II). [Color figure can be viewed in the online
issue, which is available at www.interscience.wiley.com.]

The output of image analysis software could be
readily converted into the cumulative PSDs. The
number-average PS (MPS) and the distribution var-
iance, 6* as a quantified criterion for broadness of
PSD, can be calculated from following equations:

MPS = " g(d;)d; 2)

o = (di — MPS)’g(d;) 3)

where g(d;) is the number fraction of particles with
diameter d;, One SEM micrograph and its corre-
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sponding cumulative distribution curve obtained for
one of the samples are illustrated in Figure 2. The
calculated parameters including maximum and min-
imum diameter (dya.x and dmin), MPS, and distribu-
tion variance (or PSD), obtained from SEM analysis
of any sample, are summarized in Table IL

RESULTS AND DISCUSSIONS
Analysis of variance

The analysis of variance (ANOVA) is a powerful
technique in Taguchi method that explores the per-
cent contribution of factors affecting the response.
This statistical table also screens the significant fac-
tors from those with less significance. The strategy
of ANOVA is to extract from the results how much
variations each factor causes relative to the total var-
iation observed in the result."®** The statistical anal-
ysis of the results was carried out using Qualitek-4
(Nutek) and Minitab (Minitab) software.

Tables III and IV shows the ANOVA statistical
terms for MPS and PSD, respectively. There are
many statistical terms in ANOVA table, among
them few are more meaningful. The F-ratio is a crite-
rion for distinguishing the important factors from
those with less significance. A low value of F-ratio
for a factor means that the variation of response
with respect to changes of this factor is equal to or
smaller than the variations due to errors. If the F-
ratio of a control factor is greater than about 4 (con-
fidence level of 95%), then the factor has a signifi-
cant influence on the response. It should be
emphasized that the interpretation of ANOVA table
is valid just in the range of levels considered for any
factors. If the F-ratio for a factor is less than 4, it
does not mean that the factor has no effect on the
response absolutely, but just in the range of selected
levels, the variation on response due to changes in
factor levels has been insignificant comparing with
errors. That’s why the selection of levels is vital in
design of experiment.'®**

Table III indicates that just the emulsifier and ini-
tiator concentrations are of importance for affecting
the MPS. It is implied from the values in the last col-
umn of this table that the emulsifier concentration

TABLE III
Analysis of Variance (ANOVA) for MPS

Factor DOF Sums of squares Variance F-ratio Pure sum Percent
[T] 2 0.001 0.000 0.282 0.000 0.000

[E] 2 0.076 0.038 19.674 0.072 56.75
[1] 2 0.024 0.012 6.393 0.021 16.389
R 2 0.005 0.002 1.535 0.002 1.628

S 2 0.005 0.002 1.52 0.002 1.58
Other/error 7 0.013 0.001 23.653
Total 17 0.128 100.00%
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TABLE IV
Analysis of Variance (ANOVA) for PSD

Factor DOF Sums of squares Variance F-ratio Pure sum Percent
[T] 2 0.003 0.001 6.960 0.003 16.585

[E] 2 0.002 0.001 4116 0.001 8.671

[1] 2 0.000 0.000 0.146 0.000 0.000

R 2 0.005 0.002 9.852 0.004 24.633

S 2 0.006 0.003 11.361 0.005 28.832
Other/error 7 0.001 0.000 21.279
Total 17 0.019 100.00%

has the predominate influence on MPS. On the other
hand, according to Table IV, except the initiator con-
centration, all factors have significant influence on
the distribution variance (or PSD). The trends of
influence of each factor on the MPS and PSD are dis-
cussed in the following.

The other/error term, in the last row of ANOVA
tables, contains information about three sources of
variability of the results: uncontrollable (noise) fac-
tors, factors that are not considered in the experi-
ments, and experimental (random) error.'82*

Influence of emulsifier concentration

The emulsifier concentration has been recognized as
the key parameter to control the PS in emulsion po-
lymerization of VCM.>'"'%?>2® This can be justified
as the number of micelles formed and thus the num-
ber of particles that are the main sites for polymer-
ization directly depends on the emulsifier type and
concentration. The total number of polymer particles
per unit weight (kg) of the latex (N,,) can be obtained
from following equation.'’ It is observed that the PS
(d) is inversely proportional to the total number of
particles, and hence the control of emulsifier concen-
tration may help to obtain the desired MPS'"'°:

NP = nZ niS
ngdini

where p is the density of PVC, and n; represents the
number of particles with size d;.

Furthermore, emulsifier molecules occupy the par-
ticle surface and therefore increase the electrostatic
repulsion. A high emulsifier concentration, a greater
is the electrostatic repulsion that leads to more col-
loid stability and so prevents the coagulation of par-
ticles due to higher energy barrier.>**

The influence of emulsifier concentration on the
MPS and distribution variance is shown in Figure 3.
As expected, when the concentration of emulsifier is
increased from 1 to 4 g/L, the MPS is reduced from
0.34 to 0.2 um. Notice that the first level of emulsifier
concentration is less than the critical micelle concen-
tration (CMC) of SDS, which its average value in
the range of temperature in this research is about

4)
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3 g/L.*® Therefore, the particle formation at low
level of emulsifier concentration is carried out via
the homogeneous nucleation mechanism. The second
level of emulsifier concentration however is greater
than the CMC, thus heterogeneous nucleation will
become predominant and the number of particles
will increase relative to the first level of emulsifier
concentration. Therefore, according to eq. (4), in-
creasing the number of particles will decrease the
MPS in the range of 1-4 g of SDS per liter.

In the third level of emulsifier concentration, a
very slightly increase in the MPS can be seen (Fig.
3). It may be attributed to the coagulation phenom-
ena. When the emulsifier concentration increases
even more, well above CMC, particles with small
size will first produce due to higher number of par-
ticles. Very small and large number of particles will
increase the probability of collision between the par-
ticles. This is because of greater surface to volume
ratio of smaller particles. On the other hand, the
amount of required emulsifier for stabilization of
particles increases with decreasing the particles size.
Therefore, the need for emulsifier will be greater
than the increased concentration. This leads to a
shortage of emulsifier for stability of colloids so that
the collision between particles causes the coagulation
of particles and increase of the MPS.
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Figure 3 Influence of emulsifier concentration on MPS
and PSD. [Color figure can be viewed in the online issue,
which is available at www.interscience.wiley.com.]
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Figure 4 Influence of agitation speed on MPS and PSD.
[Color figure can be viewed in the online issue, which is
available at www.interscience.wiley.com.]

Table IV shows that the emulsifier concentration
has also significant influence on the PSD. Since the
PSD is a consequence of the distribution of times at
which different polymer particles are nucleated,’
any factor affecting the time distribution in the first
stage of polymerization, may influence also the PSD.
As it is indicated in Figure 3, with increasing the
emulsifier concentration from 1 to 4 g/L, two nucle-
ation mechanisms occur simultaneously. This in turn
decreases the distribution of nucleation times, and
therefore the PSD.

Beside the nucleation, the coagulation phenomena
may also affect the PSD. As mentioned above, coag-
ulation of particles may happen in the third level of
emulsifier concentration (well above CMC), that
leads to a slightly wider PSD (Fig. 3). The influences
of emulsifier concentration on the MPS and PSD
show similar trends (Fig. 3).

Recently Wutzel and Samhaber, investigated the
influence of emulsifier concentration on the PSD in
emulsion polymerization of styrene, a monomer with
no solubility in water. They suggested that at high
surfactant concentrations not all of the surfactant
molecules are adsorbed by the generated particles
during the initiation phase. The presence of excess
micelles after this period leads to formation of new
particles throughout the polymerization reaction,
and thus results a broadening of the final PSD.'®

Influence of agitation speed

The trend of influence of agitation speed on MPS
and distribution variance (PSD) is shown in Figure
4. Statistical analysis (Tables III and IV) represents
that the agitation speed, in the range of variations in
this study, has no significant effect on the MPS, as
the corresponding F-ratio is less than 4. However,
this factor has the most influence on the distribution
variance.

Agitation speed can increase the motion of par-
ticles and the frequency of collision between poly-
mer particles; therefore coagulation of particles will
become more probable. This mechanism is called
Shear or orthokinetic coagulation.” The coagulation
of some particles results in a broader PSD (Fig. 4).

For emulsion polymerization of styrene however,
Gu et al."* have suggested that the agitation speed
has no significance effect on size distribution of
particles.

One point in justification of agitation speed influ-
ence is that the absolute effect of mixing rate
depends strongly on the hydrodynamic aspects of
the reactor system. The geometric design of the reac-
tor inside, the shape and position of baffles, type
and size of propeller, as well as rheological proper-
ties of latex, all affects the mixing phenomena in
reaction mixture. Anyway, although the above-men-
tioned conclusion can not easily be extrapolated to
other reactor systems, and some scale-up calcula-
tions are necessary to generalize the influences of
mixing intensity on the MPS and PSD, however, the
responses at different agitation speed levels may be
compared in a specified reactor configuration.

Influence of water to monomer weight ratio

The main effect of water to monomer weight ratio
on MPS is given in Figure 5. It is implied from the
corresponding F-ratio in MPS ANOVA table, that in
the range of selected levels of variables, this factor is
not an important parameter for controlling the MPS.
The factor R however, is in the second rank after
agitation speed for affecting distribution variance. It
is probably attributed to its influence on homogene-
ous nucleation, as vinyl chloride is a moderate water
soluble monomer. Decreasing the amount of mono-
mer in the system with increasing the R value, will
decrease homogeneous nucleation. This in turn will
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Figure 5 Influence of water to monomer weight ratio on

MPS and PSD. [Color figure can be viewed in the online
issue, which is available at www.interscience.wiley.com.]

Journal of Applied Polymer Science DOI 10.1002/app



344

cause increasing of nucleation period and affecting
the distribution of times at which polymer particles
are nucleated. Hence, as R goes up the distribution
variance is increased. This behavior can be observed
in Figure 5, when R is increased from 1.2 (first level)
to 1.9 (second level). Gu et al.'"* on the other hand
have obtained that the PSD is independent of R in
emulsion polymerization of styrene, probably due to
no solubility of monomer they worked.

A different behavior is observed at higher values
of R as the distribution variance is narrower relative
to that in second level (Fig. 5). As the monomer
droplets are stabilized by emulsifier molecules,"
with decreasing the amount of monomer even more,
the number of monomer droplets is also decreased,
and therefore a higher amount of free emulsifier will
be presented in the system. This in turn leads to a
higher number of micelles, and consequently a
shorter nucleation 5period that causes a narrower dis-
tribution variance.

Influence of temperature

The temperature does not influence the MPS, in the
range of selected levels for this variable (Table III).
However, as Table IV indicates, this factor is a sig-
nificant factor for PSD. Increasing the temperature
from 46 to 53°C increases the width of distribution
(Fig. 6). This is due to the fact that increasing the
temperature will increase the Brownian motion of
particles, and thus the probability of coagulation
occurrence. This mechanism for aggregation of par-
ticles is called Brownian or perikinetic coagulation
that widens the distribution variance.

The effect of temperature on distribution variance
shows a nonlinear behavior, so that at 60°C the PSD
is narrower than 53°C. This can be justified by the
influence of temperature on CMC of SDS, as shown
in Figure 7.°® A more required concentration of
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2 =

o
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Figure 6 Influence of temperature on PSD. [Color figure
can be viewed in the online issue, which is available at

www.interscience.wiley.com. ]
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Figure 7 Temperature dependency of the CMC of SDS.*®

emulsifier to form micelles at higher temperature
means a greater amount of free emulsifier up to that
temperature. This, in turn, means that there are a lot
of emulsifier molecules at higher temperature that
could be adsorbed by polymer particles and there-
fore, an enhanced colloidal stability. More stabilized
polymer particles result in less coagulation. Thus,
the narrower PSD at 60°C will be expected.

As mentioned above, the temperature has two
opposite effects; i.e., the promotion of coagulation
due to higher Brownian motion, and the reduction
in coagulation due to increasing the CMC. The very
low influence of temperature on the MPS may be
attributed to balance of these two phenomena.

In emulsion polymerization of styrene, Wutzel and
Samhaber have found that as the temperature goes
up, the number of particles is also increased and
thus the MPS is decreased [see eq. (4)]. This is due to
the higher decomposition rate of the thermal initiator
in the system, and therefore a higher number of radi-
cals which are available for initiation. Temperature
hasn’t showed any significance influence on the PSD
of polystyrene.'® The difference in observations is
attributed to the fact that the emulsion polymeriza-
tion of VCM does not obey the classic Smith-Ewart
theory, and therefore, the number of polymer particle
does not depend on the initiator concentration.?

Because of the larger influence of agitation speed
relative to temperature, on the MPS and distribution
variance, we may conclude that in competition of
Brownian and shear mechanisms for coagulation,
the latter predominates in emulsion polymerization
of VCM.

Influence of initiator concentration

Although in emulsion polymerization of VCM, the
number of particles is independent of initiator
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Figure 8 Influence of initiator concentration on MPS.
[Color figure can be viewed in the online issue, which is
available at www.interscience.wiley.com.]

concentration,'192%2° however, as it is observed in
Figure 8 and Table III, the initiator concentration
affects the MPS. This behavior may be attributed to
the role of initiator as a source of electrolyte genera-
tion in emulsion system. A high electrolyte concen-
tration results in a lower energy barrier (the sum of
the van der Waals attraction and the electrostatic
repulsion energies), for approaching particles to
coagulate.” As the initiator concentration goes from
0.4 g/L to the second level (2 g/L), the electrolyte
concentration increases. Thus, the coagulation of

7
— 7 /
006
u'&
]
s 510 535 56.0 585
T
400 N —
350
E
& 300
o
1
2005 15 70 75 3.0

[~ h —
E "'\-\.
5 \
=
|
=
_ 02y =
3 / R HH\
o — s
2" _-_\-\""\-\_,__\_
- = = 03— B o
lo 15 25 30

2.0
(mgn
Figure 9 The counter plot for MPS.

particles is enhanced and will increase the MPS (Fig.
8). At the third level of this factor (3.6 g/L), how-
ever, the higher concentration of initiator may lead
to bi-radical termination reactions and decreases the
initiator efficiency,® thus the MPS has been
decreased.

Counter plot

The counter plot is the locus of the responses with
equal values. It is a projection of three dimensional
response surface plots on a plane.** The contour plot
is commonly given as a graph drawn for pairs of
most important factors. According to number of
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TABLE V
Input Values and Conditions for OEC Analysis to Obtain the Optimum MPS and
Minimum PSD

Response Worst value Best value Quality characteristic Weight factor (%)
1 PS 0.101 0.3 Nominal is better 50
2 PSD 0.116 0.0157 Smaller is better 50

significant factors involved, a counter plots for the
MPS and four for distribution variance (PSD) are
shown in Figures 9 and 10, respectively. The range
of the MPS or distribution variance can be predicted
for any given values of parameters.

Optimum condition

The desired values of MPS and width of distribution
depend on the application of e-PVC, for which the
optimum condition can be determined. Some more
experiments are required around the best levels of
important factors in a narrower range, while the in-
significant factors are kept constant, to find the exact
optimum condition for a defined target.

In this article, determination of the relative opti-
mum conditions (the best levels of factors studied in
this study) have been illustrated for a typical paste
application of e-PVC. Suppose that the target is to
get an MPS with a nominal value of 0.3 micron, to-
gether with a minimum PSD.* Since the optimum
conditions for each individual response may differ,
an overall evaluation criterion (OEC) is defined
according to Taguchi method, to obtain the best con-
ditions at which both responses are close to their op-
timum values. Thus the problem is to maximize the
new transformed response (OEC). For this purpose,
the following equation is defined for normalization

of responses'®:
) wwmps

PSD; — PSD;
* <1 ~ PSDy — PSDB> wrsp ()

where i, w, and B indices refer to the run number (1-
18), the worst, and the best responses, respectively,

MPSg — MPS;

OEC, = (1- |2~ 2
< MPS; — MPSy

TABLE VI
Optimum Conditions for Maximizing the OEC

Factor Level description Level Contribution
T 46°C 1 11.991
[E] 7g/L 3 0.349
(1] 2g/L 2 3.465
R 12 g/g 1 3.533
S 200 rpm 1 6.536
Total contribution from all factors 25.874
Current grand average of performance 64.986
Expected result at optimum condition 90.860
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for MPS and distribution variance. The terms wyps
and wpsp are the weight factors for contributions of
MPS and distribution variance to determine the best
condition, respectively. The input values for calcula-
tion of OEC terms are summarized in Table V. The
OEC values at any given condition in Table II are cal-
culated (not shown), and finally this new response is
maximized using Qualitek-4 software. The best lev-
els, and the contribution of each factor for improve-
ment of overall performance (OEC) are given in
Table VI. As it is observed, although the current
grand average of performance according to results in
Table II is 64.986 units, setting the factors on opti-
mum conditions increases the OEC by 25.874 units,
so that the expected result at optimum condition will
be 90.86 units. Hence, a very significant improvement
is expected if the optimum condition will be applied.

CONCLUSIONS

The influences of various operating variables on the
mean PS and PSD of e-PVC in batch reactor were
statistically analyzed using Taguchi experimental
design. The main conclusions that are valid in the
range of levels considered in this study are as
follow:

* The mean PS strongly depends on emulsifier
concentration, as this factor influences directly
the number of particles in the latex. The initiator
concentration is also important factor affecting
the MPS. The other operating variables have no
significant effects on MPS in the range of levels
investigated in this study.

+ All factors excluding the initiator concentration
have important influences on the width of distri-
bution. Contributions of these factors on distri-
bution of variance are in following sequence,
respectively: agitation speed, water to monomer
weight ratio, temperature, and emulsifier
concentration.

* The effects of important factors on MPS and

width of distribution of e-PVC show a nonlinear

behavior.

It is implied from the greater influence of agita-

tion speed relative to temperature on distribu-

tion of variance that the shear coagulation
predominates the Brownian coagulation, in this
system.
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