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monodisperse latexes with a particle size up to, but less than 1 um (micron). Moreover,

the solids content was less than 10% wt/wt.

Another very attractive technique used in emulsion polymerization to prepare
micron-sized particles is the swelling of seed particles. The work done by Ugelstad ez
al ** is of great interest. These authors employed a two step swelling technique. In the
first step, before polymerization was initiated, the seed particles were swollen with a
water insoluble low molecular weight compound and subsequently, with monomer and
initiator. The resulting particles covered the 2-20 um range. However, the polydispersity
of the final latexes and the low solids contents makes the method restrictive. There have

also been difficulties in reproducing Ugelstad’s experimental procedures.

In the early 1990s two US Patents”* of Fuji Xerox Co., Ltd., Tokyo, Japan
described a multi-step procedure to synthesize vinyl monodisperse latexes. The geometric
standard deviation of size distribution of the polymer particles was 2 1.09 (measurements
made on the Coulter Counter) with a final number-average particle size from 1.0 to 10.0
um. The inventors emphasized the vital role played by the type of surface active agent, as
well as the kind and concentration of the polymerization initiator and electrolyte used.

The maximum reported yield of the final latex was 81%.

28-30

In the present work the homogeneous-coagulative mechanism“" was recognized
as the most likely mechanism of surfactant-free emulsion polymerization. A novel
synthetic procedure was developed for the one step synthesis of monodisperse latexes
(PSD < 1.028, where PSD is defined as dw/d, ) with a particle size from 1.0 to 3.0 um
and a solids content of at least 25 % wt/wt.

Both the concentration of initiator and electrolyte were crucial in the
polymerization mechanism, and particularly in the coagulative processes during the
particle growth stage. Using a versatile semi-continuous (or a semi-batch) technique, it

was possible to keep the whole polymerization process under control.
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3.2 EXPERIMENTAL

3.2.1 Chemicals

Reagent-grade styrene and butyl acrylate monomers were purchased from the
Aldrich Chemical Company and used without further purification. Analytical-grade
ammonium persulfate, and all the salts used were also purchased from the Aldrich

Chemical Company and used as received. Deionized water was used throughout.

3.2.2 Synthesis of St/BA Latexes

Typical emulsion polymerization recipes are presented in Table 3.2.1. The St/BA
(80/20 by wt.) latexes were prepared by a semi-continuous procedure. The syntheses
were carried out in a four necked 1-L reactor equipped with a condenser, stirrer,
thermometer, and nitrogen inlet. The reactor was thermostatted at 70 °C in a water bath.
The reaction setup is shown in Figure 3.2.1. Agitation was kept constant at 200 RPM. A
slow nitrogen purge was maintained throughout the polymerization at a slow rate in order

to minimize evaporation.

Prior to the start of the polymerization reaction, the water was charged into the
reactor and purged with nitrogen for approximately 1 h in order to eliminate the dissolved
oxygen. The water-soluble initiator, ammonium persuifate (NH,),S;0s, was dissolved in
nitrogen-purged water and added to the reactor under nitrogen prior to the monomer
feed. The reaction mixture was allowed to re-equilibrate thermally for 10 minutes. At this
point, the monomer mixture, which was previously prepared by mixing the monomers
under nitrogen, was fed into the reactor continuously, usually over a period of five hours,
by means of an FMI QSY-1 piston pump. The reaction time was 12 h, except where
noted. In some cases the reaction was allowed to proceed for 24 h in order to reach the
highest possible conversion. At the end of the reaction the latex was cooled and filtered

through glass wool to remove any coagulum formed.



Figure 3.2.1 Schematic of reaction setup
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3.2.3 Latex Characterization

Particles larger than 1.5 um were characterized using a 256 channel Coulter
Muiltisizer II, while smaller ones were measured with an ICI-Joyce Loebl Disk Centrifuge
equipped with a photodetector and supported by a Brookhaven Instruments DCP-1000
Data System. In the former case the latex was dispersed into Isoton II™ solution, while
in the latter, the spin fluid and dilution solvent for latexes was a 80/20 wt/wt
water/methanol mixture. All samples were sonicated for 15 minutes in an uitrasonic water

bath (Bronson-2200) before the measurements.

Particle size and uniformity, as well as the particle shape and particle surface
morphology were confirmed by both Scanning Electron Microscopy (SEM) and
Transmission Electron Microscopy (TEM).

The Scanning Electron Microscope was an Hitachi S-570. The measurements
were performed at an accelerating voltage of 15 keV. The samples were adhered and
dried on aluminum sample holders and coated with a thin layer of gold prior to viewing.
When looking for secondary particle populations, it was found that the edge of the
sample was the best place to examine.

The Transmission Electron Microscopy measurements were made using a Philips
300 TEM. The latexes were prepared for analysis by dilution to 0.1% solids and then
adhered onto Formvar coated copper grids. These were then dried and subjected to RuQO,
vapors (0.5 % wt aqueous solution, from Polysciences) for less than two minutes. More

than 300 particles per grid were counted.

Surface tension was measured with a Cenco-DuNuoy Interfacial Tensiometer

using the ring method.

The initial pH of the aqueous phase, just before starting the monomer feeding, and
the final pH of the reaction mixture were always measured. In some experiments the pH

was monitored throughout the reaction as well.



Table 3.2.1

Typical emulsion reaction recipes (amounts in grams).
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REACTION: S-168 S-171  §-205
PRECHARGE -1 Deionized Water [g] 400.0 400.0 400.0
Salt Type: NaCl NaHCO; None
-Sodium Chloride [g]| 0.65
-Sodium Bicarbonate [g] 0.93
PRECHARGE - II Deionized Water [g]] S0.0 50.0 50.0
Initiator (AP) [g] 1.2 12 1.2
(NH,)»S,0s
CONTINUQUS FEED | Styrene (St) [g]] 160.0 160.0 160.0
butyl acrylate (BA)[g] 40.0 40.0 40.0
FEED DURATION te [h] 5 5 5
PARTICLE SIZE dw [am}| 2705 2228 717
PSD dw/ da 1.014 1.014 1.006
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Both the cumulative and instantaneous conversions were determinated
gravimetrically. Samples (~ 2 mL) were removed from the reaction mixture at different
times, diluted with 2 mL saturated hydroquinone solution, weighted into tared aluminum
pans and dried at 70 °C to a constant weight.

The percentage conversion was obtained from the experimental solids content by

means of the following formulas:

Reacted monomer from =0 to ¢
Xem () = (3.1)
Total monomer added

V(#) SOC(#) - V(0) SOC(0)

Xoan. (f) = (3.2)
R fx

Reacted monomer from =0 to ¢
Xinw () = (3.3)
Monomer added from =0 to ¢

V(2) SOC(r) - V(0) SOC(0)
Xinae (1) = (3.4)
R.¢

where: - SOC(0) is the solids content at time =0, [g solids/mL latex];
- tg is the time at the end of the monomer addition, [min.];
- R, is the monomer addition rate, [g/min.];
- V(?) is the reaction volume at time £, {mL}: V(1) = V(0) + R, .
- V(0) is the initial reaction volume, [mL], just before starting the monomer
addition.
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The particle number density, N, was determined from the solids content and the

average particle diameter, as follows:

6x10*! SOC(r)
Ny() = (3.5)
ndw’(f) p

where: - p is the polymer density, p = 1.05 [g/mL];
- dw(?) is the weight average particle diameter, [nm];
- N(7) is the particle number density, [number of particles/mL latex].

3.3 RESULTS AND DISCUSSION
3.3.1 Experimental Method for St/BA Latex Synthesis

The first step of this research explored the possibility of a one-shot synthesis of a
stable (80/20) styrene/butyl acrylate monodisperse latex with a particle size in the micron
domain (dp > 1um) and a solids content higher than 25 % wt/wt.

A surfactant free emulsion polymerization route was selected after recognizing the
potential advantages of this method to prepare latexes with larger particle ',
All the preliminary trials carried out in a batch reaction system were unsuccessful,

the polymerization failing early in the reaction because of catastrophic gross coagulation.

In order to give more versatility to the synthetic method, several semi-continuous
techniques were designed. All the experiments were carried out using the procedure

described in Section 3.2.2.
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3.3.2 The Analysis of A Typical Experiment - Reaction S-168 (Table 3.2.1)

The reaction was performed in the absence of surfactant using an ionogenic water
soluble initiator (ammonium persulfate (NH4),S,05) and in the presence of NaCl. As
shown in Figure 3.3.2.1, the conversion-time curve was concave upward until about
80 % conversion, after which the curve suddenly leveled off.

During the monomer feeding stage (the time during which 100% of monomer had
been added) the overall cumulative conversion was less than 20%. This very low
conversion level revealed that at the end of the monomer feeding stage most of the
monomer was still in monomer droplets, or in the particles. Thus, these reactions were
definitely not starve-fed.

The variation of the particle number density, N, with time and conversion (Figure
3.3.2.1 and Figure 3.3.2.3 respectively) exhibited two distinct periods. During the first
30 % conversion N; decreased by a factor of about 10, and after the monomer feeding

period, N, remained constant at X = 30 %. At the end of the monomer feeding stage

the formed polymer particles were larger than 1 um (Figure 3.3.2.3), while the
corresponding conversion was less than 20 %.

Also, the time evolution of the particle size showed two distinctive regimes which
can be linked with the time-variation of the particle number density (Figure 3.3.2.3). In
the first stage, during the flocculation period, the particle size increased at a faster rate
than during the postflocculation stage when the number of particles was constant.

It is also interesting to note that after the first rapid flocculation stage, within the
conversion range 10-80 %, the log/log plot of conversion versus reaction time gives a
straight line with the slope very close to 1.5 (Figure 3.3.2.4). From a theoretical
standpoint, for the “Smith-Ewart case III”, the slope of log/log plot of conversion versus
time is 2, while for the “ Smith-Ewart case IIl applied to the shell reaction model “ it
is 1.53"  Accordingly, the experimental results shown in Figure 3.3.2.4 are consistent
with the Smith-Ewart case ITI applied to the shell reaction model®.

Chen et al?' found similar results working in the polymerization system

styrene/acrylamide. They also suggested a shell reaction model.
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Figure 3.3.2.1
The time-variation of cumulative conversion and particle number density in St/BA

surfactant-free emulsion copolymerization in presence of NaCl (Run S-168).
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Mechanistic Interpretation of The Behavior of A Typical Run

Latex particles with a diameter larger than 1.5 um at a cumulative conversion of
less than 30 % (Figure 3.3.2.3) strongly suggest a particle growth mechanism based
mainly on a controlled aggregation. Figure 3.3.2.3 shows that during this stage, the latex
particles can mainly grow by two different mechanisms:

i By inside particle polymerization and perhaps, by capturing oligomers from water
phase (heteroaggregation).
ii. By particle aggregation (homoaggregation).

After achieving enough colloidal stability the formed particles can mainly grow by

inside particle polymerization mechanism and by capturing water soluble oligomeric

species.

It has long been known that stable monodisperse particles can be generated in
surfactant-free emulsion polymerization, even with monomers known to be almost
insoluble in water (e.g., styrene), provided that the initiator decomposition gives rise to
charged primary free radicals*®'’. Recently, mainly based on the extensive work done by
Gilbert and Napper'®®*® most authors accepted that in such reaction systems an
homogeneous-coagulative mechanism would take place.

Although, our experimental evidence exhibited most of the characteristics of an
homogeneous-coagulative mechanism, some particularities, such as the comparative
evolution of the size of particles and the particle number density versus conversion and
time, suggest a very interesting new emulsion polymerization mechanism.

At the very beginning of the polymerization process, when no particles exist, the
initiation of polymerization is assumed to take place exclusively in the water phase by
reaction of ionogenic primary radicals and the St and BA monomer molecules, (M (aq.)),
dissolved in the water phase.*”'® Consequently, both the oligomers resulting from the
aqueous termination and the propagating oligoradicals are electrically charged. Moreover,
they could either be soluble in the aqueous phase or they could coagulate to form primary
particles, depending on their degree of polymerization.
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Figure 3.3.2.2
The time-variation of the weight-average particle size, dw, and particle number density in

St/BA surfactant-free emulsion copolymerization in presence of NaCl (Run S-168).
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Figure 3.3.2.3

The variation of the weigh-average particle size, particle number density, and In(N,)

versus conversion, in St/BA surfactant-free emulsion copolymerization in presence of

NaCl (Run S-168).
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Figure 3.3.24
The log/log plot of conversion versus reaction time within the conversion range 10-80 %,

in St/BA surfactant-free emulsion copolymerization in presence of sodium chloride.
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According to the homogeneous nucleation theory”'’, these oligoradicals add
monomer molecules until they reach a critical chain length, ji, at which they exceed their
water solubility and precipitate. The precipitated oligoradicals collapse together as muclei
which undergo further aggregation to primary particles.

Because the first formed primary particles bear only a few stabilizing groups on
their surfaces they are not stable. Thus, as collisions between the primary particles occur,
particles flocculate due to insufficient surface charges. As a result of flocculation, the
number of particles decreases, but they become more stable because of increased surface
charge density. It can be assumed that during the flocculation process most of the
stabilizing charges, because of their hydrophilicity, are mainly distributed on the surfaces
of the newly formed particles.

As can be seen from Figures 3.3.2.1 and 3.3.2.2 respectively, in the first two
hours of reaction, the cumulative conversion was less than 5 % while the corresponding
size of particles was larger than 500 nm. Also, during this stage, N, decreased sharply
with time. These experimental observations strongly suggest that particles grew mainly by
aggregation rather than by propagation.

It was clear that the successful key to reach micron-sized St/BA particles in a one-
shot synthesis is to use a versatile semi-continuous surfactant-free emulsion
polymerization technique and to find a means of controlling both the coagulative and

aggregation processes which take place during different stages of reaction.

A detailed experimental program was carried out on the St/BA emulsion
copolymerization system to determine the influence of the following experimental
parameters: initiator concentration and its addition policy, ionic strength, the initial pH of

water phase, and the monomer mixture composition and feeding rate.
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3.3.3 The Influence of Initiator Concentration

Two series of experiments (series A and B in Table 3.3.3.1) were carried out to
study the effects of initiator concentration on the St /BA surfactant-free emulsion
copolymerization.

In order to avoid any other influence, the recipes for the two series were the same

except for the following:

i In series A, two sets of polymerizations were performed in the presence of two
different salts:
- NaCl in the Al set, in which case the initial pH was acidic
- NaHCO; in the A2 set, when the initial pH was basic.

ii. In series B, no salt was used.

The minimum concentration of the initiator in this work was fixed by the amount
required to produce a stable, monodisperse latex with the largest particle size. As can be
seen in series B (Table 3.3.3.1), for the (80/20) St/BA polymerization system without salt
addition, the minimum initiator concentration was 2.67 g/LL water. When the
polymerization was performed at lower initiator concentrations the final latex was

polydisperse even if the final particles were bigger.

When A and B series polymerizations were carried out at the same minimum
initiator concentration (Tabie 3.3.3.1) the final latex particles were in the micron domain.
Although, in all these cases the final latexes were monodisperse (Figure 3.3.3.1) a lot of
coagulum was found at the end of the polymerization process. This limited the final solids
content and latex yield. However, in neither of these cases was the solids content less

than the 25 % wt/wt limit.



Table 3.3.3.1
The influence of initiator concentration on St/BA surfactant-free emulsion
copolymerization.
A series B series

Na(l NaHCO; No salt
Latex No. S-168 S-199 | S-171 S-198 S-197 | S-175 S-205
Initiator Conc.[g/L water] | 2.67 5.56 2.67 3.55 556 | 2.67 1.78
Salt Conc. [g/L water] 1.44 1.44 2.07 2.07 2.07 0 0
Ionic Strength [mol/L] 0.059 0.098 | 0.059 0.071 0098 [ 0035 0.023
Initial pH 3.1 3.0 7.5 74 7.5 3.0 3.0
Particle Size [nm] 2705 1166 2228 1598 1025 717 824
Latex Polydispersity dw/d, | 1.014™ 1.006" | 1.014" 1.013” 1.005"| 1.006" 1.020°
Coagulum much little much little little little  much
Solids Content [% wt/wt] 26.5 208 27.6 29.6 31.0 30.2 289
Latex Final Yield [%] 80.6 94.6 85.6 92.8 94.8 93.6 89.7

St/BA = 80:20 wt/wt; Temp. = 70 °C; monomer feeding time, t = S h, constant;

stirring rate = 200 RPM.

"Measurements on disc centrifuge; ~ Measurements on Coulter Multisizer.
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Figure 3.3.3.1
SEM photographs of St/BA latexes made with different salts at a constant initiator

concentration, [(NH.),S,05]=2.67g/L water.
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In order to overcome coagulum formation the initiator concentration was
increased (Table 3.3.3.1). This led to a higher solids content and increased the final latex
yield, regardiess of the type of salt used. Nevertheless, in both polymerization sets of the
A series, the increase of initiator concentration significantly decreased the latex particle

size probably, because a higher number of particles were nucleated.

Furthermore, the experimental data (Table 3.3.3.1) reveal some interesting

characteristics:

i Increased initiator concentration decreased particle size in spite of increased ionic
strength which would be expected to work in the opposite direction.

ii. Larger particles were obtained at lower pH at same initiator concentration and ionic
strength.

iii. Particle size was more sensitive to initiator concentration at lower pH.

In most of the kinetic studies the time scale was reported to the reduced-time, #/1,
(where ¢ is the reaction time and # represents the total monomer feeding time).

In series A (Figure 3.3.3.2 and Figure 3.3.3.3) the conversion curves revealed an
increase of the polymerization rate with the increase of the initiator concentration
regardless of the initial pH value. In both cases the final conversion was enhanced as well.
This evidence is in qualitattive agreement with the well accepted equation of the

polymerization reaction rate Eq. 3.6:>'°

R, = ke [MJAN/N, (3.6)

where kp is the propagation rate constant, N, is the number of particles, 1i is the number
of radicals per particle, [M] the monomer concentration in the particle, and N, is

Avogadro’s number.



Figure 3.3.3.2

The influence of initiator concentration on the polymerization rate and time-variation

78

of particle number density in St/BA surfactant-free emulsion copolymerization in

presence of sodium chloride.
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Figure 3.3.3.3
The influence of initiator concentration on the polymerization rate and the time-variation
of particle number density in St/BA surfactant-free emulsion copolymerization in

presence of sodium bicarbonate.
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Very early during the reaction (X < 10 %) the particles were unstable and
flocculated continuously (Figure 3.3.3.2 and Figure 3.3.3.3). Thereafter, N, reached a
constant level at 1.5ts. The conversion at which the number of particles became constant
depended on both the initiator concentration and the initial pH (Figures 3.3.3.2 - 3.3.3.3
and Table 3.3.3.2 respectively). Higher conversion levels were obtained at higher initiator
concentration and a higher pH.

In both series, the increase in the initiator concentration shortened the time when
the particle number density became constant (Figure 3.3.3.2). As well, the final particie
number density was higher at a higher initiator concentration, regardless of salt type,
reflecting greater nucleation (Figure 3.3.3.2 and Figure 3.3.3.3). In all cases, larger

particles were formed in the early stage of reaction (average sizes larger than 1 um at
Xeum > 20 %).

The increase of the initiator concentration can have two main competing effects:
i To increase the concentration of the primary radicals in the water phase which favors
the nucleation of more particles and leads to smaller particles.
ii. To increase the ionic strength of the water phase, which favors the coagulation and
aggregation processes, and by that to reduce the number of formed particles which

leads to larger particles.

Table 3.3.3.2

The influence of initial pH and initiator concentration on the conversion level of StBA

emulsion copolymerization.

NaCl NaHCO;

pHmrt.-::‘: 3.1 pH,m;_E 7.5
[AP] [g/L water] 267 5.56 2.67 3.55 5.56
Np10* = (constant level) 0.03 0.40 0.055  0.15 0.55
X e Yo 24.5 475 48.3 51.4 65.1
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Figures 3.3.3.4 - 3.3.3.5 reveal that the initial particle size growth was
independent of initiator concentration. As a result, the main effect of increasing initiator
concentration was to reduce the aggregation after about 0.5 t¢ (Figure 3.3.3.4) and 0.6 t¢
(Figure 3.3.3.5).

The experimental curves N, versus time and N,, versus conversion (Figures 3.3.3.2
- 3.3.3.3 and Figures 3.3.3.6-3.3.3.7 respectively) reveal some interesting aspects related
with the polymerization mechanism. The time-variation of the particle number density
showed a faster decrease of Nj, to the final constant value, with the increase of initiator
concentration. In contrast, the N, variation with conversion showed a longer decrease

period of N, by increasing the initiator concentration.

It was already emphasized that by increasing the initiator concentration, more
primary particles are nucleated and more stabilizing sulfate groups are anchored on their
surface. Thus, in some circumstances, the resulting particle charge density is high enough
to give sufficient colloidal stability and to counterbalance the particle aggregation
process, which is favored by the increase of ionic strength, due to the increase of initiator
concentration. Therefore, the size of the final particles is smaller for the latexes prepared
at a higher initiator concentration than at lower initiator concentration, although the ionic

strength is higher in the former case.
3.3.4 The Influence of Ionic Strength

The lower accessible limit of ionic strength, I, was determined by the minimum
amount of initiator required to produce an effective stable monodisperse latex. For the
(80/20) St/BA polymerization system, in the presence of ammonium persulfate, this limit
was c.a. [=0.035 mol/L (Table 3.3.2.1), corresponding to [AP] = 2.67 g/ water.

The increasing of ionic strength (by salt addition), at constant initiator
concentration, significantly increased the size of the latex particles (Table 3.3.4.1).
However, if the overall ionic strength, based on initiator plus added salt, was too high, a

polydisperse latex resulted, followed by a gross coagulation.



Figure 3.3.3.4
The influence of initiator concentration on the time-variation of particle size and particle

number density in St/BA surfactant-free emulsion copolymerization in presence of

sodium chlorde.
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Figure 3.3.3.5

The influence of initiator concentration on the time-variation of particle size and particle

number density in St/BA surfactant-free emulsion copolymerization in presence of sodium

bicarbonate.
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Figure 3.3.3.6
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The influence of initiator concentration on the variation of particle size and particle

number density with cumulative conversion in St/BA surfactant-free emulsion

copolymerization in presence of sodium chloride.
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Figure 3.3.3.7
The influence of initiator concentration on the variation of particle size and particle

number density with cumulative conversion in St/BA surfactant-free emulsion

copolymerization in presence of sodium bicarbonate.
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When the polymerizations were carried out in presence of NaCl (Table 3.3.4.1). a
slight increase of ionic strength led to a sharp increase of the final latex particle size. At
highest ionic strength the colloidal stability of latexes decreased. Thus, a lot of coagulum
was formed, while the final latex yield and the solids content dropped off below 90 % and
around 26% wt/wt respectively.

Above the highest ionic strength value, I=0.059 mol/L, the synthesis failed

because of a gross coagulation which occurred during the monomer feeding stage.

Polymerizations carried out in the presence of NaHCO; showed similar trends to
those performed with NaCl. However, the upper ionic strength limit was almost two
times higher than that for polymerization carried out in presence of NaCl (Table 3.3.4.1).

In order to find more about the influence of ionic strength on the polymerization
mechanism, a more detailed analysis was made based on the experimental data resuited
from the polymerization carried out in presence of NaCl as added inert salt (Table
3.3.4.1).

The time-variation of cumulative conversion, Xc.m %, at different initial ionic
strengths and constant initiator concentration (Figure 3.3.4.1) revealed a decrease in the
polymerization rate with increase of ionic strength. The limiting conversion was also
lower with increase ionic strength.

In the early stage of the polymerization, regardless of the ionic strength, all the
experimental curves of Ny versus time showed the now typical decreasing trend (Figure
3.3.4.1) which leveled off at about the end of the monomer feeding. In each of these
cases, during the monomer feeding stage, the cumulative conversion was very low (less
than 30 %) depending on the ionic strength. At a higher ionic strength the cumulative
conversion was lower than that recorded at a lower ionic strength.

The constant value of the particle number density strongly depended on the ionic
strength. Higher ionic strengths led to lower final particle number density. Therefore, the
final size of the latex particles was larger (Figure 3.3.4.2).



Table 3.3.4.1

The influence of ionic strength on St/BA surfactant-free emulsion copolymerization.

Series NaCl NaHCO;
Latex No. §-227 §-223 S-168 | S§-171 S-111
Initiator Conc. [g/L water] 2.67 2.67 2.67 2.67 2.67
Sait Conc. [g/L water] 0 0.71 1.44 2.07 8.27
Ionic Strength [mol/L] 0.035 0.047 0.059 0.059 0.111
Initial pH 3.0 3.1 3.1 7.5 8.2
Particle Size [nm] 717 1279 2705 2228 2820
Latex Polydispersity dw/d, | 1.006° 1.006°  1.0147 | 1.0147 1.026"
Coagulum little little much much much
Solids Content [% wt/wt] 302 300 26.5 276 25.0
Latex Final Yield [%0] 93.6 92.6 80.6 85.6 822

St/BA = 80:20 wt/wt; Temp. = 70 °C; monomer feeding time = 5h;

stirring rate = 200 RPM.

"Measurements on disc centrifuge; ~Measurements on Coulter Multisizer.
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Figure 3.3.4.1
The influence of ionic strength on the polymerization rate and time-variation of particle
number density in St/BA surfactant-free emulsion copolymerization in presence of

sodium chloride.
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Moreover, the time-evolution of the particle size revealed that throughout the
polymerization carried out at a higher ionic strength, the latex particles attained their final

size much more slowly than during the polymerization performed at a lower ionic

strength (Figure 3.3.4.2).

The experimental curves from Figure 3.3.4.3 revealed a decreasing trend of N,
versus conversion, while the corresponding wvariation of the particle size versus
conversion is increasing.

In the early part of the reaction (within the conversion range 0-10 %) a very
rapid particle flocculation process was observed (Figure 3.3.4.4) followed by a slight
decrease of the particle number density untili N, became constant. The higher the ionic
strength was, the stronger the particle flocculation process was and the faster the number
of particles became constant. Moreover, the conversion at which N, became constant was
lower at a higher ionic strength, while the corresponding particle size was higher in that
case. Throughout these polymerizations, at the same conversion level, the size of the
latex particles recorded at a higher ionic strength was much larger than that which

resulted at a lower ionic strength.

All these experimental arguments support the well accepted theory which suggests
that at constant initiator concentration the size of particles generated in a surfactant-free
emulsion polymerization process increases in parallel with the increase of the ionic
strength of the aqueous phase**'****®  This is because colloid stability is affected by
ionic strength. An electrolyte destabilizes the electrostatically stabilized lattices obtained

by surfactant-free emulsion polymerization, and causes them to aggregate or coagulate.

Goodwin et al.*® suggested that the size of the first stable colloidal particles
formed is controlled to a large extent by the ionic strength of the aqueous phase.
Consequently, for the same initial monomer concentration and the same percentage
conversion of monomer to polymer, the final particle size attained in the higher ionic

strength medium will be larger. Moreover, if the final particle size distribution is
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Figure 3.3.4.2
The influence of ionic strength on the time-variation of particle size in St/BA surfactant-

free emulsion copolymerization in presence of sodium chloride.
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Figure 3.3.4.3
The influence of ionic strength on the conversion-variation of particle size and particle
number density in SUBA surfactant-free emulsion copolymerization in presence of

sodium chloride.
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monodisperse, this means that any aggregative process must occur in the early stages of
the reaction.

This trend is consistent with the generally well accepted points of view of the
DLVO theory conceming the influence of the ionic strength on the colloidal stability of
latexes®. Thus, the DLVO theory considers that the increase of the ionic strength shrinks
the electrical double layer of particles and by that reduces the repulsive electrostatic
barrier between particles. The particles become less colloidally stable and more liable to
coagulate. However, up to a certain limit of the ionic strength, mainly depending on the
initiator concentration and type of electrolyte, both the aggregative and coagulative
processes can be kept under control. In this case, the final latexes will be stable enough
to remain monodisperse. Once the ionic strength exceeds this limit the latexes become
polydisperse, more coagulum is formed and finally, the reaction system fails by gross

coagulation.

3.3.5 The Influence of Inmitial pH

For the semi-continuous surfactant-free emulsion copolymerization of (80/20)
St/BA system it was found that an increase in the initial pH (resulting from initiator and
salt addition influence) decreased the size of latex particles and strongly influenced the
latex properties, such as monodispersity, solids content and final yield (Table 3.3.5.1).

In order to investigate the influence of pH on the polymerization system, some
experiments were carried out using a constant monomer composition (80/20 St/BA),
initiator concentration ([(NH.),S:0s] = 2.67 g/L), ionic strength (I = 0.059 moi/L),
feeding rate ( Ra = 0.68 g/min.- corresponding to approx. 5 h monomer feeding), stirring
rate (~ 200 RPM) and reaction temperature (T = 70 °C).

Except when the experiments were carried out at pH = 3.0, the initial pH of the
reaction medium was controlled by sait addition. NaHCO; for neutral/weak-basic range:
pH = 7.5, and NaOH for basic range: pH = 11.0.



Table 3.3.5.1

The influence of initial pH on St/BA surfactant-free emulsion copolymerization.

Latex No. S-168 S-171 S-174
Initiator Conc. [g/L water] 2.67 2.67 2.67
Salt Type NaCl NaHCO; NaOH
Sait Conc. [g/L water] 1.44 - -

- 2.07 -

- - 2.00
Ionic Strength [mol/L] 0.059 0.059 0.059
Initial pH 3.1 1.5 10.9
Particle Size, dw, [nm)] 2705 2228 621
Latex Polydispersity, dw/d, 1.0147 1.0147 1.025
Solids Content  [% wt/wt] 26.5 27.6 31.2
Latex Final Yield [%)] 80.6 85.6 94.0

St/BA = 80:20 wt./wt.; Temp. = 70 °C; monomer feeding time = 5 h;

stirring rate = 200 RPM.

"Measurements on disc centrifuge; ~ Measurements on Coulter Multisizer.
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The conversion versus time plots for these pHs are shown in Figure 3.3.5.1. As
can be seen, as the initial pH increased from 3.0 to 8.0, the polymerization rate increased
slightly, while at a pH = 11.0, the polymerization rate was significantly higher. As well, at
the end of the monomer feeding stage, the conversion level was also higher in
polymerizations carried out in basic pH. The significantly higher polymerization rate
within the basic pH range was well supported by the 100-fold higher number of particles

generated in this case.

What is more interesting from the point of view of the polymerization mechanism
is the variation of the particle number density versus time and cumulative conversion, see
Figures 3.3.5.1 and 3.3.5.2, respectively.

For both the NaCl and NaHCO; runs, the particle number density decreased
substantially as the reaction proceeds. Moreover, the formation of polymer particles with
average particle size larger than 1 pum at a cumulative conversion less than 20 %, can be
only explained by an ongoing particle aggregation process. As a result, instead of
particles with diameter in the nanometer domain (the normal particle size range for a
classical emulsion polymerization process) supermicron, monodisperse, particles were

obtained.

In contrast, for the NaOH run (S-174), the experimental curves N, versus time
and conversion respectively, revealed two main trends:
i Np decreased to some extent in the first 3 hours of reaction (up to ~15 % conversion)
indicating some aggregation.
ii. At 15% conversion N, increased up to about 25 % conversion and remained
constant. This suggests that additional particles were formed (secondary nucleation).

Further aggregation did not occur.

The recorded changes in the particle number density evolution correspond to the
generation of a new particle population (Figure 3.3.5.3) and consequently, to decreasing

the latex monodispersity (Figure 3.3.5.4).



Figure 3.3.5.1
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The influence of initial pH on the time-variation of conversion and particle number

density in St/BA surfactant-free emulsion copolymerization.
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Figure 3.3.5.2
The influence of initial pH on the variation of particle size and particle number density

with conversion in St/BA surfactant-free emulsion copolymerization.
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The observed increase in the particle number density at the generation point of the
new particle population suggested that the newly formed population was that with smaller
particles. At the end of polymerization, the same two main populations were also
recorded. However, at that time, the population with smaller particles was slightly higher

(Figure 3.3.5.3).

The multiple role played by aqueous phase pH in emulsion polymerization is well
recognized. This is due to its influence over the decomposition of water soluble
initiators®**, colloidal behavior of particles, monomer solubility, polarity and co-

monomer reactivity ratio*’ .

It is well known that persulfate decomposition in aqueous solution is strongly
dependent upon temperature and pH. >+

Kolthoff and Miller*’ showed that when the initiator used is ammonium persulfate
its decomposition reaction is strongly accelerated by hydrogen ions at pHs less than 3.
They also found that in alkaline solutions the rate was independent of the ionic strength
but in acid solution there is a negative salt effect. Therefore, they postulated different
mechanisms for the AP decomposition including one uncatalyzed and one catalyzed by
hydrogen ions. However, Santos et al.** reported that in the pH range from 3 - 7, the AP
decomposition is first order and the reaction was not catalyzed by hydrogen ions.

The most widely accepted theory supports the idea that SO,” anionic radicals are
mainly formed by thermal decomposition in neutral and alkaline solutions, although the
formation of the hydroxyl radicals OH" is not excluded. It is also accepted no influence
of the ionic strength on the decomposition rate of S,04%"

In contrast, in acidic solutions it is supposed that the OH" radicals are the main
radical species®** while the concentration of the SO.™ ionic radicals sharply decreases.
Therefore, at lower pHs, less SO, radicals are available to initiate the polymerization
while more OH’ radicals are generated. By that, the number of sulfate groups on the
particles surface (stabilizing groups), will be smaller and thus, the formed particles are

less stable against aggregation and coagulation. The lower pHs make the particles more



Figure 3.3.5.3
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The time evolution of particle population throughout St/BA surfactant-free emulsion

copolymerization in presence of sodium hydroxide.
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Figure 3.3.54

The time evolution of particle size distribution in St/BA surfactant-free emulsion

copolymerization in presence of sodium hydroxide (Run S-174).
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prone to aggregation (Figure 3.3.5.5), and sometimes to coagulation. That is why the
final particle size at lower pHs is larger than at higher pHs.
Because coagulation cannot be avoided, more coagulum is formed in the acidic

range which decreases the solids content and reduces the yield of the final latex.

The experimental data (Table 3.3.5.1) show that the increase of the initial pH
(resulting from initiator and salt addition influence) led to a decrease of the final particle
size whereas, above a critical pH limit the latex size distribution became broadened. As
well, the quality of the final latex, the solids content, and the latex yield strongly
depended on the initial pH.

An interesting pH influence on the polymerization mechanism was found when the
pH-values were in the neutral and the alkaline domains. The experimental curves
corresponding to the polymerization carried out at an initial pH between 3.0 to 8.0
(Figure 3.3.5.1 and Figure 3.3.5.2) supported the same polymerization mechanism. The
only significant difference between these polymerization processes was that more
particles were nucleated and/or less aggregation occurred at a higher pH. Therefore, the
polymerization rate was significantly higher and the final particle size was smaller at
higher pHs.

The larger number of particles produced at a higher initial pH strongly supports
the favorable influence of the basic pHs on the generation of stabilizing sulfate groups.
The increase of the amount of sulfate groups generated leads to the increase of the sulfate
groups onto the particle surface which also increases the particle surface potential barrier.
These particles are somewhat less prone to aggregation and coagulation, and the final
particle size of the latex slightly decreased and the coagulum level drops.

The unexpected change in the evolution of the number of particles at very basic
pHs caused by the generation of a new particle population (see Figures 3.3.5.1-3.3.5.2)
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could be explained by taking into account the above mentioned assumptions concerning
the influence of pH on the initiator decomposition mechanism.

It can be assumed that at very alkaline pHs the concentration of SO." radicals
significantly increases. Consequently, many more primary particles with a very high
surface charge density can be nucleated. Therefore, throughout the polymerization carried
out at a very basic pH, at the “secondary nucleation point”, both the recorded number of
particles and the corresponding conversion were significantly higher than that recorded
during the polymerization carried out at a lower pH. Consequently, the final particle size
was significantly smaller too.

It can be suggested that the first particles generated at very high pH had a very
high charge density distributed on a very small surface. Therefore very high repulsive
forces arose among these particles and secondary nucleation occurred readily.

Throughout the polymerization process carried out at a very high initial pH, a
prolonged unstable particle formation process was suggested by the transition regime on
the time evolution of the particle size distribution (Figure 3.3.5.4) and the time evolution
of the fraction of the two populations (Figure 3.3.5.3).

Based on the experimental evidence, we recognized in St/BA surfactant-free
emulsion copolymerization two pH regimes:

L At pH =3 - 8 there was a slight effect of pH on the particle stability. However, higher
pH values slightly enhanced the particle stability.
ii. At high pHs secondary nucleation took place and caused particle size to decrease.

3.3.6 The Influence of Monomer Feeding Time

The experimental results (Table 3.3.6.1) show that large particle size was a
consequence of higher monomer feeding rates regardless of the other reaction
parameters. However, monomer feed time cannot be reduced to less than 3 hours
because of gross coagulation. For large particles, the optimal monomer feeding time was

around 5 hours (~ 0.68 g monomer/min.). This was the time for most polymerizations in



Figure 3.3.5.5
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The evolution of pH and particle number density versus conversion in St/BA surfactant-

free copolymerization in presence of different salts.
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this thesis. In addition, it has been found that the influence of the monomer feeding time
seems to be significantly higher when the polymerizations were carried out in presence of
salt.

It is generally accepted that the semi-continuous emulsion polymerization process
has wide practical use because of its advantages regarding convenient control of the
polymerization exotherm*>™*, rate of polymerization**, particle morphology®, and the
composition”™.

The experimental technique employed in our study was based on the feeding of
monomers at constant given flow-rate into a water phase containing initiator molecules,
and optionally electrolytes.

Since the reactivity ratios and the water-solubility of styrene and butyl acrylate are
significantly different (Table 3.3.6.2) it was necessary to consider the competition
between the rate of polymerization (R;) and the rate of monomer addition (R.), which
determined the rate of monomer accumulation in the polymerization system. It is well
known that both the nature and the reactivity of the first formed polymeric radicals and
precipitated dead chains strongly depend on the amount and composition of accumulated
monomers. Moreover, the composition and the reactivity of these polymeric species are
very important in the polymerization fate.

Since we have not been primarily concerned with particle morphology control, the
corresponding monomer feeding rate was chosen such as to provide a monomer flooded
reaction system. However, in order to avoid gross coagulation and to maintain both
the stability and monodispersity of the resultant latex, the accumulated monomer must
be well dispersed into the reaction medium and cannot exceed a certain limit value against
the water phase amount.

In all of these polymerizations, regardless of whether salts were or not added, a
coagulative-polymerization mechanism was observed. The final size was higher at faster
rates due to more aggregation (less stability).

These hypotheses will be supported in the next section which is dedicated to the
analysis of the influence of the monomer composition on the surfactant-free emulsion

copolymerization mechanism of St/BA.
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Table 3.3.6.1

The influence of monomer feeding time on SvBA surfactant-free emulsion

copolymerization.

No Salt Sodium Chloride Sodium Bicarbonate
1 =0.035 fmol'L] 1 =0.059 [mol’L] I =0.059 [mol'L]
PHune = PH =3 PH =75
Feeding di  dw/d, Feeding dw  dw/d, = Feeding  du dw/d,
time [nm] fime [nm] time [nmj

4h 00min. 843 1004 4h27min. 2981 1.028 4h 46min. 2259  1.028
4h 37min. 827 1.004 4hS9min. 2705 1014 5h 02min. 2228 1014~
5h Olmin. 717  1.003 5ShS4min. 1598 1.014  6h OOmin. 1372 1.006°

Temp. = 70°C; stirring rate = 200 RPM.

"Measurements on disc centrifuge; ~Measurements on Coulter Multisizer.



Table 3.3.6.2
Data from the literature regarding the reactivity ratio and solubility of styrene (St) and

butyl acrylate (BA).

Styrene Butyl-acrylate References
r water r water
solubility solubility
0.62 024 [48]
0.76 0.19 [50]
0.76 0.15 [50]
0.68 0.19 [50]
0.64 0.19 [50]
1.03 0.34 [50]
0.59 04 0.23 1.55 [17]
[g/L] at 70°C [g/L] at 70 °C
0.3 1.2 [48]

[g/L] at 70°C [g/L] at 70 °C
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3.3.7 The Influence of Monomer Feed Composition

Experimental evidence, as presented in Table 3.3.7.1, supported a strong influence
of the monomer composition on the final particle size and on the polymerization rate
(indirectly expressed by the overall reaction time, #z). The increase of BA content in the
monomer mixture led to a significant decrease in the average particle size, and a sharp
increase in the polymerization rate.

The experimental curves conversion versus time (Figure 3.3.7.1) exhibited a sharp
increase in the polymerization rate with an increase in BA content. An autoacceleration
effect seemed to take place by increasing the BA content (Figure 3.3.7.1 and Figure
33.72). It is, indeed, well knmown that an autoacceleration occurs very early in

conversion for pure acrylates'".

In the BA homopolymerization two main trends were recorded:
i During the monomer feeding stage the overall instantaneous conversion, X, sharply
increased up to ~ 85 % wt and remained constant until the end of monomer feeding.
ii. After the monomer addition, the overall instantaneous conversion, Xums, slightly
increases to the final value of ~96.5 % wt (Figure 3.3.7.2).
The time evolution of (X %)sa during the monomer feeding stage bordered on
a starve-fed regime, while the linear increase in the overall BA cumulative conversion
supported a constant polymerization rate. Based on these observations, it can be

concluded that the BA homopolymerization took place under a steady-state regime.

Styrene addition significantly reduced the conversion both during and after the
monomer feeding stage. A limiting conversion was observed as well.

For the polymerization with 20/80 St/BA, X« was higher than 60 % at the end
of the monomer feed stage while for the polymerization with 80/20 St/BA X was less
than 30 %. At the end of the monomer feed stage Xie was less than 20 % for styrene

homopolymerization.



Figure 3.3.7.1
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The influence of monomer feed composition on the variation of cumulative conversion

with time in St/BA surfactant-free emulsion copolymerization.
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Figure 3.3.7.2

The influence of monomer feed composition on the time-variation of instantaneous

conversion in St/BA surfactant-free emulsion copolymerization.
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At the given polymerization pH, the butyl acrylate is thought to have an
accelerating effect on the initiator decomposition rate’>. Because of BA’s water solubility,
which is approximately four times higher than that of styrene'’ and the close reactivity
ratios of St and BA (1s=0.59 and 184=0.23)"" it is likely that, very early, during
polymerization with a higher BA content more nuclei were generated in a shorter period
of time. Consequently, more primary particles were nucleated and hence more
polymerization loci (polymer particles) were created (Figure 3.3.7.3 and Figure 3.3.7.4).
In addition, the experimental plots in Figure 3.3.7.4 exhibit a prolonged aggregation
process during the BA homopolymerization. The styrenic systems seem to stabilize
shortly after feeding ends.

According to the homogeneous-coagulative mechanism’™'®, the final particle
number is directly determined by the number of primary particles formed at the very
beginning of the polymerization and by their coagulation rate with the precursor
particles.'® The number of primary particles depends on the time, f, required for an
oligomer to reach its critical degree of polymerization, jo, at which time a new polymer

particle can be nucleated. Basically, 2. can be estimated by the following expression'”:
lesit. = jerit/ Rp™ (3.7)

where, R;* represents the copolymerization rate of one oligoradical in aqueous phase
(molecule/s/radical).

A means of estimating j.i can be deduced by comparing the hydrophobic free
energy of the tail associated with (for persulfate initiator) a sulfonated surfactant that has
a Krafft temperature which is the same as the temperature of the emulsion polymerization
system under consideration.'’ Since the Krafft temperature is the temperature below
which micelles cannot form, then the hydrophobic free energy of a surfactant that is just
hydrophobic enough not to form a micelle and so is poised to collapse should also be that

for a z-mer. Therefore!'®:
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Figure 3.3.7.3

The influence of monomer feed composition on the time-variation of particle number

density in St/BA surfactant-free emulsion copolymerization.
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Figure 3.3.7.4

The influence of monomer feed composition on the variation of particle number density

versus cumulative conversion in St/BA surfactant-free emulsion copolymerization.
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55 kJ mol™
—————— 3.7)

RT In[M*™]e.

jcril.=1—

Based on literature data,'” it was considered that the water solubility at 70 °C of
styrene and butyl acrylate are 0.4 and 1.55 g/L respectively, which means:

- styrene water solubility = 3.12 mM, and so [M* Vst = 3.12 mM;

- butyl acrylate water solubility = 14.9 mM, and so [M™sepa = 14.9 mM.

The critical degree of polymerization that can be calculated for St and BA is 5 and
6 respectively. Therefore, the influence of the critical degree of polymerization on the
formed oligoradicals is insignificant versus i .

The significant increase in the polymerization rate with the increase in the BA
content (Figure 3.3.7.1) suggested a higher water phase polymerization rate R, at a
higher BA content. Consequently, these two effects led to a decrease in 7, when the
polymerization was richer in BA. Thus, an increase in BA content in the feed monomer
mixture led to an increase in the number of particles, and therefore, a higher

polymerization rate at a higher BA content.

These results are in contradiction with those of Mangaraj and Ruth*® and
Snuparek*® who found that the maximum copolymerization rate of styrene with butyl
acrylate appears at a ratio of 80/20 St/BA. Both Snuparek and Mangaraj ef al. performed

their polymerizations semi-continuously with surfactant.

On the other hand, these results agree with those of Guillaume et al.,'’ who
performed the polymerization in a batch surfactant-free system. However, they reported
no influence of BA content on the particle size which was always less than 500 nm. In
that case the particle number density did not change drastically upon variation of BA
content. The authors considered that the increase in polymerization rate by increasing BA
content was caused by an increase in the average number of radicals (ii) per particle, in

the case of BA-rich copolymerizations.
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Table 3.3.7.1
The influence of monomer feed composition on the final size of latex particles and

overall reaction time.

Monomer-ratio dw [nm] tz [h]
100% Styrene 775.5 ~12
80%St : 20%BA 717.0 ~10
20%St : 80%BA 513.1 ~7
100% Butyl-acrylate 460.8 ~5

Initiator (AP) conc. = 2.67 [g/L water], T = 70 °C; ionic strength, I = 0.035 mol/L;
pH = 3.0, stirring rate = 200 RPM; monomer feeding time = Sh.
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At the same cumulative conversion, X..m, but at a higher BA content in the feed
monomer mixture, the size of the particles was smaller (Figure 3.3.7.5). The increase in
BA content also prolonged the particle aggregation up to a very high cumulative
conversion. Both the slight decrease in N, and the variation of the particle size, dw, with
cumulative conversion, Xcem % (Figure 3.3.7.4 and Figure 3.3.7.5 respectively) suggested
a particle growth mechanism by both inside-particle propagation and particle aggregation.

3.3.8 The Influence of Initiator Addition Policy

Taking into account the double role of the initiator (as initiator and ionic strength
modifier), its step-wise addition is a potential approach for controlling both the
coagulation and aggregative process (especially during the particle nucleation stage) as
well as the stability of latex particles.

In Section 3.3.4 it was experimentally supported that in some circumstances a
second addition of initiator can significantly improve the colloidal stability of particles
against coagulation. The particle size was less affected, compared with a similar
polymerization in which the same initial amount of initiator was added in one shot at the
beginning of the reaction. This is an interesting fact, since in the first case, the overall

concentration of initiator was higher (Table 3.3.8.1).

On the other hand, when the polymerization was carried out at the same overall
initiator concentration but using a different addition strategy the polymerization in which
a second shot of initiator was added led to much larger particles. In all the cases the final
latex showed almost the same characteristics as the latex obtained with all the initiator

added at the beginning of reaction (Table 3.3.8.2).

In order to keep the latex monodisperse, it was found that the second shot of
initiator should be added early during the particle nucleation process when the colloidal

stability of existing particles is low and particle aggregation/coagulation processes still
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Figure 3.3.7.5
The influence of monomer feed composition on the variation of particle size versus

cumulative conversion in St/BA surfactant-free emulsion copolymerization.
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occur. It is worth noting that in both experimental sets the evolution of the curves reveals

both common and particular trends.

In the series B1 (experiments carried out at different overall amounts of initiator-
Figure 3.3.8.1) the second shot of initiator significantly speeded up the polymerization
rate and reduced the time at which the particle number density became constant.

In the series B2 (experiments carried out at a similar overall amount of initiator),
when all the amount of initiator was added in one shot at the beginning of the reaction,
the polymerization rate was higher than that of a polymerization based on a second
addition of initiator (Figure 3.3.8.2). Moreover, in the former case the particle number
density became constant sooner.

In both experimental sets two main trends can be observed: an early flocculation
and polymerization followed by a slightly aggregation (Figure 3.3.8.3 and Figure 3.3.8.4).
The early particle growth stage was prolonged throughout the polymerization in which all
the initiator was added at the beginning of the reaction.

It is noteworthy that similar trends were also recorded in the varation of the

particle size with the cumulative conversion (Figure 3.3.8.5 and Figure 3.3.8.6).

Throughout the B1 polymerizations, after the second addition of initiator and at
the same cumulative conversion (less than 20 %) the size of the particles was only slightly
lower than that of particles obtained when the initiator was added at the beginning of
polymerization. In the B2 polymerizations, the difference of the particle size was much
more significant. In the latter experiments the particle size was much higher than that
which results from the polymerization in which the initiator was added in two shots. Once
the cumulative conversion increased above 20 %, the differences between the

corresponding particle size became more significant.

Even though, in all these polymerizations, the variation of the particle number
density decreased with increasing cumulative conversion, some particular trends were

recorded.
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The influence of a second shot addition of initiator on St/BA surfactant-free emulsion

copolymerization at different overall initiator concentrations.

BI series

Latex No. S-168 S-204
Overall Initiator Concentration

[g/L water] 5.33 5.33
- second addition after 1A [g] 1.2+0.0 [.2+1.2
Salt Conc. [g NaCVL water] 1.44 1.44
Initial Ionic Strength [mol/L] 0.059 0.059
Initial pH 3.1 3.1
Particle Size, dw, [nm] 2705 2022
Latex Polydispersity, dw/ d, 1.0147 10117
Solids Content  [% wt/wt] 26.5 304
Latex Final Yield [% wt./wt.] 80.6 94.8

StBA = 80:20 wt./wt.; Temp. = 70 °C; monomer feeding time = 5 h;

stirring rate = 200 RPM.

“Measurements on Coulter Multisizer.
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Table 3.3.8.2
The influence of a second shot addition of initiator on St/BA surfactant-free emulsion

copolymerization at the same overall initiator concentration.

B2 series

Latex No. S-199 S-204
Overall Initiator Concentration

[g/L water] 5.33 533
- second addition after 1A [g] 2.4+0.0 1.2+1.2
Salt Conc. [g NaCVL water] 1.44 144
Initial Ionic Strength [mol/L] 0.098 0.059
Initial pH 3.0 3.1
Particle Size, dw, [nm] 1166 2022
Latex Polydispersity, dw/ dq 1.006 1.o11”
Solids Content  [% wt/wt] 298 304
Latex Final Yield [% wt./wt.] 94.6 948

St/BA = 80:20 wt./wt.; Temp. = 70 °C; monomer feeding time = 5 h;
stirring rate = 200 RPM.
"Measurements on disc centrifuge. Measurements on Coulter Multisizer.
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The influence of a second shot addition of initiator on the polymerization rate and time-

variation of particle number density in St/BA surfactant-free emulsion copolymerization

at a different overall amount of initiator.
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Figure 3.3.8.2
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The influence of a second addition of initiator on the polymerization rate and time-

variation of particle number density in St/BA surfactant-free emulsion copolymerization

at a similar overall amount of initiator.
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Figure 3.3.8.3
The influence of a second shot addition of initiator on the time-variation of particle size
and particle number density in St/BA surfactant-free copolymerization at a different

overall amount of initiator.
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Figure 3.3.8.4
The influence of a second shot addition of initiator on the time-variation of particle size
and particle number density in St/BA surfactant-free emulsion copolymerization at a

similar overall amount of initiator.
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Figure 3.3.8.5
The influence of a second shot addition of initiator on the particle size and particle
number density variation with cumulative conversion in St/BA surfactant-free emulsion

copolymerization at a different overall amount of initiator.

3000 ‘ ; , - ' 1.0
"
.
2500 ::
‘= 2000 ¢
g %
p =
g —
o 1500 ¢ 105 &
N ~
n ©
D yow—
) § 8.
£ 10007 : dyr (L) <
A ‘ o 1.2g+0.0g
00 |.2g+1.2g (after 1h)
; Np (Right)
500 ¢ -8 | 2g+0.0g)
‘;ﬂ‘ “B.. 1.2g+1 2g (after 1h)
SO 8. g S I 8---8
[ TETEY TP S PO -0
0 ~- : : : 0.0

0 20 40 60 80 100

. . o
Cumulative Conversion, X ., %



124

Figure 3.3.8.6
The influence of a second shot addition of initiator on the particle size and particle

number density variation with cumulative conversion in St/BA surfactant-free emulsion

copolymerization at a similar overall amount of initiator.
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In the polymerizations of the series B1, the number of particles became constant
(Figure 3.3.8.5):
i At a cumulative conversion below 30 %, when all the amount of initiator was added

at the beginning of reaction.

il. At a cumulative conversion above 30 %, when the initiator was added in two shots.
In the former case the particle number density was also lower and therefore larger

particles resulted.

In the polymerizations of the series B2, the trends were more significant (Figure
3.3.8.6):
i The second shot of initiator led to a much lower cumulative conversion, below 30 %,
at the point to the onset of a constant number of particles.
ii. When all the amount of initiator was added at the beginning of reaction, the
cumulative conversion was higher than 40 % at the point to the onset of a constant

number of particles.

In the former case less particles were nucleated and therefore the particles obtained were

much larger than in the latter case.

3.4 CONCLUSIONS

A novel aggregative surfactant-free emulsion polymerization technique was
developed, which allows the synthesis of stable styrene/butyl-acrylate (80:20 wt/wt)
monodisperse latexes with a particle size in the micron range (dw = 1- 3 um), and a solids

content higher than 25 % wt/wt.

In order to achieve micron-sized particles, the polymerization had to be carried

out under monomer flooded conditions.
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Based on a comparative analysis of the ionic strength influence (at the same initial
pH, all the other parameters being maintained constant), by varying the amount of salt,
and respectively, by increasing the initiator concentration, while the salt concentration
was kept constant, it can be appreciated that:

(a) the increase of ionic strength by salt addition  (b) the increase of ionic strength by

increasing the initiator concentration

- slowed the polymerization rate - increased the polymerization rate
- favored aggregative processes - limited aggregation processes
- increased the particle size - decreased the particle size

The largest particles resulted when the polymerizations were carried out at an
initial pH < 8.0.

Following a step-wise addition procedure for the initiator, the size of particles
obtained in a one-step synthesis was bigger than 2 um, while the quality of the final latex
(monodispersity, stability, coagulum level) was significantly improved.

The investigation of the role and influence of the above reaction parameters, in the
semi-continuous surfactant-free emulsion copolymerization of St/BA using a persulfate

initiator, strongly suggested an aggregative polymerization mechanism.
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CHAPTER 4

ONE STAGE SURFACTANT-FREE EMULSION POLYMERIZATION
OF SUPERMICRON MONODISPERSE
STYRENE/BUTYL ACRYLATE/ACRYLIC ACID PARTICLES

4.1 INTRODUCTION

In the past years an increasing interest has been focused on the synthesis of
functionalized latexes in order to give chemical reactivity to polymer particles and to
enhance the stability of polymer emulsions.

One of the most useful preparative routes to modify the surface properties of latex
particles is the surfactant-free emulsion polymerization of a vinyl monomer, or any co-
monomer mixture, in the presence of a monomer containing surface-active functional

groups (e.g., acrylic acid, methacrylic acid, sodium styrene sulfonate).'®

Usually, these functional monomers are highly soluble in water and therefore a
large amount of hydrosoluble chains result when using a batch process. The chains, in
addition to representing a waste of functional monomer, may also act as flocculating or

stabilizing agents, depending upon their molecular weight and concentration.’

In the case of ionogenic co-monomers such as carboxylic monomers, it is possible
to reduce the formation of hydrosoluble chains by controlling, for example, the pH of the
aqueous phase. Thus, several authors”™ have reported that using acrylic and methacrylic
acids in their unionized form the concentration of hydrosoluble chains was lowered.

Okubo et al.*? reported that when carboxylic acid monomers were used, the

hydrophilic carboxyl groups tend to be anchored predominantly on the surface rather than
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being buried in the particles. The favorable surface distribution of carboxyl groups
contributes to the improvement of the colloidal stability of latexes.

Several published reports™*'® emphasized a different contribution of the
carboxylic monomers (e.g., acrylic acid, AA, or methacrylic acid, MAA) to the particle
stabilization mechanism, which was mainly due to their differences in solubility inside the
particles and in the water phase. AA is more hydrophilic than MAA and its distribution at
the surface between the polymer particle and the water phase is more favored than that
of MAA.'?#1° Nevertheless, it was found that the absolute amount of carboxyl groups is
greater inside the particle rather than at the surface. This may be because the volume of

the inside is larger than that of the surface layer.

In most cases it has been considered that only carboxyl groups distributed at the
surface layer are useful in particle stabilization. Therefore a lot of experimental work was
done in order to anchore the carboxyl groups onto the surface of polymer particles.**'°
In addition, some reports”** underlined that not only the carboxyl groups on the particle
surface are important but also their degree of ionization.

Some authors'? suggested that when the carboxyl monomer was not ionized, it
did not promote a better particle stability and therefore the size of particles could not be

controlled by the functional monomer concentration.

Recently, Guillaume ef al."! studied the batch surfactant-free copolymerization of
styrene and butyl acrylate in the presence of some ionogenic monomers such as
methacrylic acid and potassium sulfopropylmethacrylate. The copolymerizations were
performed in the presence of MAA at pH > 6. Guillaume er al' found that the
introduction of this co-monomer led to a higher particle number and a smaller particle
diameter, at the same solids content, as compared with copolymerizations carried out
without any addition of co-monomer. Better particle stabilization and a good control of
the particle size was obtained using MAA as a co-monomer, provided that the

polymerization was carried out at a pH > 6.5.



The aims of the present chapter are to present experimental data concemning the
one step generation of micron sized monodisperse St/BA/AA latex particles and, to
further elucidate the polymerization mechanism of surfactant-free, semi-continuous,
emulsion polymerizations.

Based on the previous work done on St/BA surfactant-free emulsion
copolymerization (Chapter 3), without any co-monomer addition, and the published data

13819 it was supposed that the addition of AA would improve the

in the literature,
colloidal stability of polymer particles. The quality of latexes such as monodispersity,
percent of solids content, and final yield would be subsequently improved.

Following a study of the influence of the monomer addition strategy, monomer
concentration, monomer feeding time, ionic strength, and initial pH a novel synthetic
procedure was devised to produce stable monodisperse St/BA/AA micron sized latex
particles.

The latexes were characterized with respect to their particle size and particle size

distribution, coagulum content and final yield.
4.2 EXPERIMENTAL
4.2.1 Chemicals

The monomers, initiator and salts used are mentioned in Section 3.2.1. Those
described for the first time in this chapter include acrylic acid (AA) and methacrylic acid
(MAA) obtained from Aldrich, used as received.
4.2.2 Synthesis of St/BA/AA Latexes

The syntheses of St/BA/AA latexes were carried out surfactant-free by a semi-

continuous emulsion polymerization procedure which follows the same steps as in St/BA

copolymerization without co-monomer addition, Section 3.2.2. However, as will be



described below, the co-monomer addition procedure is critical for the course of the

polymerization process.

4.2.3 Latex Characterization

In addition to the already presented characterization methods, Section 3.2.3,
whenever it was interesting to do so, the pH variation was measured throughout the

polymerization to complement the initial and final pH measurements.

4.3 RESULTS AND DISCUSSION

4.3.1 Co-monomer Addition Strategy

In general, carboxylated latexes can be prepared by copolymerizing carboxylic
monomers with the main monomer, or a co-monomer mixture, using classical batch,

semi-continuous, or continuous procedures.

The addition strategy of AA as a co-monomer is important in the St/BA
copolymerization because of the higher water solubility of AA compared with that of
styrene and butyl acrylate. While styrene is a highly hydrophobic molecule (0.3 g/L
solubility in water at 70 °C)' and butyl acrylate is somewhat more polar and more water
soluble (1.2 g/L water at 70 °C),' the acrylic acid is much more hydrophilic and almost
completely water miscible.

Using a semi-continuous procedure, the AA addition could proceed in three main
ways:

i All the AA is dissolved in the reaction medium at the beginning of polymerization.
i. All AA is fed with the main monomers as a common mixture (SYBA/AA).
iii. AA is divided between the reaction medium and the organic monomer phase (St and

BA) - a combination of the above scenarios.
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For reactions in which all the AA was dissolved in the reaction medium, time zero
was defined as the moment when the initiator solution was poured into the reactor and
the monomer feeding was started. In this case, after four hours of monomer feeding, but
before the depletion of the amount of monomers fed, the reaction failed because of a
catastrophic coagulation (Table 4.3.1.1 Run S-65).

On the other hand, when the added AA was distributed equally between the initial
reactor mixture and the monomer feed, the polymerization proceeded without any
problem. However, the final latex comprised of small polydisperse particles (Table
4.3.1.1 Run S-67). It is worth noting that the particle size obtained was typical for a
polymerization carried out at a surfactant concentration higher than its CMC (100-300

om).

When the polymerization was performed with all the AA dissolved in the
monomer feed mixture, the results were successful with respect to latex size and
monodispersity, although the final particle size was not yet in the desired micron range
(Table 4.3.1.1 Run S-69).

The significantly larger size of the final latex particles (Table 4.3.1.2) was very
close to that of the particle size measured for an AA-free St/BA surfactant-free emulsion
polymerization process (Run S-69). The evolution of the experimental curves of dw and
N, versus the reduced time, t/tr, and X%, percent cumulative-conversion, given in
Figure 43.1.1 and Figure 4.3.1.2 respectively, suggested a similar aggregative-
polymerization growth mechanism as found in the AA-free St/BA surfactant-free

emulsion copolymerization.

Even though the concentration of acrylic acid was less than 5 wt % against the
main monomers, the experimental evidence strongly supported the ideas that both the fate
of the polymerization and the properties of the final latex were greatly dependent on the

method of introduction of the carboxylic co-monomer.
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Table 4.3.1.1
The influence of AA addition strategy on the surfactant-free emulsion copolymerization

of St/BA by a semi-continuous procedure.

AA reactor 100% 30% 0%
feed 0% 50% 100%
Run S-65 S-67 S-69
AA Concentration 2.00 2.00 2.00
[wt % on monomer]
AP Concentration [g/L water] 2.67 2.67 2.67
Ionic Strength [mol/L] 0.035 0.035 0.035
Initial pH 23 24 3.1
Particle Size, dw, [nm] polymerization 243.0 723.1
failed after 4h
Latex Polydispersity dv/d, - 1.024° 1.002°
Solids Content  [% wt/wt] - 30.0 320
Latex Final Yield [% wt/wt] - ~92.0 >94.0

St/BA = 80:20 wt./wt.; Temp. = 70 °C; monomer feeding rate = 0.68 g/min,
stirring rate = 200 RPM.

"Measurements on disc centrifuge.
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Table 4.3.1.2
The influence of AA addition on St/BA surfactant-free emulsion copolymerization by a

semi-continuous procedure.

Latex Type No AA 2wt % AA
Initiator Conc.  [g/L water] 2.67 2.67
[onic Strength [mol/L] 0.035 0.035
Initial pH 3.0 3.0
Final pH 2.0 1.9
Particle Size, dw, [nm] 717 723
Latex Polydispersity dw/d, 1.006" 1.002°
Solids Content  [% wt/wt] 302 313
Latex Final Yield [% wt./wt.] 90.6 94.6
Relative Surface-Tension™ 1.062 0.829

St/BA = 80:20 wt./wt.; Temp. = 70 °C; monomer feeding rate = 0.68 g/min;
stirring rate = 200 RPM.
"Measurements on disc centrifuge.

“Values calculated against the experimental average water surface-tension measurement,

Se=71.20.
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For polymerizations in which all the AA was completely charged into the reactor
at the beginning of the process (Run S-65), most of the primary radicals will initiate
polymerization of the solubilized AA molecules due to the very high water-solubility of
AA. It is very likely that a relatively large number of oligoradicals were formed which
mainly had a polyacrylic structure. These very hydrophilic oligoradicals can undergo, to a
high extent, water-termination reactions and form in situ “dead™ polyacrylic species.
Because of their high water-solubility, these species were mainly wasted in the aqueous
phase. Not only did the AA molecules produce useless polymer, but they also wasted the
primary radicals from the initiator. As a result, the growing particles remained colloidally
unstable and finally coagulated. Adding all the AA to the reactor did not result in AA
incorporation.

1% It was suspected

Several published papers have emphasized similar trends.
that the polymeric species formed in situ (depending on their molecular weight and
concentration) could increase particle stability or also cause flocculation of the latex by

“bridging”.

Keeping the same amount of monomers and the same ratio between AA and the
monomer feed, a second scenario was used with AA distributed between the reactor and
the monomer feed.

When AA was distributed equally between the reactor and the monomer feed, the
experimental evidence suggested an homogeneous nucleation mechanism based on the in

situ formation of surfactant.

The third experiment (Run S-69 in Table 4.3.1.2) supported the useful
contribution of AA molecules to particle stability when the AA was completely in the
monomer feed. The AA addition enhanced the latex monodispersity, while the particle
size remained almost unaffected. As well, significantly less coagulum was formed, which
suggested a higher colloidal stability. This influence of AA moieties on particle
stabilization is also supported by the experimental curves of Figure 4.3.1.1 and Figure
4312



Figure 4.3.1.1

The influence of AA addition on the time-vanation of cumulative conversion and particle

number density in St/BA surfactant-free emulsion copolymerization.
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Figure 4.3.1.2

The influence of AA addition on the variation of particle size and particle number density

versus conversion in St/BA surfactant-free emulsion copolymerization.
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Throughout the polymerization carried out with AA completely distributed in the
monomer feed, the time-evolution of the particle number density (Figure 4.3.1.1)
exhibited a slight particle-aggregation process which extended until the end of
polymerization. Whereas, during AA-free polymerization, the particle-aggregation
process was complete by the end of the monomer feeding stage.

In both cases, the recorded final number of particles was almost the same.
Consequently, the same final particle size was found. However, a different time-evolution
of Np was observed throughout the St/ BA/AA copolymerization compared with that in
AA-free polymerization (Figure 4.3.1.3). In the former case the increase rate of the
particle size was slightly higher.

The experimental plots of particle size versus conversion (Figure 4.3.1.2)
revealed a similar trend and an almost identical evolution with or without AA. The
conversion level corresponding to the end of variation in the number of particles was
higher than 90 % throughout the St/BA/AA copolymerization and less than 30 % in the
AA-free St/BA copolymerization (Figure 4.3.1.2). Moreover, after an early particle
flocculation corresponding to a conversion lower than 10 % and at the same conversion
level, the recorded size of particles was the same in both polymerizations. However, the
number of particles was higher in the St/BA/AA copolymerization than in AA-free SUBA
copolymerization.

During the AA-free SUBA copolymerization the particle growth mechanism by
aggregation was limited up to 30 % conversion. While, throughout the St/BA/AA
copolymerization, the aggregative growth mechanism takes place until the end of the
polymerization process. This evidence suggests that AA addition leads to fewer nuclei
and more stable primary particles because of a lower aggregation rate which extends over
a long time (Figure 4.3.1.3). Consequently, the AA addition led to a prolonged
aggregative-polymerization process and also to a different particle stabilization
mechanism.

The nature of the particle stabilization mechanism can be revealed by means of the
influence of the ionic strength on the colloidal stability of electrostatically stabilized



Figure 4.3.1.3
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The influence of AA addition on the time-variation of particle size and particle number

density in SUYBA surfactant-free emulsion copolymerization.
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latexes. The DLVO'* theory recognizes that sufficiently large electrolyte concentrations
can destabilize electrostatically stabilized particles and cause them to flocculate and/or
coagulate, whereas sterically stabilized particles are unaffected. The qualitative test
performed consisted of the drop-wise addition of a water saturated solution NaCl
(approx. 6 M) to 100 mL of latex under stirring. The first series of latexes was made
without AA and the second series with AA.

Two types of latexes made with AA were tested: one resulted from
polymerizations carried out in the acidic range (pH = 3.0) and another one from a
polymerization carried out in the presence of sodium bicarbonate (pH = 8).

The latexes resulting from an AA-free copolymerization process coagulated
quickly after the addition of ~12 mL of salt solution. The latexes prepared with AA,
regardless of pH, did not coagulate even after the addition of 100 mL of salt solution.
Moreover, the decrease in the latex surface tension (Table 4.3.1.2) by AA addition also
supports this enhancement of the latex stability.

These experimental results suggested an expected electrostatic stabilization
mechanism for the latex prepared without AA and an electro-steric stabilization

mechanism for those latexes prepared with AA.

A number of literature reports"’ suggested that polymeric surfactants may be
obtained in situ when a monomer containing a functional group (e.g., acrylic acid) is used
in the polymerization. In this case, the polymeric surfactant is adsorbed on the particle
surface imparting steric stabilization. The steric stabilization mechanism augments the
electrostatic stabilization mechanism offered by the already anchored sulfate end-groups.

A combination of electrostatic and steric stabilization forces can be accounted for"’

(Figure 4.3.1.4).

Even if there is no unifying theory for an electro-steric stabilization mechanism, it
is well accepted that such a stabilization mechanism offers the particles more colloidal
stability and less sensitivity to the salt addition than stabilization by an electrostatic
mechanism only. This is the reason why the latex obtained by copolymerization in

presence of AA did not coagulate.



Figure 4.3.1.4
St/BA/AA particle stabilized by an electro-steric stabilization mechanism.
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These data strongly suggested that the most successful experimental procedure
for the polymerization system under study would be that in which AA is fed into the
reactor with the monomer mixture.

4.3.2 The Influence of Acrylic Acid Concentration

It has been emphasized, in the previous section, that the main contributions of AA
addition to the monomer mixture consist of:
i. The improvement of latex colloidal stability.

ii. The increase of the polymerization rate.

Experimental evidence supports the enhancement of the latex stability by
adsorption of the surfactant formed in situ. It is very likely that this species would have a
poly(acrylic acid) block structure. In this case, the latex stabilization changes from an
electrostatic mechanism to a more complex electro-steric mechanism.

The effect of AA concentration was studied to find the optimum amount which
should be used in the polymerization process of St/BA because the /n situ polymeric
surfactants formed, depending on their molecular weight and concentration, can increase

the particle stability.

In the aqueous phase the AA molecules undergo acid-base equilibria. Therefore,
depending on the pH, the equilibrium of the reaction (4.1) can be forced to favor the

formation of one or the other acrylic species:

CH=CH—COOH + H,0 === CH=CH-COO™ + H;0" (CR))
AA +H,0 %= AA™ +H;0”

Two sets of surfactant-free emulsion copolymerizations with varying levels of AA
were performed at a constant concentration of initiator and ionic strength. The first set

was carried out in the acidic pH domain, pHin = 3.0 (Table 4.3.2.1) while the second set



145

was, in the neutral/weakly-basic range, pHi, = 8.1 (Table 4.3.2.2). In both experimental
sets, the AA concentration was varied between 1 wt % and 5 wt % AA based on the

monomer amount.

Results at pH =3.0

Depending on the initial pH, the vanation in the final particle size versus AA
content (Figure 4.3.2.1) showed a completely different influence of AA molecules on the
final size of latex particles. When the polymerizations were carried out in the acidic range,
pHinie = 3.0, particle size measurements (illustrated in Table 4.3.2.1) yielded an almost
constant particle size and particle size distribution for an AA concentration in the 0-4 wt
% range. The final quality of the latexes made in the presence of AA was significantly
improved with respect to coagulum content. The final latex yield increased from 90.0 %
(no AA) to 94.3 % (4 % AA) (Table 4.3.2.1).

It is also worthwhile to mention the change of the particle surface morphology
(Figure 4.3.2.2) as a function of the AA concentration in the monomer feed. An increase
in AA concentration caused a change from spherical smooth particles (AA-free) to
spherical “moon-like” particles (1 wt % AA), to slightly irregular “cracked” particles (2
wt % AA) up to very irregular “stone-like” particles (4 wt % AA). This is probably
because the AA incorporated in the particles increased their water swellability. Water

removed during SEM preparation below T leads to cracks.

Conversion-time curves for these polymerizations are plotted in Figure 4.3.2.3
together with that of the AA-free styrene/butyl acrylate. The addition of small amounts
of the functional carboxyl monomer resulted in a significant increase in the polymerization
rate over that found for St/BA, except when the AA content in the monomer feed is
1 wt %. The polymerizations carried out AA-free and with 1 wt % AA showed an almost
identical polymerization rate and particle size variation versus conversion. The time-

variation of N, revealed similar trends but a different evolution during the monomer
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The influence of AA concentration on St/BA/AA surfactant-free emulsion

copolymerization without salt addition.

Latex No. NodAA  0.5% 1.0% 2.0% 3.0% 4.0%
AA AA AA AA AA
AP Conc. [g/L water] 2.67 2.67 2.67 2.67 2.67 2.67
Ionic Strength  [mol/L}] 0.035 0035  0.035 0.035 035 0.035
Initial pH 3.0 3.0 3.0 3.0 3.0 3.0
Final pH 2.0 19 1.9 1.9 1.9 1.9
Particle Size, dw, [nm] 717 716 731 723 730 751
Latex Polydispersity dw/d, 1.006° 1.004° 1.003° 1.003° 1.003° 1004
Solids Content  [% wt/wt] 30.2 30.5 31.7 313 31.4 31.6
Latex Final Yield [%] 90.6 92.6 92.9 94.6 94.2 94.2
Relative Surface-Tension 1062 0904  0.864 0.829 0830  0.819

St/BA = 80:20 wt./wt.; Temp. = 70 °C; feeding rate = 0.68 g/min,;

stirring rate = 200 RPM.

"Measurements on disc centrifuge; ~Measurements on Coulter Multisizer.

““Values calculated against the experimental average water surface-tension measurement,

Sf= 71.20.



Table 4.3.2.2
The

copolymerization in presence of sodium bicarbonate.
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influence of AA concentration on St/BA/AA surfactant-free emulsion

Latex No. NoAA  0.5% L.0% 2% 4% 5%
AA AA AA AA AA

Initiator Conc.  [g/L water] 2.67 2.67 2.67 2.67 2.67 2.67
Bicarbonate [g/L water] 8.27 8.27 8.27 8.27 8.27 8.27
Ionic Strength [mol/L] 0.133 0.133 0.133 0.133 0.133 0.133
Initial pH 8.1 8.1 8.1 8.1 8.1 8.1
Final pH 8.5 7.9 73 6.5 5.05 438
Particle Size, dw, [nm] 2820 1887 1297 1203 1005 957
Latex Polydispersity dw/d, 10147 10137 10055 1.003° 1005 1.007
Solids Content  [% wt/wt] 24.0 305 30.7 31.3 313 28.7
Latex Final Yield [% wt/wt] 82.3 91.1 92.9 94.6 93.2 86.2
Relative Surface-Tension™™ - 0796 0782  0.777 0.780 0.797

St/BA = 80:20 wt./wt.; Temp. = 70 °C; feeding rate = 0.68 g/min;

stirring rate = 200 RPM.

"Measurements on disc centrifuge; ~ Measurements on Coulter Multisizer.

"“Values calculated against the experimental average water surface-tension measurement,

Se=71.20.
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Figure 4.3.2.1
The influence of AA concentration on the particle size of St/BA/AA latexes.
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feeding stage.

The experimental plots in Figure 4.3.2 4 exhibited a stronger flocculation process
in the very early stage of the polymerization, due to the increase in AA concentration.
The decrease in the number of particles after this followed an almost identical trend
(within experimental error limits). This suggested an aggregative polymerization process
similar to the AA-free surfactant-free emulsion polymerization of St/BA, regardless of the

AA concentration between the limits mentioned.

Results with Bicarbonate Buffer

The copolymerizations carried out in the weakly-basic range (in presence of
NaHCQ:s) revealed a completely different behavior compared with the copolymerizations
performed at pH = 3 (Figure 4.3.2.1). When copolymerizations were performed with
NaHCO:s, by increasing the AA concentration from 1-5 % of monomer, the size of the
final latex particles decreased.

The StYBA/AA copolymerization carried out in presence of NaHCO; revealed
two main trends which depend on AA concentration (Table 4.3.3.2):

A) regarding the particle size variation:

i A sharp decrease in particle size with increasing AA concentration from 0 %
(no added AA) to 1 wt %.

ii. A slightly decrease in particle size by increasing AA concentration from 1 % to

5 wt %.

B) regarding the latex quality:
i A lot of coagulum formed and a very low latex yield, less than 90 %, when:
- the polymerization process was carried out without AA
- the polymerization process was carried out with S wt % AA.
ii. Clean, stable latexes with a final yield above 90 %, if [AA] € [1 wt % to 4 wt %].
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Figure 4.3.2.2
SEM analysis of St/BA/AA latexes obtained with different AA concentrations.




Figure 4.3.2.3
The influence of AA concentration on the overall polymerization rate in S/BA/AA

surfactant-free emulsion copolymerization at an initial pH = 3.
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Figure 4.3.2.4
The influence of AA concentration on the variation of particle number density with time

in SYBA/AA surfactant-free emulsion copolymerization at 70 °C.

3.0
oL No AA
B 1%wt AA
¢ 2%wt AA
A 3%wt AA
251t ® 4%wt AA
3
=
-
g 2.0 ]
=
P
(=8
Z
15}
1.0 : ‘
0 1 2 3

t/tg (Reduced Time)



Figure 4.3.2.5

The variation of particle size versus cumulative conversion at different AA concentrations

in St/BA/AA surfactant-free emulsion copolymerization at 70 °C.
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The particular behavior of the St/BA/AA polymerization system in presence of
NaHCOs can be explained by considering the acid base equilibrium of the AA (Eq. 4.1)
and by postulating the hypothesis that /n situ surfactant may resulit.

By undergoing water-phase polymerization, both the ionized and the unionized
AA species are incorporated into the polymeric chain via oligoradicals formed in the
water phase. These oligoradicals are more or less hydrophilic, depending on the number
of ionized and unionized acrylic monomer units on the chains. By increasing the number
of acrylic units into a polymeric chain one increases the hydrophilicity. Therefore these
species stay dissolved in the water phase longer. They are more suitable to undergo
water-phase propagation and consequently reach a higher molecular weight. Thus, an
increase in AA concentration in the monomer mixture led to an increased in situ
surfactant concentration. More primary particles can be nucleated and the final size of the

latex particles was smaller.

The presence of a charge on some of the AA units of an AA’ rich surface active
chain has two effects:

i Electrostatic repulsion between charged centers makes it difficult for new species to
get to the surface of existing particles, so they may be more likely to nucleate
(stabilize) new particles - resulting in a much higher particle count.

ii. Electrostatic effects keep the AA groups near the surface of existing particles so they
are less likely to be buried during the growth process, like the undissociated ~COOH
at low pH (if this is true, titration to find -COOH would find more buried groups at a

lower pH).

The literature’ emphasizes that any polymeric emulsifier which adsorbs on the
latex particles to increase the colloidal stability may also cause particle flocculation. This,
however, depends on the concentration and molecular weight. The bridging effect of
several polyelectrolytes, such as a high molecules weight poly(acrylic acid) is well known.
Therefore, the increase in the coagulum content at the end of polymerization carried out

with 5 wt % AA might be the result from a bridging effect.
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Figure 4.3.2.6
The time-variation of pH function of AA concentration in St/BA/AA surfactant-free

emulsion copolymerization in presence of sodium bicarbonate.
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The fact that the time-evolution of the pH during the polymerization (Figure
4.3.2.6) depended on the feed AA content (since it is a source of protons) also supported
the above hypotheses. As can be observed, the sodium bicarbonate buffer capacity sharply
decreased within increasing AA content, especially at a concentration higher than 1 wt %.
This suggested an increase in the concentration of the polyelectrolyte species in the water
phase. The increase in pH during the late stages of the reaction could suggest that a part
of the species were adsorbed from the water phase onto the particle surface.

Alternatively, some —~COOH groups may have been buried in the particles.

4.3.3 The Influence of Ionic Strength

The studies dedicated to the analysis of the ionic strength influence on the SYBA
surfactant-free emulsion copolymerization system (Section 3.3.4) revealed a specific
effect on both the size of latex particles as well as on the kinetic behavior. The ionic

strength came from initiator concentration variation or from an added salt.

The effects of increasing ionic strength The effects of increasing ionic strength
by salt addition: by increasing the initiator concentration:
- increased the particle size - decreased the particle size
- broadened the particle size distribution - enhanced the monodispersity
- slowed the polymerization rate - increased the polymerization rate
- favored aggregative processes - limited aggregative processes

When the polymerizations were carried out with AA (2 wt % on monomer) and
the same amount of salt (Table 4.3.3.1), a decreased initiator concentration led to a
polydisperse latex and increased the coagulum level.

The polymerizations were carried out in the presence of the same salt (NaHCOs)
and the initiator concentration ranged over the same concentration limits. The size of the
final particles obtained from the polymerizations carried out with AA (Table 4.3.3.1)

were similar each other, while those resulting from AA-free polymerizations were very
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Table 4.3.3.1
The influence of initiator concentration on St/BA/AA surfactant-free emulsion

copolymerization in presence of sodium bicarbonate.

Latex No. S-144 S-145 S-142
Initiator Conc. [g/L water] 1.33 2.67 5.55
Salt Conc.  [g NaHCOs/L water] 8.27 8.27 8.27
Ionic Strength  [mol/L] 0.115 0.133 0.171
Initial pH 83 8.1 7.8
Particle Size, dw, [nm] 1280 1203 1098
Latex Polydispersity dw/d, 1.104° 1.005 1.003°
Solids Content  [% wt/wt] 28.7 313 315
Coagulum much little little
Latex Final Yield [% wt/wt] 87.3 91.6 94.6

T =70 °C,; feeding rate = 0.68 g/min; stirring rate = 200 RPM.

"Measurements on disc centrifuge.
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different (Table 3.3.3.1). This effect could be correlated to the influence of AA
molecules on the particle stabilization mechanism.

It has already been shown that St/BA/AA particles are less likely to aggregate
compared with AA-free St/BA particles. The St/BA/AA particles were stabilized by an
electro-steric mechanism, which makes the particles more stable against aggregation
than the St/BA particles which were stabilized by an electrostatic mechanism only.

At a constant initiator concentration, the influence of ionic strength was
confounded with a strong pH effect, because of the ability of AA molecules to be ionized
(Figure 4.3.3.1). Therefore, experiments which will elucidate the influence of ionic
strength on the particle size of the latex particles resulting from the StBA/AA
copolymerization were carried out with NaCl (initial pH = 3.1), NaHCO; (initial pH = 7.4
- 8.1) and NaOH (initial pH = 11.1). In order to minimize any side effects, the AA
concentration was kept constant at 2 % wt/wt on the monomers, and all the other

experimental conditions were the same.

4.3.3.1 The Influence of Ionic Strength Changes by NaCl Addition

When the polymerizations were performed with NaCl (pH = 3, constant during
the reaction) the increase in ionic strength led to a constant increase in particle size until
the system reached the critical coagulation concentration (c.c.c.) (in this case 6.67 >
c.c.c> 555 g NaCl/L water) and failed due to gross coagulation. At a higher ionic
strength the particle size distribution of the latexes broadened, but remained
monodisperse. Moreover, a higher level of coagulum was found at the end of the

polymerization (Table 4.3.3.2).

For the St/BA/AA copolymerization performed in the ionic strength interval
yielding stable monodisperse latexes, the time-variation of the overall cumulative

conversion revealed two trends (Figure 4.3.3.2 and Figure 4.3.3.3):



Figure 4.3.3.1
The influence of ionic strength, by salt addition, on SYBA/AA surfactant-free emulsion
copolymerization.
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Table 4.3.3.2
The influence of initiator concentration on St/BA/AA surfactant-free emulsion

copolymerization in presence of sodium chloride.

Latex No. S-144 S-145 S-148 S-149
Initiator Conc. [g/L water] 2.67 2.67 2.67 2.67
Salt Conc.  [g NaCl/L water] 1.44 2.89 4.44 5.55
Ionic Strength [mol/L] 0.059 0.084 0.111 0.130
Initial pH 3.1 3.0 3.1 3.1
Particle Size, dw, [nm] 1091 1451 1815 2489
Latex Polydispersity dw/d, 1.003° 1.004° 1.0137 1.028"
Solids Content  [% wt/wt] 31.0 313 298 27.8
Coagulum little little much much
Latex Final Yield [% wt/wt] 923 93.6 88.6 86.7

Temp.= 70 °C; feeding rate = 0.68 g/min; stirring rate = 200 RPM.

"Measurements on disc centrifuge.  Measurements on Coulter Multisizer.



161

Figure 4.3.3.2
The influence of ionic strength on the polymerization rate of surfactant-free St/BA/AA

emulsion copolymerization at 70 °C in presence of sodium chloride.
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i An expected lower polymerization rate in the presence of NaCl compared to the
electrolyte-free polymerization.

ii. An unexpected increase of polymerization rate with an increase in ionic strength
throughout the polymerization performed with NaCl.

The increase in ionic strength by NaCl addition led as well to an increase in the particle

size (Figure 4.3.3.3).

If the classical Smith-Ewart polymerization equation (Eq. 3.6) is accepted to
describe the polymerization system studied, the time-evolution of the number of particles
(Figure 4.3.3.4) clearly supported the first trend. As can be seen, throughout the salt-free
St/BA/AA polymerization system the number of particles, N,, was higher than during the
polymerization carried out in presence of NaCl.

During the particle nucleation stage, in the electrolyte free polymerization,
aggregation of the precursors and primary particles was limited compared with the
polymerization based on salt addition. In the former case more particles were nucleated
and therefore the polymerization rate increased.

The unexpected increase of the polymerization rate at a higher ionic strength (by
NaCl addition) suggested a more complex polymerization mechanism. Throughout these
polymerizations it could be assumed that two opposite effects of ionic strength are
balanced:

i An obvious decrease in N, with the increase in ionic strength which, always leads to a
decrease in R,

ii. A less certain, based on limited experimental data, increase in R, by increasing the
ionic strength (by means of NaCl addition) due to:

o the decrease in fk, of the initiator with an increase in ionic strength

o the increase in ionic strength might increase capture efficiency of dead

oligomers formed by water-termination (not seen in other experiments).

Another approach to explain this unexpected evolution of R, with the increased in
ionic strength could be based on the Smith-Ewart equation by accepting that:



Figure 4.3.3.3
The influence of ionic strength, by sodium chloride addition, on the St/BA/AA

polymerization rate.
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Figure 4.3.3.4
The influence of ionic strength on the particle number density variation versus time in

St/BA/AA surfactant-free emulsion copolymerization at 70 °C in presence of sodium

chloride.
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The influence of ionic strength on the conversion variation of particle size and particle

number density in St/BA/AA surfactant-free emulsion copolymerization at 70 °C

presence of sodium chloride.
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{ [M]p13 }nigher ionic arength > { [M]p i }Hiover ionic strengin (4.2)

where, [M]p and 1i represent the monomer concentration and the number of radicals in a
particle respectively.

The number of radicals might be higher in larger particles than in the smaller ones.
Thus, the increase in the number of radicals inside the particle-aggregates (newly formed
particles) can compensate for the decrease in the particle number density and lead to an
increase in the polymerization rate.

At the same cumulative conversion (Figure 4.3.3.5), the particle number density
recorded in the polymerizations carried out at a higher ionic strength was lower than that
in polymerizations performed at a lower ionic strength. In the former case, the particle
size was also larger. In order to support one or another of the above assumptions
concerning the influence of ionic strength on R, by NaCl addition, more experimental
work should be done.

A comparison of the influence of NaCl addition on the polymerization rate of
polymerizations carried out with and without AA revealed several fundamental
differences (Figure 4.3.3.6). In the St/BA/AA polymerization, the increase in ionic
strength led to an increase in the polymerization rate. In the AA-free St/BA
polymerization, the polymerization rate decreased with increasing ionic strength. In all
cases, both the particle number density and particle size evolution showed similar trends
(Figure 4.3.3.6 and Figure 4.3.3.7).

The polymerization carried out with AA, at the same ionic strength (Figure
4.3.3.6 and Figure 4.3.3.7) revealed that:

L A higher polymerization rate than the AA-free copolymerization - already explained in
another section.

ii. A slower rate decrease of the particle number density than in the corresponding AA-
free copolymerization - same explanation as in prior section.

ifi, A smaller latex particle size at a specific cumulative conversion than in AA-free

copolymerization - which caused (i).
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Figure 4.3.3.6
The time evolution of cumulative conversion and particle number density in St/BA and

StBA/AA surfactant-free emulsion copolymerization at a different ionic strength in

presence of sodium chloride.
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Figure 4.3.3.7
The influence of ionic strength on the particle size and particle number density in StBA

and SYBA/AA surfactant-free emulsion copolymerization in presence of sodium chloride.
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4.3.3.2 The Influence of Ionic Strength Changes by NaCl & NaHCO; Addition

The polymerization medium was buffered at an initial pH = 7.5 using a salt
mixture which consisted of sodium bicarbonate (NaHCO;) and sodium chloride (NaCl)
(Table 4.3.3.3). At this pH, the AA molecules can easily ionize.

Larger particles resulted due to increasing the ionic strength. In the ionic strength
range studied, all the latexes were monodisperse. However, the increased ionic strength

led to a higher coagulum level at the end of the polymerization.

The conversion-time plots (Figure 4.3.3.8) revealed a slight decrease in the
polymerization rate with increasing ionic strength. This is due to a higher particle number
density. By increasing the ionic strength the colloidally unstable primary particles are
more likely to coagulate. Thus fewer particles, which become the main polymerization
loci, were nucleated. The decrease in the number of polymerization loci led to a decrease
of polymerization rate. The higher the ionic strength, the lower the conversion at which
the number of particles reached a constant level (Figure 4.3.3.9). Moreover, after an early
rapid flocculation at a conversion less than 5 %, the size of the particles, at the same
conversion level, was significantly larger at a higher ionic strength.

The above mentioned experimental trends are normal for a surfactant-free
emulsion copolymerization process in which the particle nucleation process is based on an
homogeneous-coagulative mechanism and particle growth by an aggregative-

polymerization mechanism.
4.3.3.3 The Influence of Ionic Strength Changes by NaHCO; Addition

When the polymerizations were performed with NaHCO; (Figure 4.3.3.1) the
particle size increased with increasing ionic strength up to a certain ionic strength (I ~ 0.1
mol/L) and then slowly decreased. The latex particle monodispersity was unaffected up to
a very high ionic strength value. A low level of coagulum was also found at the end of
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Table 4.3.3.3
The influence of ionic strength on StBA/AA surfactant-free emulsion copolymerization

in presence of sodium chloride and sodium bicarbonate

Latex No. S-191 S-196 S-194
Initiator Conc.  [g/L water] 267 2.67 2.67
Tonic Strength  [mol/L] 0.059 0.084° 0.097°
Initial pH 7.2 7.4 7.4
Final pH 3.8 3.6 3.6
Particle Size, dw, [nm] 939 1270 1785
Latex Polydispersity dw/d, 1.004° 1.003" 1.0137
Solids Content  [% wt/wt] 31.7 313 315
Latex Final Yield [% wt/wt] 943 94.6 94.2

Temp. = 70 °C; feeding rate = 0.68 g/min; stirring rate = 200 RPM.
"Measurements on disc centrifuge. - Measurements on Coulter Multisizer.
“Ionic strength resulted from 2.06g NaHCO;/L water;

*Tonic strength resulted from (2.06g NaHCO; + 1.44g NaCl)/L water;
“Ionic strength resulted from (2.06g NaHCOQ; + 2.22g NaCl)/L water.
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Figure 4.3.3.8
The influence of ionic strength on the polymerization rate and time-variation of particle
number density in St/BA/AA surfactant-free emulsion copolymerization in presence of

sodium chloride and sodium bicarbonate.
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Figure 4.3.3.9
The influence of ionic strength on the particle size and particle number density variation
with conversion in St/BA/AA surfactant-free emulsion copolymerization in presence of

sodium chloride and sodium bicarbonate.
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the polymerization (Table 4.3.3.4). Therefore, in all cases the particle colloidal stability
covered a larger ionic strength range. The critical coagulation concentration found was

higher than 10.8 g NaHCO,/L water.

It is well known that the addition of bicarbonate has a double role: to increase the
ionic strength and to buffer the reaction medium to a certain pH.

Both the time-evolution and the conversion-evolution of the particle number
density, N, revealed two distinctive trends (Figure 4.3.3.10 and Figure 4.3.3.11):

. WhenI<0.111 [mol/L], corresponding to an initial pH < 8.0, an expected decrease in
the number of particles at lower ionic strength.

ii. WhenI>0.111 [mol/L], corresponding to an initial pH > 8.0, an unexpected increase
in the number of particles at a higher ionic strength.

At higher ionic strengths, the time-variation of the pH during the polymerization
(Figure 4.3.3.12) showed a prolonged decreasing period which suggested a higher
buffering capacity of NaHCO;.

In polymerizations carried out at I > 0.111 [moVL] (Figure 4.3.3.10) the
conversion followed the same time-variation, regardless of ionic strength. However, the
variation in the particle number density revealed different pathways and a similar trend.
At conversion less than 10 %, the particle number density of the first particles formed was
higher in the reaction medium with a higher ionic strength (Figure 4.3.3.11). The

corresponding sizes of particles were almost the same, dw = 400 nm.

These results emphasize that above a certain ionic strength limit, the buffering
capacity of the bicarbonate plays an equally important, but opposite role on the whole
polymerization mechanism as ionic strength.

At the beginning of the reaction when no particles exist, the polymerization takes
place only in the aqueous-phase. Because of the difference in water soiubility of the
monomers (St and BA are only sparingly water soluble, while AA is completely water
soluble) it is very likely that the first oligoradicals and oligomers are richer in AA units.

Therefore this oligomeric species are more water soluble. Hence, their concentration in
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Table 4.3.3.4
The influence of ionic strength on St/BA/AA surfactant-free emulsion copolymerization

in presence of sodium bicarbonate.

Latex No. S-144 S-145 S-148 S-149
Initiator Conc.  [g/L water] 2,67 2.67 2.67 2.67
Salt Conc.  [g NaHCOs/L water] 2.06 4.13 6.35 8.26
Ionic Strength  [mol/L] 0.059 0.084 0.111 0.133
Initial pH 72 78 8.0 8.1
Final pH 3.8 4.6 52 5.6
Particle Size, dw, [nm] 939 1194 1353 1316
Latex Polydispersity dw/d, 1.004° 1.004° 1.014" 1.014"
Solids Content  [% wt/wt] 31.7 313 314 30.6
Coagulum little little little little
Latex Final Yield [% wt/wt] 943 93.6 92.6 92.6

Temp.= 70 °C; feeding rate = 0.68 g/min; stirring rate = 200 RPM.

"Measurements on disc centrifuge. ~ Measurements on Coulter Multisizer.



Figure 4.3.3.10

The influence of ionic strength on the polymerization rate and the time-variation of

particle number density in St/BA/AA surfactant-free emulsion copolymerization in

presence of sodium bicarbonate.
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Figure 4.3.3.11
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The influence of ionic strength on the variation of particle size and particle number

density with conversion in St/BA/AA surfactant-free emulsion copolymerization in

presence of sodium bicarbonate.
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Figure 4.3.3.12
The influence of ionic strength on the time-variation of pH in St/BA/AA surfactant-free

emulsion copolymerization in presence of sodium bicarbonate.
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in the water phase increased. Consequently, more primary particles were nucleated.

Most of carboxyl groups are likely distributed at the primary particle-aqueous
phase interface because of the AA™ hydrophilicity. This distribution interface leads to a
higher charge density, which favors particle repulsion. Thus, more colloidally stable
particles were generated at higher pH. The higher the charge density on the particle
surface, the more electrolyte has to be involved to shrink the electrical double layer of the
particles, and to make them more suitable to coagulate.

Therefore, above a certain ionic strength limit, an increase in the amount of
bicarbonate was not enough to reduce the colloidal stability of the formed particles even
if the ionic strength increases. Consequently, the particles remained stable.

These inferences were supported by the experimental evidence found during the

surfactant-free emulsion copolymerization of S/BA/AA (Figure 4.3.3.11).

Using NaOH, the particle size dramatically dropped into the submicron range
(Table 4.3.3.5) similar to classical emulsion polymerization. A very slight decrease in
particle size was observed while the latex size distribution broadened with increasing
ionic strength. At the end of all the polymerizations performed with NaOH, two main
particle populations, very close in size, were observed (Figure 4.3.3.13).

This behavior can only be understood and explained by an analysis of pH variation
with the time-variation of particle number density. This analysis is made in the next
section, which is dedicated to the influence of the pH on the polymerization system

studied.
4.3.4 The Influence of Initial pH

It is well recognized that the pH strongly influences the surfactant-free
polymerization of latexes based on acidic co-monomers, such as an carboxyl acid (e.g.,

AA). This is mainly due to of the acid-base equilibrium associated with Eq. 4.1.



Table 4.3.3.5
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The influence of ionic strength on St/BA/AA surfactant-free emulsion copolymerization

in presence of sodium hydroxide.

L]

Latex No. S-191 S-196 S-194
Initiator Conc. [g/L water] 2.67 2.67 2.67
Sait Conc. [g NaOH/L water] 2.00 2.88 3.96
Ionic Strength [mol/L] 0.059 0.084 0.110
Initial pH 11.1 11.3 11.5
Final pH 43 5.1 5.6
Particle Size, dw, {nm] 578 516 495
Latex Polydispersity dw/d, 1.006 1.007° 1.010°
Solids Content  [% wt/wt] 31.7 313 315
943 94.6 942

Latex Final Yield [% wt/wt] ¢

Temp. = 70 °C; feeding rate = 0.68 g/min; stirring rate = 200 RPM.

"Measurements on disc centrifuge.



Figure 4.3.3.13

TEM analysis of a StBA/AA latex prepared in presence of sodium hydroxide.
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The ionized and the unionized AA molecules are characterized by very different
polarities (which controls monomer partition between polymer/monomer phase and water
phase), reactivity ratios and propagation rate constants (kp). Therefore, a complex
tertiary copolymerization becomes a complicated quaternary copolymerization due to the
existence of this equilibrium.

In order to “simplify” the polymerization, except for the initial pH, all the other
experimental parameters (such as procedure, monomer feeding time, temperature, stirring
rate, amount of water, monomer amount, AA content, initiator concentration, ionic
strength) were kept constant for all the polymerizations carried out in this study, as
follows:

- monomer feeding time ~ 5 h; T = 70 °C; stirring rate 200 RPM;

- amount of water 450 g; monomer amount 200 g (80 wt % St and 20 wt % BA),

- AA co-monomer 2 wt % against monomer amount;

- initiator, ammonium persulfate, 2.67 g/L. water; ionic strength 0.084 mol/L.

The initial pH was fixed using different salts, such as NaCl for pH = 3, NaH,PO;
for pH = 5, a mixture of NaCl and NaHCO; for pH = 7.5, NaHCO; for pH = 8, Na,CO;
for pH = 10, and NaOH for pH = 12.

The experimental curve of particle size versus initial pH (Figure 4.3.4.1) revealed
two main trends:
L A very slight decrease in the particle size, which remains in the micron range, when
pH values covered the acidic range up to a weakly/basic limit (pH = 8).
ii. A significant sharp decrease of the particle size to submicron values, when pH values
were in a basic range, pH > 8.
Moreover, the experimental data (Table 4.3.4.1) indicated a broad particle size
distribution at higher pHs. Both the particle size vanation and the broadening of the
particle size distribution with pH variation suggest a different effect of ionized AA~,

compared with the unionized AA, on the polymerization mechanism.



Figure 4.3.4.1
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The influence of initial pH on the particle size of St/BA/AA latexes at a constant ionic

strength, [=0.084 [mol/L].
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Table 4.3.4.1

The influence of initial pH on the quality of St/BA/AA latexes obtained by surfactant-free
emulsion polymerization.

Latex No. S-160 S-156 S-196 S-164 S-163  S-162
Initial pH pH=3.1 pH=4.8 pH=7.6 pH=7.9 pH=10 pH=12
Initiator Conc.  [g/L water] | 2.67 2.67 267 2.67 2.67 2.67
Salt Conc. [g/L water] 1.30 3.26 1.58 2.86 3.81 1.26
Ionic Strength  [mol/L] 0.083 0.083 0.083 0.083  0.083 0.083
Final pH 8.5 7.9 7.3 6.5 5.05 48
Particle Size, dw, [nm] 1451 1430 1410 1371 956 484
Latex Polydispersity dw/d, | 1.0147 1.014" 1.014° 1.012° 1015 1.014
Solids Content  [% wt/wt] 315 31.0 31.7 316 293 31.7
Latex Final Yield [% wt/wt] 96.0 92.6 929 92.6 89.7 96.4

(80/20) St/BA with 2 wt % AA; Temp. 70 °C; monomer feeding time = Sh;
stirring rate = 200 RPM.

"Measurements on disc centrifuge; ~Measurements on Coulter Multisizer.
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For an initial pH = 3.0 - 8.0, the evolution of the conversion versus time curves
showed almost the same variation. However, in the very basic domain (pH = 12), the
polymerization rate was significantly higher than in former cases (Figure 4.3.4.2). These
trends were well supported by the time-variation of N;,.

An increase in the initial pH in the very basic range led to a significantly higher
number of particles. This means the presence of more polymerization loci and therefore,

the polymerization rate increased as well.

The time-evolution of the particle number density (Figure 4.3.4.2) also revealed
two interesting trends:

i When the pH values covered the acid range up to a weakly/basic limit (pH = 8), the
number of particles continuously decreased to a constant value. This trend is
characteristic of the polymerizations in which a homogeneous-coagulative mechanism
is involved (surfactant-free polymerizations, or polymerizations with surfactant at
levels below the CMC).

ii. In the very basic pH range, the time-variation of the particle number density looked
similar to polymerizations carried out in the presence of surfactant at a concentration
above the CMC, when a micellar nucleation mechanism is very likely to take place At
the beginning the number of particles increased with time and then it decreased
slightly to a final value.

The unexpected time-variation of the particle number density throughout
polymerization carried out at pH = 12.1 (Figure 4.3.4.2) suggests a secondary nucleation.
In the in situ surfactant polymerization systems, it is generally accepted that a secondary
nucleation occurs when surfactant generation is faster than new surface generation. In this
case, secondary nucleation increases N, and hence R,, but decreases the final particle size.
The time evolution of the particle size distribution (Figure 4.3.4.4) strongly supported the
formation of in situ surfactant and suggested the possibility of a homogeneous nucleation

mechanism.



Figure 4.3.4.2

185

The influence of initial pH on the polymerization rate and time-variation of particle

number density in SYBA/AA surfactant-free emulsion copolymerization.
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Figure 4.3.4.3
The influence of initial pH on the variation of particle size and particle number density

with cumulative conversion in St/BA/AA surfactant-free emulsion copolymerization.
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For the polymerizations carried out at pHs 3.1 and 7.9 respectively, the evolution
of the particle size with cumulative conversion (Figure 4.3 4.3) revealed a very rapid
flocculation at a conversion level less than 5%, followed by a very slowly particle
aggregation process. The number of particles remained constant at approx. 20%
conversion. At this point, the size of the particles was larger than 600 nm.

On the other hand, in the polymerization performed at pH = 12.1, continuous
nucleation increased the number of particles up to a conversion higher than 80% and the

corresponding particle size was less than 500 nm.

The oligoradicals formed at higher pHs become more hydrophilic, because more
AA”™ units are incorporated in their backbone. By that the external electrical field
significantly increased and the particles become more colloidally stable. These
oligoradicals can stay dissolved in the reaction medium for a longer period of time, and
are less likely to coagulate with each other. They can grow until they become z-mers,
becoming surface-active. The formation of in situ surfactant led to smaller latex particles.
The secondary nucleation suggested that too much /n situ surfactant formed, which
broadened the PSD (Figure 4.3.4.6).

Moreover, by increasing the initial pH of the aqueous phase to an unbuffered
value of 12, the reaction medium becomes richer in AA™ species and the initial pH
decreased sharply with the monomer addition (Figure 4.3.4.5). Based on this
experimental evidence it can be supposed that by increasing the initial pH more particles
were nucleated. Therefore, the final particle size of the latex was also smaller than that

obtained from the polymerization carried out at a lower pH.

In the first hours of reaction carried out with NaOH, the particle number density,
Np, increased to a maximum and then decreased to a constant value. As can be seen in
Figure 4.3 4.6, secondary nucleation took place during the monomer feeding stage (after
2 hours of reaction). Subsequently, a competitive particle growth process took place. At
the end of polymerization, the particle size of the two populations was very similar
(Figure 4.3.3.13).



Figure 4.3.4.4
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The time-variation of the particle size distribution throughout the St/BA/AA surfactant-

free emulsion copolymerization in presence of sodium hydroxide.
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Figure 4.3.4.5
The pH variation with time for SUBA/AA surfactant-free emulsion copolymerization in

presence of different salts.
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Figure 4.3.4.6
The time evolution of St/BA/AA particle population during surfactant-free emulsion

polymerization in presence of sodium hydroxide.
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4.3.5 The Influence of Monomer Feeding Time

Recall that in Section 3.3.6, the monomer feeding time can affect the size of the
final latex and even its monodispersity of the St/BA surfactant-free emulsion
polymerization system, even though, in all the cases studied the polymerization medium
was monomer-flooded.

In order to avoid any other influence, all the experiments were carried out at
constant reaction parameters, except for the monomer feeding time. In addition, several

polymerizations were performed at different initial pHs (Table 4.3.5.1).

As can be seen in Table 4.3.5.1, the monomer feeding time significantly influenced
the latex particle size when polymerization was performed at an initial pH of up to 8.1.
The influence of the variation of the monomer feeding time was more significant at higher
pHs, although a limiting behavior appeared.

When the surfactant-free SYBA/AA copolymerization was performed in presence
of an inert salt (NaCl, Table 4.3.5.2) an increase in the monomer feeding time led to a
pseudo-starve-fed reaction regime (Figure 4.3.5.1 and Figure 4.3.5.2). Moreover, for
polymerizations carried out under a nearly starve-fed regime, a substantial difference was

recorded between the cumulative conversion and instantaneous conversion.

In polymerizations carried out with a longer monomer feeding time (even if the
particle number density was significantly higher than that recorded during the
polymerization carried out at a lower monomer feeding time) the overall polymerization
rate and the monomer concentration were lower. Since at a lower monomer feeding rate
the polymerization system was “poor” in monomer, the monomer concentration into

particles drops off as well. Therefore, the polymerization rate decreases.

When the polymerizations were carried out in presence of NaHCO;, almost no

influence on the polymerization rate was found by increasing the monomer feeding time
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The influence of monomer feeding time on St/BA/AA surfactant-free emulsion

copolymerization.
Sodium Chloride Sodium Bicarbonate Sodium Hydroxide
I =0.084 [molL] I =0.084 [mol/L] [=0.084[moll]
PH'mm =3 AH mit. = 8 pH.,,m =12
Feeding dy dw/d, | Feeding dy dw/d, | Feeding dy dw/d,
time [nm] time [nm] fime [nm]
5h.00min. 1451 1.0147| 5h00min. 1371 1.014°| 5h 02min. 484 1.014°
6h.00min. 1378 1.014™| Sh29min. 1316 1.014| 6h02min. 475 1.014°
17h.00min. 1060 1.003°| 6hO07min 1191 1.004°

(80/20) SUBA with 2 wt % AA;, Temp. = 70 °C; stirring rate = 200 RPM.

"Measurements on disc centrifuge; ~ Measurements on Coulter Multisizer.



Table 4.3.5.2
The influence of monomer feeding time on St/BA/AA surfactant-free emulsion

copolymerization in presence of sodium chloride.

Latex No. S-160 S-165 S-166
Feeding Time  [h] 5.0 6.0 17.0
Initiator Conc.  [g/L water] 2.67 2.67 2.67
Salt Conc.  [g NaCl/L water] 2.89 2.89 2.89
Ionic Strength [mol/L] 0.084 0.084 0.084
Initial pH 3.1 3.1 3.1
Solids Content  [% wt./wt.] 31.6 315 303
Latex Final Yield [% wt./wt.] 96.00 96.00 90.00
Particle Size, dw, [nm] 1451.0 1378.0 1060.0
Polydispersity Index 1.0147 1.0137 1.003°

Temp.= 70 °C,; stirring rate = 200 RPM.

"Measurements on disc centrifuge. ~ Measurements on Coulter Multisizer.
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Figure 4.3.5.1
The influence of monomer feeding time on the polymerization rate and particle number

density variation with time in SUBA/AA surfactant-free emulsion copolymerization in

presence of sodium chloride.
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Figure 4.3.5.2

The influence of monomer feeding time on the time-variation of instantaneous

conversion in SYBA/AA surfactant-free emulsion copolymerization.
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Figure 4.3.5.3
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The influence of monomer feeding time on the polymerization rate and particle number

density variation with time in St/BA/AA surfactant-free emulsion copolymerization in
presence of sodium bicarbonate.
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The influence of monomer feeding time on St/BA/AA surfactant-free emulsion

copolymerization in presence of sodium bicarbonate.

Latex No. S-162 S-161
Feeding Time (h] 5.0 6.0
Initiator Conc.  [g/L water] 2.67 267
Salt Conc. [g NaHCO; /L water] 8.26 8.26
Ionic Strength  [mol/L.] 0.133 0.133
Initial pH 8.1 8.1
Particle Size, dw, [nm] 1203.0 1109.0
Latex Polydispersity dw/d, 1.004 1.005°
Solids Content  [% wt/wt} 313 31.5
Latex Final Yield {% wt/wt] 93.60 91.2

SUBA = 80:20 wt/wt, Temp. = 70 °C;

"Measurements on disc centrifuge;
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from S h to 6 h. The particle number density was also lower in the former case. As well.
the final cumulative conversion was higher at a lower monomer feeding time (Figure
43.5.3). As can be seen, in this case, the polymerization was far from a starve-fed
regime. The experimental data in Table 4.3.5.3 exhibited a smaller difference between the
final particle size of these latexes and an almost no influence on latex quality.

For our purposes, the best monomer feeding time at which the SUBA/AA
copolymerization system should be carried out is that in which the polymerization takes

place under monomer flooded regime.

4.4 CONCLUSIONS

Monodisperse, stable, carboxylated St/BA/AA latexes, with a particle size in the
micron domain (dw = 1.0 - 2.0 um) and a solids content higher than 30 % wt/wt, were

synthesized in one step, by a novel surfactant-free aégregative polymerization method.

The experiments showed that monodisperse, micron latex particles (Figure 4.4.1)
can be obtained in one step synthesis when:
i A semi-continuous monomer feeding procedure, with the AA co-monomer
completely distributed in the monomer phase, was employed.
ii. The polymerization system was carried out under monomer flooded conditions.
iii. The polymerization was performed in presence of salts, provided that the initial pH of
the reaction medium (before the addition of the monomers mixture) was less than 8.5,

to minimize secondary nucleation.

Based on comparative analysis of the experimental data it has been found that the
addition of AA to the SUBA copolymerization system led to:
i A significant increase in the colloidal stability of the latex particles, due to an electro-

steric stabilization mechanism.
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ii. An increase in the polymerization rate, when the AA content of the monomer mixture
was higher than 1 wt %.

iii. No influence on the particle size of the final latex particles, when the AA composition
was in the ranges of 1 wt % up to 5 wt %, since the polymerization was carried out
salt-free.

iv. A change in the particle surface morphology from spherical smooth particles (AA-
free), to spherical “moon-like” particles (1 wt % AA), to slightly irregular “‘cracked”
particles (2 wt % AA) up to very trregular “stone-like” particles (4 wt % AA).

For the SYBA/AA surfactant-free emulsion copolymerization system studied all
the investigated reaction parameters suggested a similar aggregative-polymerization
mechanism to that found to be operative in the AA-free StBA surfactant-free emulsion

copolymerization.
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Figure 4.4.1

SEM photographs of St/BA/AA latexes obtained in presence of different salts.
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CHAPTER S

GROWTH OF St/BA AND St/BA/AA LATEXES
BY SEMI-CONTINUOUS, SEEDED EMULSION POLYMERIZATION

5.1 INTRODUCTION

The main goals of the present thesis were:
i To generate monodisperse St/BA or St/BA/AA latex particles in the 2 - 8 pm size
range via a surfactant-free emulsion polymerization process.

ii. To understand the fundamentals of the processes in order to control them.

This chapter of the thesis follows O’Callaghan’s research' where he tried a
sequential buildup in size from 500 nm to 3 or 4 pm, doubling the size at each stage. He
used only electrostatic stabilization and found a “limit™ in size of around 3-4 um, beyond
which monodispersity was lost either to secondary nucleation or to aggregation.

Starting from O’Callaghan’s results, the possibility to obtain very large stable,
monodisperse seed particles with steric colloidal stability which allows successful particle

growth was studied.

In emulsion polymerization the most common technique of particle growth is by
seeding the reaction medium with small monodisperse particles followed by subsequent
polymerization.”'® By seeding the reaction system, the most random, irreproducible and
hard to control step in emulsion polymerization, the particle nucleation step can also be
avoided.”> Nevertheless, the major problem which appears in a seeded emulsion
polymerization is the secondary particle nucleation process. In order to overcome this

drawback different experimental procedures and techniques have been designed.''



203

Swelling of seed particles is a very attractive technique which allows the synthesis
of micron particles by a batch polymerization procedure. This technique could be applied
in the desired aqueous medium, such as Ugelstad’s two step swelling technique®’, in non-
aqueous medium such as Okubo’s dynamic swelling technique®®, or by sequential seeded

polymerization.*"!

Ugelstad’s two step swelling technique® allows the synthesis of 2-20 um particles
in water based system. In the first step, the seed particles are swollen with a low
molecular weight compound and then, the swollen seed particles undergo a consequent
polymerization by initiation inside the particle. However, the particle size distribution and
reproducibility make this method unattractive.

In Okubo’s method®® water is added slowly to an ethanol dispersion of seed
particles, monomer, stabilizer and initiator. The monomer becomes increasingly insoluble
in the continuous phase thereby swelling the seed particles. Although particles up to 6.0
pm have been produced, smaller secondary particles are also formed.

The use of sequential seeded polymerization can also produce very large
particles.*!' Cook et al."' employed such a technique in order to build, by a semi-
continuous emulsion polymerization procedure, poly(butyl acrylate) particles up to 6.0

um. However, the latex monodispersity was maintained only up to 1.22 pm.

The first two experimental chapters revealed that we have successfully made seeds
up to 3 um, which could represent an important advantage for the particle growth step.

This chapter is dedicated to the exploration of the possibility to grow, by a semi-
continuous surfactant-free seeded polymerization technique, the size of the monodisperse

surfactant-free micron St/BA or St/BA/AA latexes above the 3 um diameter.



204
5.2 EXPERIMENTAL
5.2.1 Chemicals

Styrene (St), butyl acrylate (BA) and ammonium persulfate (AP) were obtained
from Aldrich. 2,2’- Azobisisobutyronitrile (AIBN) was obtained from Polysciences Inc..
Sodium dodecylbenzenesulphonate (SDBS) was obtained from Rhone-Poulec. These
chemicals were all used without further purification. All water was deionized. The seed

used were prepared in previous chapters, by the procedures already described.

5.2.2 Seeded Reaction

The reactor vessel charged with water and seed latex, was placed in a water bath
at 75 °C, and purged with nitrogen for not less than 45 minutes. The stirring rate was
200 RPM.

When AP was used as initiator it was dissolved in 50 g deionized water and added
to the reactor vessel prior to starting the monomer feed. When only AIBN was used as
initiator it was added in the monomer feed. The reactor vessel was purged with nitrogen
for 10 minutes after adding AP.

Monomer feeding was initiated at a rate which depended on experimental
conditions. In most cases when synthesis ran well, the monomer mixture feeding time
was 12 hours, and the reaction time was up to 14 hours.

Typically used recipes for surfactant-free seeded polymerization of St/BA or
St/BA/AA are presented in Table 5.2.2.1.

5.2.3 Latex Characterization

Particle size analysis was performed using a Coulter Multisizer II as described in
Section 3.2.3. The SEM analysis, surface tension measurements and solids content

determination used in this chapter were described in Section 3.2.3.
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Table 5.2.2.1

Typical emulsion recipes (amounts in grams) for seeded polymerizations.

REACTION G-149 G-200
PRECHARGE - 1 Deionized Water [g] 330.00 330.00
Seed Type:
- No AA/NaCl [g] 100.00
- No AA/NaHCO:; [g] 100.00
Seed Size [nm] 1492 2022
PRECHARGE - II Deionized Water [g] - 50.00
Initiator (AP) (g] - 0.60
CONTINUOQUS FEED | Styrene fg] 160.00 160.00
n-Butyl acrylate [£] 40.00 40.00
AIBN [g] 0.90 0.90
Acrylic acid (g] 4.00 4.00
PARTICLE SIZE dw [nm] 3151 3285
PARTICLE SIZE dw/ da 1.014 1.014
DISTRIBUTION
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5.3 RESULTS AND DISCUSSION
5.3.1 Surfactant-Free Particle Growth

The previous chapters of this thesis have shown that, in the surfactant-free
emulsion polymerization of styrene and butyl acrylate, the particle stabilization
mechanism is electro-static, provided by the anchored sulfate end groups available from
the initiator molecules. When the polymerizations were carried out with AA as an

ionogenic comonomer, an electro-steric stabilization mechanism was found.

As long as the particles can maintain their colloidal stability, they are suitable for
further growth. However, since the particle diameter is proportional to the cube root of
the particle volume, a doubling of the particle diameter involves an eight-fold increase in
the polymer volume. Thus at larger sizes, the diameter increase for a given amount of
added polymer becomes small. In order to avoid length growth stages, which can lead to
other problems, it is very important to determine the best particle number density of the
reaction precharge (polymer particles per unit volume of aqueous phase).

A decrease in the particle number density at larger sizes increases the chances of
secondary particle formation. Fewer particles exist and the ratio of polymer surface area
to aqueous phase volume slowly decreases with growth. This makes the task of sweeping
up any aqueous material before it is stabilized more difficult. In order to maintain a
constant particle surface area to aqueous phase volume ratio, a corresponding solids

content should be employed.

The surface charge density of the electrostatic stabilized particles only is also
important. If there is not sufficient charge on the particle surface, the growing particles
loose their colloidal stability and may flocculate and/or coagulate. On the contrary, if the
growing particles attain a too high surface charge density, they might repel the charged
oligoradicals ready to be adsorbed. These oligoradicals may stabilize polymer formed in
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the aqueous phase and prevent it from coalescing onto the seed particles. This leads to
the formation of secondary particles which then grow at the expense of the larger seed

particles, due to their greater surface area.

In our surfactant-free experiments, the particle surface charge density was
controlled by the amounts of water soluble initiator and by the amount of ionogenic
comonomer (AA) if present. The AA addition can control the hydrophilicity of the
adsorbed oligomeric material with surface activity (acrylic acid copolymers generated /n-
situ). Moreover, because of the distinctive influence on the particle stabilization
mechanism of the ionized units AA™, compared with unionized AA molecules, the pH of
the polymerization medium is another important parameter to be taken into account.
Therefore, in order to maintain the latex monodispersity, the pH, and the concentrations

of initiator and acrylic acid should be controlled carefully.

In order to avoid secondary particle nucleation from water phase initiation, the
seeded emulsion polymerization should be carried out employing an oil-soluble initiator
(such as AIBN) rather than a ionogenic water-soluble initiator (e.g., ammonium
persulfate). The oil-soluble initiator may “push” the polymerization locus into the particle,
while a water-soluble initiator favors reactions in the aqueous-phase, which may lead to

nucleation of new young smaller particles.

Several AA seeded polymerizations using only ammonium persuifate as initiator
were carried out at two different concentrations (Table 5.3.1.1). The polymerization
process developed well, but in both cases, the final latexes were polydisperse (Figure
5.3.1.1). In these cases the initiator was added to the precharged reaction mixture as a
water solution 10 minutes before the start of monomer feeding. The experimental results
(Figure 5.3.1.1) clearly support the above expectation regarding the secondary particle

nucleation.

In order to avoid secondary particle nucleation an oil-soluble initiator (AIBN) was
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Table 5.3.1.1
Seeded polymerizations of St/BA/AA latexes carried out with ammonium persulfate.

REACTION G-167-1 G-167-2
PRECHARGE -1 Deionized Water [g] 300.00 300.00
Seed Type:
- With AA/NaHCO; [g] 100.00 100.00
- solids content {wt %) 31.60 31.60
- particle size, dw, [nm] 1178.0 1178.0
PRECHARGE - II Deionized Water [g] 50.00 50.00
Initiator [g] 0.60 1.00
CONTINUOUS FEED | Styrene (el 160.00 160.00
n-Butyl acrylate g] 40.00 40.00
AIBN [g] - -
Acrylic acid [e] 4.00 4.00
PARTICLE SIZE dw [nm] 1939.0 1967.0
PARTICLE SIZE dw/ do 1.140 1.180
DISTRIBUTION
REMARKS Polymerization failed
when 84 % of monomer
was fed.

Temp. = 75 °C; feeding rate = 0.283 g/min,; stirring rate = 200 RPM.

“Measurements on Coulter Multisizer.
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Figure 5.3.1.1
SEM analysis of St/BA/AA latexes prepared by seeded surfactant-free emulsion

polymerization with ammonium persulfate.
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employed (Table 5.3.1.2). The initiator was previously dissolved in the monomer feed. In
this case, the polymerization failed early during the monomer feeding stage, because of
gross coagulation. The particle sizes in Table 5.3.1.2 were recorded one hour before
coagulation.

When AIBN was used the particles grow by “inside” polymerization. Because the
AIBN initiator cannot improve the particle stability throughout the growing stage, they
lost their colloidal stability and coagulated.

A more successful way to carry out such a polymerization is to employ a
combination of a ionogenic water-soluble initiator (AP), with an oil-soluble initiator
(AIBN). The AP initiator may enhance the colloidal particle stability, by increasing the
number of anchored sulfate groups on the particle surface throughout the polymerization
(the increase in anchored sulfate groups balances the continuous increase in the particle
volume because of polymerization), while AIBN favors the polymerization in particles.
The experimental results (Table 5.3.1.3) support our expectations. Monodisperse,
“raspberry-like” latex particles were obtained (Figure 5.3.1.2). However, a lot of
coagulum was found at the end of polymerization.

Since a St/BA/AA seed latex could be more suitable for further growth because a
better stabilization mechanism takes place, some polymerizations were carried out with
such latexes. In all cases the polymerization failed during the monomer feeding stage due

to gross coagulation, even though a mixture of initiators was employed.

All of these experimental results suggest limited opportunities to further growth
of the micron St/BA or St/BA/AA seed particles by semi-continuous surfactant-free

emulsion polymerization technique at 40 wt % solids.

When a small amount of anionic surfactant sodium dodecylbenzenesulphonate,
SDBS, was employed, the seeded polymerization went well and the seed particles almost
doubled their size (Table 5.3.1.4 and Figure 5.3.1.3). However, an appreciable level of

coagulum was found at the end of the process.
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Seeded polymerizations of SUBA/AA latexes carried out with 2,2’-azobisisobutyronitrile

(AIBN).

REACTION G-200-1 G-200-2

PRECHARGE - I Deionized Water [g] 300.00 300.00
Seed Type:
- No AA/NaHCO; [g] 100.00 100.00
- solids content  [wt %] 30.40 3040
- particle size, dw, [nm] 2022.0 2022.0

PRECHARGE - I Deionized Water [g] - -
Initiator (2] - -

CONTINUOUS FEED | Styrene [g] 160.00 160.00
n-Butyl acrylate [g] 40.00 40.00
AIBN (g] 0.60 0.90
Acrylic acid (g] 4.00 4.00

PARTICLE SIZE dw [nm] 3151.0 2900.0

PARTICLE SIZE dw/ds ™ 1.014 1.028

DISTRIBUTION

REMARKS Polymerization failed after Sh after 11h

Temp. = 75 °C; feeding rate = 0.283 g/min; stirring rate = 200 RPM.

“"Measurements on Coulter Multisizer.



Table 5.3.1.3
Seeded polymerizations of St/BA/AA latexes carried out with ammonium persulfate and

AIBN.

REACTION G-203-2 G-230-2
PRECHARGE -1 Deionized Water [g] 300.00 300.00
Seed Type:
- No AA/NaHCO; [g] 100.00 -
- No AA/NaCl (g] - 100.00
- solids content  [wt %] 29.50 29.80
- particle size, dw, [nm] 1357.0 1419.0
PRECHARGE - I Deionized Water ig] 50.00 50.00
Initiator [g] 0.40 0.40
CONTINUOUS FEED | Styrene (2] 160.00 160.00
n-Butyl acrylate ig] 40.00 40.00
AIBN [g] 0.90 0.90
Acrylic acid {g] 4.00 4.00
PARTICLE SIZE dw [nm] 2291.0 2259.0
PARTICLE SIZE dw/dn 1.014 1.014
DISTRIBUTION
REMARKS Final solids content 37.80 37.50
[wt %]

Temp. = 75 °C; feeding rate = 0.283 g/min; reaction time 14h; stirring rate = 200 RPM.

““Measurements on Coulter Multisizer.



Figure 5.3.1.2

free emulsion

SEM analysis of St/BA/AA latexes prepared by seeded surfactant

polymerization with ammonium persulfate and AIBN.
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Table 5.3.1.4

Seeded polymerization of a St/BA latex carried out with AIBN in presence of SDBS

surfactant.

REACTION G-171-2

PRECHARGE -1 Deionized Water [g] 300.00
Seed Type:
- No AA/NaHCO; [g] 100.00
- solids content  [wt %] 29.80
- particle size, dw, [nm] 22280

PRECHARGE - I Deionized Water (gl -
Initiator (g] -

CONTINUOUS FEED | Styrene (g] 160.00
Butyl Acrylate [g] 40.00
AIBN (el 0.90
Acrylic acid (g] -

PARTICLE SIZE dw [nm] 3989.0

PARTICLE SIZE dw/ dy 1.018

DISTRIBUTION

REMARKS Coagulum much

Temp. = 75 °C; feeding rate = 0.417 g/min; stirring rate = 200 RPM.

““Measurements on Coulter Multisizer.
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Figure 5.3.1.3
SEM analysis of a St/BA latex prepared by seeded emulsion polymerization of a SUBA
seed using SDBS surfactant and AIBN initiator.




5.4 CONCLUSIONS

These experimental results strongly support the limited capability of a surfactant-
free emulsion polymerization technique to grow St/BA or St/BA/AA particles with
diameters in the micronsize range. Nevertheless, since the particle growth stage was
based on AA addition to the monomer feed, and an initiator combination of AIBN and
AP was employed, the experimental resuits obtained could be considered more than

encouraging for future experimental approaches.

It can be appreciated that more experimental work should be done using AA as a
comonomer with potential surface-activity, in conjunction with an initiator combination of
AIBN and AP. Because in the case studied, the most successful procedure seems to be
that in which a controllable amount of anionic surfactant (SDBS) was employed, this

possibility should also be taken into account.
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CHAPTER 6

SUMMARY AND FUTURE WORK

6.1 THESIS SUMMARY

The central theme of this thesis was to investigate the surfactant-free emulsion
polymerization of St/BA and St/BA/AA as a potential technique to prepare, in one or a
few steps, supermicron (dw > 1 pm), monodisperse, stable latexes with high solid

contents (higher than 25 % wt/wt).

A novel surfactant-free emulsion polymerization technique, which allows the one
step synthesis of stable styrene/butyl acrylate (80:20 wt/wt) monodisperse latexes with a
particle size in the micron domain (dw = 1- 3 um), and solid contents higher than 25 %
wt/wt, was developed.

The investigation of the role and influence of the reaction parameters, throughout
the semi-continuous surfactant-free emulsion copolymerization of St/BA, using a

persulfate initiator, strongly supported an aggregative-polymerization mechanism.

The work outlined in Chapter 3 showed that micron particles can be obtained by a
semi-continuous technique when the polymerization was carried out under monomer

flooded conditions, using an ionogenic initiator such as ammonium persulfate.

A comparative analysis of the ionic strength influence (at the same initial pH and
all the other parameters constant), by varying the amount of salt, while the initiator
concentration was constant, and by increasing the initiator concentration, while the salt

concentration was kept constant respectively, revealed that:
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(a) the increase of ionic strength by salt addition (b) the increase of ionic strength by

increasing the inittator concentration

- slowed the polymerization rate - increased the polymerization rate
- favored aggregative processes - limited aggregative processes
- increased the particle size. - decreased the particle size.

The largest particles resulted when the polymerizations were carried out at an
initial pH < 8.0.

The novel procedure took advantage of the stabilizing effect gained from ionic
initiator residues. These particles were stabilized by an electrostatic mechanism.
Following a step-wise addition procedure of the initiator, the size of particles obtained in
the one step-synthesis was bigger than 2 pum, while the quality of a final latex
(monodispersity, stability, coagulum level) was significantly improved.

In most polymerizations the final latex yield was higher than 90 % and the final

solids content around 30 wt %.

Based on a similar experimental technique as that employed in the synthesis of
St/BA latexes, St/BA/AA monodisperse, stable carboxylated latexes, with a particle size
in the micron domain (dw = 2 um) and a solids content higher than 30 % wt/wt, were also
synthesized in one step.
The experiments show that SYBA/AA monodisperse, micron latex particles can
be obtained in a one step synthesis if:
L A semi-continuous monomer feeding procedure, with the AA comonomer added in
the monomer phase, is employed.
ii. The polymerization system is carried out under monomer flooded conditions.
iii. The polymerization is performed in presence of salts, provided that the initial pH of
the reaction medium (before the addition of monomers mixture) is less than 8.5 to

minimize secondary nucleation.



Comparing St/BA to St/BA/AA system, the addition of AA led to:

i Increased colloidal stability of the latex particles, due to an electro-steric stabilization
mechanism.

it. Increased polymerization rate, (for AA composition > 1 %).

iii. No influence on particle size, (for AA composition in the 1 - 5 wt % range; in salt-
free polymerization).

iv. A variety of surface morphologies from spherical smooth particles (AA-free), to
spherical “moon-like” particles (1 wt % AA), to slightly irregular “cracked” particles
(2 wt % AA) up to very irregular “stone-like” particles (4 wt % AA).

The investigated reaction parameters for SYBA/AA surfactant-free emulsion
copolymerization suggested a similar aggregative-polymerization mechanism as that
found in the AA-free copolymerization of St/BA.

Chapter 5 presents the trials to grow St/BA and St/BA/AA micron particles using
a “seed”, by a sequential semi-continuous surfactant-free polymerization method.
Different scenarios, based on the seed type, initiator type, composition of the monomer
mixture fed, and monomer feeding rate were investigated in order to find the best reaction
parameters. Using this technique, stable, monodisperse latexes with a final particle size up

to 4 pm with solids content around 40 wt % were produced.

The experimental results strongly support the limited capacity of a surfactant-free
emulsion polymerization technique to grow both St/BA and St/BA/AA particles with a
diameter in the micronsize range. As well, the experiments revealed that the monomer
feeding rate and the addition of AA, as a comonomer with potential surface-activity, to

the monomer feed were crucial in order to keep under control the polymerization process.
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6.2 FUTURE WORK

The novel aggregative-polymerization process, which was found out throughout
the semi-continuous surfactant-free emulsion copolymerization of styrene with butyl
acrylate, with and without acrylic acid added, opens new and very attractive opportunities

in the synthesis of monodisperse micron particles.

The complex aggregative-polymerization mechanism has yet to be explained in
order to define the “key” reaction parameters and the limiting factors affecting the
process. A truly representative model must include an extensive analysis of both the
particle nucleation and particle growth processes. The appropriate model must also
consider the nature of monomers (water solubility, reactivity ratio, monomer/particle
compatibility), the water phase reactions, such as the decomposition of the initiator, the
water phase initiation of polymerization, propagation and termination (with a particular
attention paid to the nature and the fate of the oligomer species formed). Further work

needs to be done in this area.

A further study of the effects of AA addition in the polymerization reaction and
particle stabilization mechanisms should also be performed. The experimental results
reveal a very complex polymerization system which is somewhat between an art and a
science. The AA concentration and addition policy emphasized a change in the
polymerization mechanism as a function of ionic strength and electrolyte type (initial pH
of the reaction medium). The contribution of AA molecules to the particle nucleation
process and the distribution of the acrylic acid species formed during polymerization.
Studies of the particle surface morphology and the nature of the particle surface charge
should be also performed.

Although unsuccessful in obtaining monodisperse latex particles bigger than 4 pm,
the experimental trials of the St/BA and St/BA/AA micron seeds revealed some

interesting aspects regarding the importance of using AIBN (as an oil soluble initiator) in
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conjunction with AP (water soluble initiator). The AA addition to the monomer feed and
the monomer feeding time are also of crucial importance to keep the polymerization
process under control. Therefore, further experimental work related to the influence of
these parameters on the seed particle growth stage should be assessed.





