
Two-stage mathematical model of ultrasonically initiated emulsion

polymerization part one, stage I

Nianwei Yin, Keqiang Chen *

State Key Laboratory of Polymer Materials Engineering, Polymer Research Institute of Sichuan University, Chengdu 610065, People’s Republic of China

Received 26 January 2005; received in revised form 13 May 2005; accepted 13 May 2005

Available online 11 November 2005

Abstract

A new two-stage mathematical model of ultrasonically initiated emulsion polymerization, only acceleration and deceleration stages, was

proposed in this paper. This model took into account homogeneous, micelle and monomer droplet nucleation mechanisms. According to this

model, the reason of constant velocity stage disappeared is due to very abundant small size monomer droplets nucleation after the surfactant

exhausted. Moreover, for St and MMA, the model predicts that as the ultrasonic intensity increases the monomer conversion and polymerization

rate at stage I will rapidly increase while the ending time of stage I rapidly decrease. However, as the monomer content increases the monomer

conversion and polymerization rate at stage I will rapidly decrease while the ending time of stage I rapidly increase. For the two monomers

mentioned above, the model predictions are both very excellent agreement with the experimental data from the literatures.

q 2006 Elsevier Ltd. All rights reserved.
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1. Introduction

Harkins [1,2] was the first to propose a qualitative three

intervals mechanism based on free radical penetration into

monomer-swollen emulsifier micelles. Duck [3] and Roe [4]

consummated this theory. Except the micelle-entry nucleation

mechanism, Priest [5] and Fitch [6–8] proposed the

homogenous nucleation mechanism, and Hansen and Ugel-

stead [9–11] and Durlin et al. [12] proposed the third nucleation

mechanism, that is, monomer droplets nucleation mechanism.

Later, Song and Poehlein [13] developed a theory included all

three particle nucleation mechanisms in a mathematical model.

They all considered that the course of emulsion polymerization

could be considered as involving three intervals.

Interval I, where particle formation takes place. The end of

this interval is not dependent upon the degree of conversion,

but on the total amount of polymer formed. With usual recipes,

it ends at about 1–5% conversion. Interval II lasts from the end

of Interval I to monomer droplets disappeared. In this interval,

the particle number is usually found to be constant, the particle

volume increases proportional to conversion, the monomer

concentration in the particles is approximately constant, and
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therefore the termination is also constant within the particles.

Interval III, which is the deceleration stage, starts when the

monomer disappears as a separate phase. In Interval III the

monomer concentration steadily decreased with increasing

conversion, and the particle volume decrease slightly due to

contraction by polymerization.

Recently, ultrasonically initiated emulsion polymerization

of methyl methacrylate [14,15], styrene [16] and butyl acrylate/

vinyl acetate [17] has attracted more attention. Compared to

conventional emulsion polymerization, ultrasonically initiated

emulsion polymerization can produce faster polymerization,

higher monomer conversion and molecular weight. However,

due to the introduction of the ultrasound, the polymerization

mechanisms become more complex. Different from the

conventional emulsion polymerization, where the course

could be divided into three intervals, many researchers

[16,18] found there only existed two stages, the acceleration

stage and deceleration stage. However, no theory explained

why the stage of the constant velocity was disappeared.

Because there is no chemical initiator, so any polymer-

ization mechanism must explain where the free radicals come

from. According to previous work [15,19–21], Xia and Wang

[22] summarized that there were mainly four kinds of free

radicals: (1) H% and OH% coming from water, (2) coming from

the decomposition of the monomer, (3) coming from the

decomposition of the emulsifier, and (4) coming from the

degradation of macromolecules. They [22] considered that the
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free radicals coming from water and monomers could be

neglected in the ultrasonically initiated emulsion polymer-

ization. In our previous paper [23], we proposed a new theory,

which detailedly discussed the particles nucleation mechanism

of the ultrasonically initiated emulsion polymerization accord-

ing to Poehlein’s [24] comprehensive picture of mechanisms

for particle nucleation of the emulsion polymerization. In this

paper, we proposed a two stages polymerization model and

detailedly discussed the first stage of ultrasonically initiated

emulsion polymerization. About the discussion of the second

stage can see another paper [25].
2. Theory

Similar to the conventional emulsion polymerization, there

also exist three kinds nucleation fashion in the ultrasonically

initiated emulsion polymerization, which are the micelle-entry

nucleation, homogeneous nucleation and monomer droplets

nucleation. However, due to the introduction of ultrasound, the

role of monomer droplets nucleation will be evidently

increased for the size of monomer droplets is so small,

50–200 nm [26] compared to 2–10 mm [27] in the conventional

emulsion polymerization. So the number of particles will

continuously increase even though the micelles have been

exhausted. In this course, the polymerization rate will

continuously increase due to the new particle formed. Only

after monomer droplets are disappeared, the number of

particles will maintain a constant and the polymerization rate

will decrease. Thus, different from the conventional emulsion

polymerization, there only exist the acceleration and decelera-

tion stage in the ultrasonically initiated emulsion polymer-

ization. Many researchers [16,18] have observed this

phenomenon. In this paper, we proposed a two-stage

mathematical model of the ultrasonically initiated emulsion

polymerization.
2.1. The number of particles at stage I

The number of particles at stage I of ultrasonically initiated

emulsion polymerization was developed in a previous paper

[23]
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where [P] is the particle concentration, NA is Avogadro’s

number, [CS] is the mole concentration of cavitation, and the

parameters d0, d1, d2, d3 and d4 are constant and their definition

can see our previous papers [23].
2.2. The monomer conversion at stage I

Now we considered a particle existed in the system, so the

polymerization rate in a particle, dU/dt, can be acquired,

dU

dt
Z

kp

NA

½Mp�i (5)

where U is the mole mass of monomer converted to polymer in

a particle; kp is the propagation rate constant in the particle; NA

is the Avogadro’s number; t is the time; [Mp] is the monomer

concentration in the particle; and i is the radical number in a

particle.

The [Mp] can be defined by following equation:

½Mp� Z
fm

VM

(6)

where Fm is the volume fraction of monomer in a particle, and

VM is the molar volume of monomer.

For a monomer-swollen particle, its radius can be calculated

by following equation,

r3
p Z

3

4p

VMdm

dpð1KfmÞ
U (7)

where dm and dp are the density of monomer and polymer,

respectively.

In the first stage, when a monomeric radical enters into a

monomer-swollen micelle or a monomer droplet, the value of

Fm should be equal to one for the total monomer-swollen

micelle or monomer droplet. However, if we consider the

nearby area of the monomeric radical existed, the value of Fm

should be close to that of Fm in the monomer-swollen polymer.

Thus, in the first stage, the value of Fm always maintains

constant. So, differentiating Eq. (7) gives,

dr3
p

dt
Z

3
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dpð1KfmÞ

dU

dt
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Substituting Eq. (5) into Eq. (8) gives,

dr3
p

dt
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Let,

K Z
3
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NA
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Then, the Eq. (9) can be rewritten as,

dr3
p

dt
Z Ki (11)

At stage I, because the size of particles is very small and the

diffusing path of free radical in the particles is very short, so the
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termination reaction in the particles is instantaneous. Thus,

the radical number in a particle should be a constant.

Above equation indicates that the volume propagation rate

of a particle is a constant. If a particle forms at time t, until

time t, its volume can be calculated by following equation,

vðtÞ Z
4

3
pKiðtKtÞCv00 (12)

where v00 is the volume of the monomer-swollen micelle or

monomer droplets. Within dt interval, the total volume of

particles per liter water, vt, can be calculated by following

equation,

vt Z
4

3
pKiðtKtÞCv00

� �
_NðtÞdt (13)

where the item _NðtÞdt represents the total particles number

formed at dt interval. Integrating above equation from tZ0 to

tZt gives

vpt Z
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4

3
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� �
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where vpt is the total volume of particles formed until time t.

The monomer conversion at time t before the monomer

droplets disappeared, Xt, can be calculated by following

equation
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m0

ðt

0

4

3
pKiðtKtÞCv00

� �
_NðtÞdt (15)

where m0 is the monomer mass charged. Substituting Eqs. (1)

and (10) into above equation gives
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where I represents the average radical number in one particle,

and the relationship of I and i can be declared by the following

equation

I Z
XN

iZ0

iNi=
XN

iZ0

Ni:

In the above equation, the value of v00 should be more

detailedly discussed. Once a monomeric radical entered into a

monomer-swollen micelle or a monomer droplet, they would

become a particle. Except for the nearly region of the

monomeric radical existed, however, the other region of the

monomer-swollen micelle or monomer droplets cannot

influence the monomer conversion. So, the total volume of

the particle cannot be applied for calculating the monomer

conversion and only the nearby area of the monomeric radical
existed could be used. So, the value of v00 should be equal to

zero. Thus, the Eq. (16) can be written as,
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(17)
2.3. The polymerization rate at stage I

At stage I, the polymerization rate at time t, Rpt, should

continuously increase due to the sustained particle formation

and can be calculated by differentiating Eq. (17),

Rpt Z
kpdmFmI

m0

Q1 CQ2

1Kb
KðQ2KQ0Þ

� �
(18)
2.4. The ending time of stage I

The monomer conversion as the nucleation ends, Xt0, can be

determinate by following equation,

Xt0 Z
dpð1KFmÞ

dpð1KFmÞCdmFm

(19)

So the ending time of stage I, t0, can be determined by Eqs. (17)

and (19).

3. Results and discussion

The mathematical model developed in the above section

was used for computer simulation. The kinetic parameters of

two monomers employed, styrene (St) and methyl methacry-

late (MMA), in the simulation are listed in Table 1. All the

radical desorptions from particles, micelles and monomer

droplets are neglected in the simulation for simplicity.

According to Smith and Ewart’s [28,29] theory, for the

conventional emulsion polymerization, the average radical

number is about 0.5 in interval I and II. So for an alone particle,

if it has 0.5 monomeric radical all the time, its radius will

increase within 1 h from zero to about 38 nm for St and 59 nm

for MMA, respectively. However, the actual radii are only

about 10 nm for St [18] and 25 nm for MMA calculated from

Chou’s [15] experimental data. So the average radical number

must be far-forth less than 0.5. There are two factors leading to

the average radical number far-forth less than 0.5. The first is

desorption of radical from particles. The second is the particle

number increasing. In fact the average radical number should

be influenced by the cavitation concentration, that is, the larger

cavitation concentration, the larger value of the average radical

number. However, for simplifying the model, we assumed it as

a constant value 0.1.

3.1. Variation of cavitation concentration [CS]

Figs. 1 and 2, for St and MMA, respectively, are the

computer simulative curves of the monomer conversion with

reaction time at different cavitation concentration. They show

that monomer conversion increases with the cavitation



Fig. 2. The curves of monomer percent conversion versus reaction time of

different [CS] at stage I for MMA.

Fig. 3. The curves of polymerization rate versus reaction time of different [CS]

at stage I for St.

Table 1

Kinetic data used in calculation and the model parameters calculated

Monomer Sta MMAa Ref.

Mw (mol/L) 0.0035 0.15 [30]

CMC (mol/L) 0.0076 0.0076 [31]

rp (nm) 21 21 [32]

rm (nm) 5 5 [31]

rd (nm) 50 50 b

n* 5 66 [33,7]

n1 2 2 b

I 0.1 0.1 b

kp (L/(mol S)) 60.3 251 [34,35]

ktw!10K7 (L/(mol S)) 2.74 1.74 [34,7]

Cm!105 5 1 [34,35]

ktrm!103 (L/(mol S)) 3.2 2.51 [34,35]

Dw!1010 (dm2/s) 2.86 2.86 [36]

Fm 0.6 0.6 [31]

dm (g/L) 906 942

dp (g/L) 1050 1190

Kf (L/(mol S)) 100 100 b

ap!105 5.57 395

a0
p!105 5.57 395

B 1.36 1.36

kd!10K8 (L/(mol S)) 1.36 1.36

t1 0.000264 0.000105

t2 0.00144 0.00933

m1 546 218

m2 0 0

gt 0 0

Kc!10K8 4.55 4.55

Kmd!10K8 1.08 1.08

d0 100 100

d1 0 0

d2!10K11 2.48 2.56

d3!10K12 8.18 5.54

d4!10K6 2.07 2.07

a Recipe: monomer (10 wt%), water (89 wt%), and SDS (1%) at 30 8C.
b Assumed.
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concentration increasing. The reason is the more cavitation in

the reaction system, the more free radical formation and the

smaller the monomer droplets. So there will be more monomer

droplets nucleation and particle growing [23]. Different from

the conventional emulsion polymerization, which existed a

constant velocity reaction stage, no such stage appeared in the
Fig. 1. The curves of monomer percent conversion versus reaction time of

different [CS] at stage I for St.
ultrasonic initiated emulsion polymerization from Figs. 3 and 4

that were the computer simulative curves of the polymerization

rate with reaction time of stage I at different cavitation

concentration for St and MMA, respectively. However, when

the cavitation concentration exceeded 5!10K15 mol/L, there

existed a constant velocity stage for St. This phenomenon was

not consistent with the experimental result gained by Ooi and
Fig. 4. The curves of polymerization rate versus reaction time of different [CS]

at stage I for MMA.



Fig. 6. The curves of monomer percent conversion versus reaction time of

different monomer content at stage I for St.

Fig. 5. The curves of the ending time of stage I versus the cavitation

concentration.
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Biggs [16,18], where no constant velocity stage. The cavitation

concentration of Ooi and Biggs’s [16,18] reaction system,

however, was only 3.4!10K16 mol/L that was far-forth less

than 5!10K15 mol/L. In such low cavitation concentration, no

constant velocity stage appears from Fig. 3. The reason

appeared the constant velocity stage as the cavitation

concentration exceeded a value may be that the larger the

cavitation concentration, the more free radical formed lead to

mostly monomer droplets converting to particles within very

short time, that means the nucleation time is shortened.

Because the monomer solubility of MMA (about 1.5 wt%) is

far-forth larger than that of St (about 0.035 wt%), there will

exist homogeneous nucleation after all the monomer droplets

converted to particles in the MMA reaction system. So even

though the cavitation concentration achieves a larger value

(1!10K14 mol/L), no constant velocity stage is appeared.

At the same cavitation concentration, the polymerization

rate of MMA is larger than that of St. The ending time of stage I

of MMA is also shorter than that of St from Fig. 5, which is the

curves of the ending time with the cavitation concentration for

St and MMA. The reason is that the propagation rate constant

kp of MMA (about 251 L/(mol S)) is larger than that of St

(about 60.3 L/(mol S)). Larger value of kp will lead to more

monomer converting to polymer. If the homogeneous

nucleation is neglected, after monomer droplets disappeared

due to polymerization, the nucleation stage, that is, stage I will

be end.
Fig. 7. The curves of monomer percent conversion versus reaction time of

different monomer content at stage I for MMA.
3.2. Variation of monomer content

In the conventional emulsion polymerization system, the

monomer droplets only serve as a monomer reservoir to

maintain a nearly constant concentration of monomer in the

aqueous phase and the thermodynamic equilibrium of

monomer between the aqueous phase and polymer phase. In

the ultrasonically emulsion polymerization system, however,

besides serving as a monomer reservoir, the monomer droplets

will be an important nucleation locus, especially after the

micelles are disappear. So the monomer content in the reaction

system will greatly influence the monomer conversion and
polymerization rate. Figs. 6–9 are the curves of monomer

percent conversion and polymerization rate versus reaction

time of different monomer content at stage I for St and MMA.

All the calculation data come from Table 1 and only the

monomer content value are changed. For both two kinds of

monomer, St and MMA, no constant velocity stage appears. As

the monomer content decrease, the monomer conversion and

polymerization rate rapidly increase. Monomer content has two

kinds of contrary effect to influence the monomer conversion

and polymerization rate. More monomer charged will form

more monomer droplets and offer more polymerization loci, so

the monomer conversion will increase with monomer content

increasing. On the other hand, for acquiring same monomer

conversion, more monomer content need more monomer

converting to polymer, so it would decrease the monomer

conversion.

Fig. 10 is the curves of the ending time of stage I versus the

monomer content for St and MMA. The ending time of stage I

almost linearly increase with the monomer content increasing

both St and MMA. The slopes are about 8.053 and 2.711 for St

and MMA, respectively. This show that the ultrasonically

initiated emulsion polymerization of St is more tend to be



Fig. 9. The curves of polymerization rate versus reaction time of different

monomer content at stage I for MMA.

Fig. 8. The curves of polymerization rate versus reaction time of different

monomer content at stage I for St.

Table 2

The monomer conversion data of St at stage I

Acoustic intensity

(W cmK2)

Reaction time (min) Monomer conversion

(%w/w)

20.3 30 7.44

20.3 60 14.58

20.3 90 19.92

20.3 120 33.24

35.5 30 3.17

35.5 60 13.32

35.5 90 32.31

Recipe: styrene (5 wt%), water (94 wt%) and SDS (1 wt%) at 30 8C.
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influenced by monomer content. The reason may be that

the monomer solubility and propagation rate constant of St are

far-forth less than those of MMA.

Table 3

The monomer conversion data of MMA at stage I

Acoustic intensity

(W cmK2)

Reaction time (min) Monomer conversion

(%w/w)

6.8 10 1.2
3.3. Experimental test of the model

The experimental data of Ooi [18] for St and Chou [15] for
Fig. 10. The curves of the ending time of stage I versus the monomer content.
MMA are listed in Tables 2 and 3, respectively. Recipes and

reaction conditions of the experiments are also listed in the

tables. The kinetic data for model simulation come from

Table 1 except that the monomer percent content is changed

from 10 to 5% and 20% for St and MMA, respectively. The

calculations of cavitation mole concentration are based on the

Eq. (59) of Ref. [23]. The cavity nuclei number N1 of St is also

assumed as 2000. However, due to the monomer solubility

(about 1.5 wt%) and monomer content (20 wt%) of MMA are

both larger than those (about 0.035 and 5 wt%) of St, so the

cavity nuclei number N1 of MMA should be also larger than

that of St and we assume it as 10,000. Moreover, according to

above-mentioned reason in previous part, the average radical

number in one particle should be far-forth less than 0.5 and we

assume it as 0.1 for computer simulation. However, the value

of average radical number evidently is influenced by ultrasonic

intensity. Larger ultrasonic intensity should produce more free

radical and lead to larger value of I. So assuming different

value of I for different ultrasonic intensity, which is listed in

Table 4, should be reasonable. Although the input ultrasonic

intensity of St are larger than those of MMA, the actual

cavitation concentration in aqueous phase of St are less than
6.8 15 4.3

6.8 20 9.6

6.8 25 14.5

6.8 30 20.2

6.8 35 25.5

6.8 40 29.5

11.0 10 2.2

11.0 15 5.2

11.0 20 12.5

11.0 25 18.9

11.0 30 25.9

11.0 35 31.2

14.4 10 5.1

14.4 15 10.2

14.4 20 19.1

14.4 25 30.5

14.4 30 38.2

Recipe: MMA(20 wt%), water (79 wt%) and SDS (1 wt%) at K10 8C.



Table 4

The value of I under different ultrasonic intensity

Monomer Ultrasonic intensity

(W cmK2)

Cavitation concen-

tration,

10K16 (mol/L)

Average radical

number in one

particle I4

St 20.3 2.61 0.06

St 35.5 3.07 0.075

MMA 6.80 9.23 0.11

MMA 11.0 10.8 0.12

MMA 14.4 11.8 0.18

Fig. 11. Comparison of the model prediction (solid line) with the experimental

data of St.

N. Yin, K. Chen / Polymer 46 (2005) 12729–12736 12735
those of MMA. So it is reasonable that the average radical

number in one particle of St is less than those of MMA.

Due to the strong agitation and crashing effect of ultrasound,

the rate constant of particle coagulation Kf should be less than

that in the conventional emulsion polymerization. It is not

unreasonable that the two systems, St and MMA, would have

the same value of Kf for the almost same particle size. Here we

assume them as 100. The Figs. 11 and 12 are comparison of the

model prediction (solid line) with the experimental data of St

by Ooi [18] and MMA by Chou [15], respectively. They show

that, for the St and MMA systems, both the model predictions

are excellent agreement with the experimental data.
Fig. 12. Comparison of the model prediction (solid line) with the experimental

data of MMA.
4. Conclusions

Different from the conventional emulsion polymerization,

where the reaction course is divided into three intervals, that

is, acceleration, constant velocity and deceleration region, a

new two-stage mathematical model, only acceleration and

deceleration stages, was proposed in the ultrasonically

initiated emulsion polymerization. This model takes into

account homogeneous, micelle and monomer droplet nuclea-

tion mechanisms. Chain transfer to monomer and termination

in the aqueous phase, capture of oligomer radicals by

particles, and coagulation of particles are also included in the

model. According to this model, the reason of constant

velocity stage disappeared is due to very abundant small size

monomer droplets nucleation after the surfactant exhausted.

Moreover, for both sparingly water-soluble monomer, St, and

water-soluble, MMA, the model predicts that as the

ultrasonic intensity increases the monomer conversion and

polymerization rate at stage I will rapidly increase while the

ending time of stage I rapidly decrease. However, as the

monomer content increases the monomer conversion and

polymerization rate at stage I will rapidly decrease while the

ending time of stage I rapidly increase. For the two

monomers mentioned above, the model predictions are both

very excellent agreement with the experimental data from the

literatures.
Acknowledgements

This work is supported by National Science Foundation of

China (20034010).
References

[1] Harkins WD. J Am Chem Soc 1947;69:1428.

[2] Harkins WD. J Polym Sci 1950;5:217.

[3] Duck EW. Encyclopedia of polymer science and technology. vol. 5. New

York: Wiley; 1966 p. 801.

[4] Roe CP. Ind Eng Chem 1968;60:20.

[5] Priest WJ. J Phys Chem 1952;56:1077.

[6] Fitch RM, Tsai CH. J Polym Sci, Part B: Polym Lett 1970;8:703.

[7] Fitch RM, Tsai CH. In: Fitch RM, editor. Polymer colloids. New York:

Plenum Press; 1971.

[8] Fitch RM. In: Bassett DR, Hamelec AE, editors. Emulsion polymers and

emulsion polymerization. ACS symposium series 165; 1981

[Washington, DC].

[9] Hansen FK, Ugelstad J. Emulsion polymers and emulsion polymerization.

vol. 17 1979 p. 3033.

[10] Ugelstad J, El-Aasser MS, Vanderhoff J. J Polym Sci, Polym Lett Ed

1973;11:503.

[11] Ugelstad J, Hansen FK, Lange S. Makromol Chem 1974;175:507.

[12] Durbin DP, El-Aasser MS, Poehlein GW, Vanderhoff JW. J Appl Polym

Sci 1979;24:703.

[13] Song Z, Poehlein GW. J Macromol Sci Chem A 1988;25(4):403–43.

[14] Liu Y, Chou H, Stoffer JO. J Appl Polym Sci 1994;53:247.

[15] Chou H, Stoffer JO. J Appl Polym Sci 1999;72:797.

[16] Biggs S, Grieser F. Macromolecules 1995;28:4877.

[17] Cooper G, Grieser F, Biggs S. J Colloid Interface Sci 1996;52:184.

[18] Ooi SK, Biggs S. Ultrason Sonochem 2000;7:125–33.

[19] Kruus P. Ultrasonics 1983;21:193.

[20] Henglein A. Ultrasonics 1987;1:6.



N. Yin, K. Chen / Polymer 46 (2005) 12729–1273612736
[21] Makino K, Mossoba MM, Rlesz PP. J Phys Chem 1983;87:1369.

[22] Xia H, Wang Q, Liao YQ, Xu X, Baxter SM, Slone RV, et al. Ultrason

Sonochem 2002;9:151–8.

[23] Yin NW, Chen KQ. Eur Polym J 2005;41(6):1357–72.

[24] Poehlein GW. In: Piirma I, editor. Emulsion polymerization. New York:

Academic Press; 1982.

[25] Yin NW, Chen KQ. Submitted for publication.

[26] Lok K, Croucher MD. Polym Mater Sci Eng 1985;52:313–9.

[27] Ugelstad J, Hansen FK. Rubber Chem Tech 1976;49(3):536–609.

[28] Smith WV, Ewart RW. J Chem Phys 1948;16:592.

[29] Smith WV. J Am Chem Soc 1948;70:3695.
[30] Vanderhoff JW. J Polym Sci, Polym Symp Ser 1985;72:161.

[31] Cao TY, Liu QP, Hu JS. Polymer emulsion synthesis principle,

performance and appliance. Beijing: Chemical Industry Press; 1997.

[32] Chatterjee S, Banerjee PM, Konar RS. Indian J Chem 1976;14A:836.

[33] Goodall AR, Wilkinson MC. In: Fitch RM, editor. Polymer colloids II.

New York: Plenum Press; 1980.

[34] Brandrup J, Immergut EH. Polymer handbook. 2nd ed. New York: Wiley-

Interscience; 1975.

[35] Ugelstad J, Hansen FK. Rubber Chem Tech 1976;49(3):536–609.

[36] Hansen FK, Ugelstad J. J Polym Sci, Polym Chem Ed 1978;16:1953.


	Two-stage mathematical model of ultrasonically initiated emulsion polymerization part one, stage I
	Introduction
	Theory
	The number of particles at stage I
	The monomer conversion at stage I
	The polymerization rate at stage I
	The ending time of stage I

	Results and discussion
	Variation of cavitation concentration [CS]
	Variation of monomer content
	Experimental test of the model

	Conclusions
	Acknowledgements
	References


