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ABSTRACT: Thermal initiators, although widely used in emulsion polymerization, are limited to high reaction temperatures due to

their high activation energy. Redox initiators have low activation energies indicating that emulsion polymerization could be con-

ducted at lower temperatures to save energy. In the present study, a redox initiator system comprised of hydrogen peroxide (H2O2)

and ascorbic acid (AA) in conjunction with a Fe21 ion catalyst is compared with a potassium persulfate (KPS) thermal initiator in

an emulsion polymerization system consisting of n-butyl methacrylate (BMA), sodium lauryl sulfate (SLS) and water. The depend-

ence of particle number on surfactant and initiator concentrations shows that redox- and KPS-initiated systems both follow the

Smith-Ewart theory. However, the high radical flux generated from the redox initiator results in the formation of much smaller latex

particles and higher reaction rate with lower molecular weights. Latex particle size and molecular weight could also be influenced by

reaction temperature. By using redox initiator, small monodisperse particles (diameter< 50 nm) can be achieved without using a

large amount of surfactant. VC 2015 Wiley Periodicals, Inc. J. Appl. Polym. Sci. 2016, 133, 43037.
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INTRODUCTION

Emulsion polymerization is an important method to produce

latex polymers in industry. Many commodity polymers are pre-

pared by the emulsion polymerization process, such as synthetic

rubber, latex paints, paper coatings, adhesives and binders for

non-woven fabrics.1,2 World demand for emulsion polymers is

forecast to rise 5.2 percent per year to 12.8 million metric tons

in 2014.3 In recent years, the field of polymer colloids has

expanded rapidly in many applications, such as biotechnology,

medicine, sensors, printing, catalysts, etc.4–10 For these novel

applications, employing small monodisperse particles can result

in better performance. Therefore, high surfactant concentration,

low solids and some radiation methods (microwave) have been

used to synthesize latex particles that are smaller than

50 nm.11–13 However, those methods have limitations in larger

scale latex production.

In conventional thermally initiated isothermal emulsion poly-

merizations, high temperatures (60–908C) are usually employed

to maintain process stability and reproducibility and to reduce

the polymerization cycle time. The energy used in the

commercial-scale processes is large, and the cost is high to carry

out the high-temperature isothermal reaction.14,15 By using a

redox initiator, radicals can be generated at room temperature

due to their low activation energies16 of �40–80 kJ�mol21.

Therefore, redox-initiated reactions associated with adiabatic

conditions can be started at a lower temperature leading to

reduction of energy costs, equipment costs, and reaction cycle

time. To study the kinetics of the current emulsion polymer sys-

tem, isothermal conditions were used to reduce the complexity

of the analysis.

In conventional thermally-initiated emulsion polymerization,

the particle size can range from 50 to 500 nm. A redox initiator

system can be an alternative process to effectively synthesize

monodisperse latex particles with a size smaller than 50 nm in

emulsion polymerization. Compared with thermal initiators,

redox initiators generate a high radical flux during the

reduction-oxidation reaction and could result in the formation

of smaller particles at low surfactant concentrations and high

solids content.17,18 There are many advantages of using redox

initiators in emulsion polymerization process. However, kinetic

studies of redox initiator in emulsion polymer systems are very

limited.
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To study redox-initiated emulsion polymerization, a redox ini-

tiator system comprised of hydrogen peroxide (H2O2) and

ascorbic acid (AA) in conjunction with Fe21 ion catalyst is

compared with a potassium persulfate (KPS) thermal initiator

in the emulsion polymerization of n-butyl methacrylate (BMA).

n-Butyl methacrylate (BMA) monomer is a well-studied mono-

mer19–24 with high propagation rate constant25 and low water

solubility.26 The H2O2/AA/Fe21 redox system27–30 is widely used

in industry as well as in research. The Mettler RC1 reactor calo-

rimeter was used to carry out the emulsion polymerization.

During the polymerization, the reaction heat was measured and

the reaction rate was calculated. In previous work,21,22 emulsion

polymerization of BMA using SLS surfactant and KPS initiator

were studied by the Mettler RC1 reactor calorimeter with lim-

ited data. To better study the nucleation and kinetics of emul-

sion polymerization of BMA, a series of reactions with different

surfactant concentrations, initiator concentrations and reaction

temperatures were carried out to compare the influence of the

KPS and redox initiators on the polymerization kinetics, particle

size and molecular weight.

In this study, monodisperse, small (less than 50 nm) latex par-

ticles were produced by using redox initiator. The dependence

of particle number on surfactant and initiator concentrations

shows that redox and KPS-initiated systems both follow the

Smith-Ewart theory,31 which indicates that micellar nucleation

occurs in both systems. The high radical flux generated from

the redox initiator decomposition results in the formation of

smaller latex particles with lower molecular weights.

EXPERIMENTAL

Materials

The monomer, n-butyl methacrylate (n-BMA) (Acros), was

purified via vacuum distillation in the presence of cuprous chlo-

ride at 40 mmHg and 708C to remove any inhibitor and

oligomers present in the monomer before use. All other materi-

als were used as received without further purification, including

the thermal initiator, potassium persulfate (KPS, Fisher Scien-

tific), the redox initiator system, 30 wt % hydrogen peroxide

(H2O2, Mallinckrodt Chemicals) and L-ascorbic acid (AA,

Sigma-Aldrich), the redox initiator catalyst, ferrous sulfate (Fisher),

the surfactant, sodium lauryl sulfate (SLS, MP Biochemicals),

the buffer salt, sodium bicarbonate (NaHCO3, Mallinckrodt), the

polymer solvent, tetrahydrofuran (THF, J. T. Baker), ionic strength

buffer, sodium chloride (Sigma-Aldrich), and inhibitor, hydroqui-

none (HQ, Sigma-Aldrich) to terminate polymerization in the

samples removed from the reactor for determination of conversion

vs. time. Deionized water (DIW, Barnstead NANO pure II system)

with a conductivity below 0.8 ls was used in all experiments.

KPS-Initiated Emulsion Polymerization

The Metter RC1 reactor calorimeter equipped with a pitched-

blade impeller and one baffle was used to carry out the KPS-

initiated isothermal polymerizations at an agitation speed of

400 rpm. The reaction temperature was predominantly main-

tained at 708C, and other reaction temperatures of 558C or

858C were also utilized to study the effect of temperature on

the polymerization. 125 g n-BMA monomer and 500 g DIW

were charged into the reactor followed by various amounts of

SLS surfactant and NaHCO3 buffer salt. Nitrogen gas was then

bubbled into the solution for 5 min in order to remove oxygen.

After shutting off the nitrogen inlet and outlet, the reactor tem-

perature was increased to the desired temperature, and then

5 mL of KPS aqueous initiator solution was fed into the reactor

in one shot. In order to study the initiator strength dependence,

the KPS concentration was varied in a range from 0.43 mM to

6.8 mM in the initiator solution. The mass ratio of KPS and

NaHCO3 buffer salt was maintained at 1:1. The recipes for

KPS-initiated emulsion polymerization are shown in Table I.

Redox-Initiated Emulsion Polymerization

The redox-initiated isothermal emulsion polymerizations were

also carried out in the Mettler RC1 reactor calorimeter with the

same configuration as described previously. The reaction tem-

perature was predominantly maintained at 258C, and other tem-

peratures of 408C or 558C were applied to study the effect of

reaction temperature in the redox-initiated system. All proce-

dures were the same as in the KPS-initiated emulsion polymer-

izations before adding redox initiators except that a ferrous

sulfate solution was also charged into the reactor and the buffer

salt was replaced with 7.2 mM NaCl before nitrogen gas bub-

bling. The redox initiator in this study contains AA and H2O2.

The two substances were dissolved in 5 g water, respectively,

and fed separately into the reactor in one shot. The H2O2 solu-

tion was fed into the reactor first and the ascorbic acid solution

was fed one minute later. The mass ratio of AA and 30 wt %

H2O2 was maintained at a 1:1 ratio to study the influence of

Table I. Recipes Used for the KPS-Initiated Emulsion Polymerization

of BMA

Ingredient Amount

BMA 125 g

DI water 500 g

SLS 0.578–5.776 g (4.0–40.0 mM)a

KPS 0.058–0.937 g (0.43–6.8 mM)a

NaHCO3 0.058–0.937 g (1.4–22.4 mM)a

Reaction Temperature 55–858C

a Based on the aqueous phase.

Table II. Recipes Used for the Redox-initiated Emulsion Polymerization of

BMA

Ingredient Amount

BMA 125 g

DI water 500 g

SLS 0.578–5.776 g (4.0–40.0 mM)a

FeSO4 0.0125 g (0.09 mM)a

NaCl 0.209 g (7.2 mM)a

AA 0.05–0.90 g (0.6–10.2 mM)a

H2O2 (30%) 0.06–0.90 g (1.0–15.8 mM)a

Reaction Temperature 25–558C

a Based on the aqueous phase
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redox initiator concentration. The recipes for redox-initiated

emulsion polymerization are shown in Table II.

After the polymerization was complete, one drop of 1.0% aque-

ous hydroquinone solution was used to terminate further reac-

tion in the sample pan. Samples of 10 gram each were then

taken for measurements of particle size, conversion and molecu-

lar weight.

Characterization

The final polymerization conversion (x) was determined by

gravimetric analysis of the final latex.32 A given amount of latex

was weighed out into an aluminum sample pan and dried at

708C overnight, and the remaining solids was weighed. The sol-

ids content (X) and the conversion (x) were calculated using

eqs. (1) and (2):

X 5
m2 2 m0

m1 2 m0

(1)

x 5
X 3 ðmw 1 minitiator 1 mBMA 1 mbufferÞ2 ðminitiator 1 mbufferÞ

mBMA

(2)

where m0 is the mass of the empty aluminum pan, m1 is the

mass of the aluminum pan with the latex, m2 is the mass of the

aluminum pan after drying, and mw, minitiator, mBMA, and mbuffer

are the masses of water, initiator, BMA monomer, and buffer

salt added prior to the reaction, respectively.

The molecular weight and molecular weight distribution were

measured by gel permeation chromatography (GPC) using a

Waters 515 HPLC Pump, Waters 410 differential refractometer

detector (2487 Dual k Absorbance Detector) and Waters Styra-

gel columns (HR3, HR4 and HR6). The latex was dried in the

oven (708C) for 48 h, and then dissolved in THF (1.5 wt %).

The polymer solution was filtered with a 0.45 lm PTFE filter

before injection into the GPC. THF was used as the eluent at a

flow rate of 1 mL/min, and polystyrene standards were used for

calibration. The number-average molecular weight (Mn),

weight-average molecular weight (Mw), and polydispersity index

(PDI 5 Mw/Mn) were obtained.

Transmission electron microscopy (TEM, JEOL 2000) was used

to obtain images of the latex particles. One drop of the latex

sample was diluted in 15 g DI water using a plastic pipette.

Then 15 drops of 2.0 wt % phosphotungstic acid negative stain

were added in order to prevent the particles from deforming

during TEM imaging at high voltage. A drop of the diluted and

stained latex was added onto a copper grid (Ernest F. Fullam,

Inc.) and dried at room temperature before the TEM imaging.

An electron beam with an accelerating voltage of 200 kV was

used with a magnification range from 50 k to 200 k.

For each latex sample, about 1000 particles in the TEM images

were measured to obtain statistical results of particle size and

size distribution. The measurement of particle size for each

sample used more than 5 different TEM images under the same

TEM operating parameters. The number-average diameter (Dn),

volume-average diameter (Dv), weight average-diameter (Dw),

standard deviation, and particle size polydispersity index (PDI)

were statistically calculated based on the measured particle

sizes.33 The volume-average diameter, Dv (m), was used to cal-

culate the final particle number, Nf (L21), i.e.,

Nf 5
6mBMAx

qpD3
v V

(3)

where mBMA (kg) is the mass of the initial BMA, q (kg/m3) is

the density of the polymer (PBMA: 1.053 x 103), and V (L) is

the volume of the latex.

The heat of reaction, Qr, was recorded by the Mettler RC1 reac-

tion calorimeter, and used to calculate the rate of reaction (Rp)

[eq. (4)] and the fractional conversion (xt) [eq. (5)] at any time

during the polymerization,34

Rp 5
Qr

DHpVw

(4)

xt 5

M0

ðt

0

Qrdt

DHpmBMA

(5)

where �Hp is the heat of polymerization (J/mol), Vw is the vol-

ume of water in the RC1 reactor (dm3), M0 (g/mol) is the

molecular weight of the monomer, and mBMA (g) is the mass of

the BMA monomer prior to the reaction.

RESULTS AND DISCUSSION

In the redox-initiated emulsion polymerizations of BMA, it is

very important to have ferrous ion present in the redox system

since it reacts with hydrogen peroxide and facilitates radical

generation.27 The reaction rate is much lower and an induction

period occurs in the redox-initiated emulsion polymerization

without ferrous ions present.35 Therefore, ferrous ion (concen-

tration of 0.09 mM) was used in the recipes to ensure a consist-

ent radical generation rate.

Reaction Kinetics

The reaction kinetics of KPS-initiated and redox-initiated poly-

merizations are shown in Figure 1 (a,b). The plot shows the

influence of the SLS surfactant concentration. Three intervals1

(I, II, and III) are clearly shown in the KPS-initiated polymer-

ization [Figure 1(a)]. At the beginning of the reaction, the pro-

cess of micellar nucleation results in a very fast increase in the

reaction rate (Interval I). Once the conversion is over 5%, the

nucleation process is almost complete and the reaction rate

becomes more or less constant (Interval II). After 40% conver-

sion, the reaction rate decreases due to the disappearance of the

monomer droplets (Interval III). At low surfactant concentra-

tions of 4, 6, and 7.8 mM, the later stage of Interval III shows

an increase in reaction rate caused by the gel effect or

Trommsdorff-Norrish effect1 (around 90% conversion). A simi-

lar reaction rate profile was reported by Krishnan et al.22 The

concentration of polymer at high conversion increases resulting

in a high viscosity inside the latex particles, and thus leads to

the decrease of termination rate and increase of the propagation

rate, i.e., the gel effect. The gel effect has a smaller influence on

reaction rate for latex with smaller particle size. Surfactant at

high concentrations forms a larger number of micelles and leads

to a larger number of small particles. Therefore, faster reaction
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rates with no gel effect were observed at high surfactant concen-

trations (curves a1 & a2).

However, the three intervals in the redox-initiated polymeriza-

tions are not present at the same conversion as in the KPS-

initiated reactions. Figure 1(b) shows a fast increase in reaction

rate at the beginning of the reaction (Interval I). However, the

reaction rate increases continuously with a slower rate during

Interval II until reaching �70% conversion. The increase of

reaction rate in Interval II indicates a significant continuation

of nucleation following the initial nucleation in Interval I, and

this demonstrates that significant secondary nucleation exists in

the redox-initiated emulsion polymerization. A fast decrease in

the reaction rate was observed in Interval III due to the disap-

pearance of the monomer. Similar to the KPS-initiated reac-

tions, the reaction rate increases with surfactant concentration

in the redox-initiated systems. The difference is that the reaction

rate in the redox-initiated polymerization is almost 4 times

higher compared to the KPS-initiated polymerization. The

higher reaction rate can be explained by much greater numbers

of particles generated in the redox-initiated polymerization.

Figure 2(a,b) show the influence of initiator concentration on

the reaction kinetics of KPS-initiated and redox-initiated emul-

sion polymerizations, respectively. The three intervals defined by

initiation of emulsion polymerization (sharp reaction rate

increase), propagation (slower reaction rate increase) and disap-

pearance of monomer (decrease of reaction rate) were clearly

shown for all KPS-initiated and redox-initiated polymerizations,

which were described before. However, the redox-initiated poly-

merizations have different interval shapes and magnitudes of

reaction rate. Figure 2(a,b) also indicate that the reaction rate is

higher with higher initiator concentrations. Higher initiator

concentration results in a higher radical generation rate, and

thus, higher particle numbers. The high particle number leads

to a high reaction rate. The higher initiator concentration also

resulted in a large increase in the reaction rate during Interval

II, which indicates that secondary nucleation is influenced by

the radical generation rate.

The influence of reaction temperature on the reaction kinetics

of KPS-initiated and redox-initiated polymerizations are shown

in Figure 3(a,b), respectively. The three reaction intervals were

again clearly illustrated for the KPS-initiated and redox-initiated

polymerization, where the redox-initiated polymerizations have

different interval shapes and magnitude of reaction rate. For

both KPS-initiated and redox-initiated polymerizations, the

reaction rates increase with reaction temperature. High temper-

ature leads to a high reaction rate constant and high radical

generation rate with higher particle number, and thus results in

fast reaction rate. The higher radical generation rate at higher

reaction temperature also resulted in a large increase in the rate

of reaction during Interval II. This confirms that secondary

nucleation is influenced by the radical generation rate.

Particle Size and Particle Number

Figure 4 represents the TEM images of latex particles obtained

from reactions carried out with a SLS concentration of

12.0 mM at 708C and 1.7 mM KPS [Figure 4(a)] and at 258C

and 7.9 mM H2O2 [Figure 4(c)]. Both redox-initiated and KPS-

Figure 1. The dependence of reaction rate on surfactant (SLS) concentra-

tions in the KPS and redox-initiated emulsion polymerization of BMA.

Figure 1(a) represents 1.7 mM KPS-initiated reactions at 708C, and Figure

1(b) represents redox-initiated reactions with 5.1 mM AA and 7.9 mM

H2O2 at 258C. SLS concentration levels: a1 & b1: 40 mM, a2 & b2:

20 mM, a3 b3: 12 mM, a4 & b4: 7.8 mM, a5 & b5: 6 mM, and a6 & b6:

4 mM. All reactions have a solids content of 20 wt % BMA. I, II, and III

represent three Intervals during emulsion polymerization.

Figure 2. The dependence of reaction rate on initiator concentrations in the

KPS and redox-initiated emulsion polymerization of BMA. Figure 2(a) rep-

resents KPS-initiated reactions with a SLS concentration of 12.0 mM at

708C, and Figure 2(b) represents redox-initiated reactions with a SLS con-

centration of 12.0 mM at 258C. KPS concentration levels are: a1: 6.8 mM,

a2: 3.4 mM, a3: 1.7 mM, a4: 0.86 mM, a5: 0.43 mM. H2O2 concentration

levels: b1: 15.8 mM, b2: 7.9 mM, b3: 4.0 mM, b4: 2.0 mM, b5: 1.0 mM. All

reactions have a solids content of 20 wt % BMA. I, II, and III represent the

three Intervals observed during emulsion polymerization.
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initiated latex particles have a narrow size distributed, whereas

the redox-initiated latex has a much smaller particle size. This

occurs because redox initiator can generate a much higher radi-

cal flux compared to the thermal initiator.

The difference in appearance between the two latexes is signifi-

cant between the KPS-initiated latex and the redox-initiated

latex, as shown in Figure 4. The KPS-initiated latex has a parti-

cle diameter of 113 nm [Figure 4(a)] and is white and opaque

[Figure 4(b)]. The redox-initiated latex has a particle diameter

of 44 nm [Figure 4(c)] and is translucent [Figure 4(d)]. The

translucent appearance of the redox-initiated latex indicates less

light scattering from the latex due to the smaller particle size,

which can also be affected by SLS and initiator concentration.

The latex becomes more translucent at higher SLS/initiator con-

centrations, which produce smaller particle size. By using redox

initiator, small latex particles (diameter< 50 nm) with narrow

size distributions (PDI< 1.05) can be produced.

Particle number has a reciprocal relation to particle size. The

influence of surfactant concentration, initiator strength, and

reaction temperature on latex particle number are shown in Fig-

ure 5. Figure 5(a) demonstrates that the particle number

increases with surfactant concentration for the KPS and redox-

initiated reactions. It also shows a turning point of the particle

number at the critical micelle concentration (CMC) of SLS sur-

factant, which is around 7.8 mM.36 This indicates that micellar

nucleation is an important nucleation mechanism in the two

systems. When the surfactant concentration is above the CMC,

the relationship between particle number and surfactant con-

centration is Np / C0:81
SLS for the KPS-initiated latex, and is Np

/ C0:60
SLS for the redox-initiated latex. The Smith-Ewart theory31

reveals that the relationship (above CMC) between particle

number and surfactant concentration is Np / C0:6
SLS in micellar

nucleation. Since the reactions used different recipes and reac-

tion conditions than those in the Smith-Ewart (S-E) theory, the

power dependency value can be different. Therefore, both KPS-

initiated and redox-initiated reactions follow the S-E theory.

The influence of initiator concentration was studied next. Since

concentration levels are quite different for the KPS and redox

initiators, a relative initiator concentration was introduced in

order to illustrate their influence on particle number or molecu-

lar weight in a single figure [see Figures 5(b), 6(b), and 7(b),

respectively]. KPS concentrations were normalized with 1.7 mM

of the KPS initiator as the base, and H2O2 concentrations were

normalized with 7.9 mM of the redox initiator as the base.

These bases were chosen because the initiator concentrations

were maintained during the investigation of the other influences

that were described previously. Figure 5(b) shows that the parti-

cle number increases with initiator concentration. The relation-

ship between particle number and initiator concentration is

Np / C0:40
I for the KPS-initiated latex and Np / C0:28

I for the

Figure 4. TEM images of (a) KPS-initiated and (c) redox-initiated PBMA latexes and images of (b) KPS-initiated and (d) redox-initiated PBMA latexes.

Reaction conditions: 12.0 mM SLS, 1.7 mM KPS, 7.9 mM H2O2, 708C for KPS initiation, 258C for redox initiation, and 20 wt % BMA.

Figure 3. The dependence of reaction rate on reaction temperatures in

the KPS and redox-initiated emulsion polymerization of BMA. Figure

3(a) represents 1.7 mM KPS-initiated reactions with a SLS concentration

of 12.0 mM, and Figure 3(b) represents redox-initiated reactions with

12.0 mM SLS and 7.9 mM H2O2. Reaction temperature levels: a1: 858C,

a2: 708C, a3: 558C, b1: 558C, b2: 408C, and b3: 258C. All reactions have a

solids content of 20 wt % BMA. I, II, and III represent the three Intervals

that are observed during emulsion polymerization.
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redox-initiated latex. In the Smith-Ewart theory,31 the relation-

ship is Np / C0:40
I . The relationships between the particle num-

ber and initiator/surfactant concentrations indicate that micellar

nucleation is operative in both polymerizations.

Reaction temperatures positively affect the particle number of

the KPS-initiated latex, but only exerts a negligible effect on the

redox-initiated latex [see Figure 5(c)]. The radical generation

rate increases with temperature in the KPS-initiated process,

and leads to higher radical flux, which results in higher particle

numbers in the latex. However, the radicals in the redox-

initiated systems are generated by the reduction-oxidation reac-

tion, and the rate is not greatly influenced by the temperature.

Figure 5(c) shows a slight decrease in particle number for the

redox-initiated latex at higher temperature. This is due to the

instability of particles formed in the redox-initiated process. In

the redox-initiated process, the higher particle numbers resulted

in a larger particle surface area and less surfactant coverage

compared to the KPS-initiated process, which indicates that

redox-initiated latex are less stable. The higher reaction temper-

ature can decrease the stability of the particles and influence the

nucleation process, which can lead to the increase of particle

size and the decrease of particle number.

High particle number leads to high reaction rate. In Figure

5(a), a nearly 10 times difference in particle number was

observed between the redox-initiated latex (258C) and the KPS-

initiated latex (708C), but the difference in reaction rate is 4

times (see Figure 2). This difference is partly due to differences

in the reaction rate coefficient for the various reaction tempera-

tures. To further confirm that micelle nucleation can produce

high particle numbers in the redox-initiated system, the number

of micelles above the CMC of SLS were evaluated given a

micelle aggregation number37 of 74 at 258C and 41 at 708C. The

particle numbers of the redox-initiated latex (Np55.54 3 1018

with 7.9 mM H2O2), and the KPS-initiated latex (Np53.25 3

1017 with 1.7 mM KPS) are both less than their micelle number

(3.45 3 1019 and 6.30 3 1019) with a SLS concentration of

12 mM at 258C and 708C, respectively, further confirming that

the micelle nucleation is operative in the two systems. The radi-

cal flux in the redox-initiated system is much higher and form

more latex particles from micelles. In addition, homogeneous

Figure 6. The logarithmic dependence of latex molecular weight, MW, vs.

(a) SLS concentration, (b) normalized initiator strength, and (c) reaction

temperatures for KPS and redox-initiated emulsion polymerizations of

n-BMA. Reactions represented in (a) were the same as in Figure 1, those

in (b) were the same as in Figure 2, and those in (c) were the same as in

Figure 3. Initiator concentrations were normalized to those values shown

in Figure 6(b).

Figure 5. The logarithmic dependence of latex particle number on (a) sur-

factant SLS concentration, (b) normalized initiator concentration, and

(c) reaction temperatures for KPS and redox initiated emulsion polymer-

izations of n-BMA. Reactions represented in (a) were the same as in

Figure 1, these in (b) were the same as in Figure 2, and these in (c) were

the same as in Figure 3. Initiator concentrations were normalized to those

values shown in Figure 5(b).
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nucleation can also play an important role in forming more

final latex particles in the redox-initiated reaction due to the

presence of a high radical flux and reaction with dissolved

monomer in the water phase.

Molecular Weight

Figure 6 illustrates the influence of surfactant concentration, ini-

tiator strength and reaction temperature on the molecular

weight (weight average) of KPS-initiated latex and redox-

initiated latex. The high radical flux in the redox-initiated latex

not only results in the formation of latex with much smaller

particle size, but also results in the formation of latex with

much lower molecular weight. Figure 6(a) shows that the

molecular weight increases with surfactant concentration in the

redox-initiated latex. The molecular weight of the KPS-initiated

latex increases with surfactant concentration, as it is below the

CMC, and remains constant with surfactant concentration

above the CMC. Higher surfactant concentration leads to

greater particle number (as discussed above), and thus results in

a lower radical entry rate for each particle indicating higher

molecular weight. For the KPS-initiated latex (above the CMC),

the radicals per particle may reach equilibrium, and therefore,

the molecular weight does not change much. Figure 6(b) shows

that the molecular weight decreases with the initiator concentra-

tion. Greater initiator concentration generates higher radical

flux, and results in a higher radical entry rate for each particle

indicating lower molecular weight. Figure 6(c) shows that the

molecular weight decreases with the reaction temperatures. The

different reaction temperature can influence the radical genera-

tion rate, the reaction rate constant, and the particle number.

The combination of those three factors influences the molecular

weight. Since the molecular weights are significantly different

between redox-initiated and KPS-initiated latex, the molecular

weights PDI (polydispersity index) were studied. Figure 7 illus-

trates the molecular weights PDI of KPS-initiated latex and

redox-initiated latex. The higher radical flux in redox-initiated

system not only generated a lower molecular weight, but also a

higher PDI than KPS-initiated latex.

Radical Generation Rate

The radical generation rate plays a very important role in

explaining the difference between the KPS-initiated and redox-

initiated latex systems. This section provides an analysis of the

radical generation mechanism and a quantitative comparison of

the radical generation rates of the two initiators. For KPS initia-

tor, the free radicals are generated from thermal decomposition

of the initiator, and the generation rate is a function of tempera-

ture and initiator concentration.38 For redox initiator, free radi-

cals are generated from reduction-oxidation reactions. In this

work, hydrogen peroxide (H2O2) is the oxidant and ascorbic acid

(AA) is the reductant. The mechanism of redox initiation is com-

plicated.39 It can be simplified as oxidant (H2O2) reacts with

Fe21 to generate radicals and Fe31. The reducing agent (AA)

regenerates Fe21 from Fe31 in order to maintain the generation

of radicals. The radical generation rates for two initiators were

calculated.35 Figure 8 presents the dependence of radical genera-

tion rates on the initial initiator strengths for redox initiators at

258C and for KPS at 708C. The difference in the radical gene-

ration rate is more than 10 times, and this is why the redox-

initiated latex can have much higher particle number than

KPS-initiated latex. In redox-initiated polymerization, the high

Figure 8. The logarithmic dependence of radical generation rate on the

relative initiator strength. The KPS reactions are at 708C, and the redox

reactions are at 258C. Initiator concentrations were normalized.

Figure 7. The molecular weight PDI vs. (a) SLS concentration, (b) nor-

malized initiator strength, and (c) reaction temperatures for KPS and

redox-initiated emulsion polymerizations of n-BMA. Reactions repre-

sented in (a) were the same as in Figure 1, those in (b) were the same as

in Figure 2, and those in (c) were the same as in Figure 3. Initiator con-

centrations were normalized to those values shown in Figure 7(b).
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radical flux not only results in higher micellar nucleation com-

pared to the KPS-initiated polymerization, but also introduces

significant secondary nucleation.35 Further identification of the

nucleation mechanisms in the emulsion polymerization with two

initiator systems will be reported in a subsequent paper.

CONCLUSIONS

In this study, redox initiator with a ferrous sulfate catalyst was

investigated in the isothermal emulsion polymerization of BMA,

and compared to a KPS thermal initiator. In redox-initiated poly-

merizations, the high radical flux results in the formation of much

smaller latex particles and lower molecular weight. The difference

in particle number also leads to a significant difference in the reac-

tion rate between the redox-initiated and KPS-initiated systems.

The dependence of particle number on surfactant and initiator

concentrations reveals that the redox-initiated systems and KPS-

initiated systems follow the Smith-Ewart theory and a micellar

nucleation mechanism is operative in both reactions. Molecular

weight is higher with high surfactant concentration and lower ini-

tiator concentration for both systems. Reaction temperature can

influence both the particle size and molecular weight.
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