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ABSTRACT: In this study, the inverse emulsion polymerization modeling of polyacrylamide with population balance equations (PBEs)

was performed. The PBEs were derived on the basis of the zero–one kinetic model. The effects of the surfactant steric barrier and surfac-

tant reaction with radicals, including monomeric radicals, on the radical entry rate into the particle were taken into account. In the

modified model, the coagulation phenomenon was included through consideration of the effects of forces not included in the

Derjaguin, Landau, Verwey, and Overbeek (DLVO) theory; these include hydration and steric forces in addition to DLVO forces. The

effects of the surfactant and initiator concentrations on the conversion, particle size, and average molecular weight (MW) were investi-

gated by simulation and experimental studies. Increasing the surfactant concentration initially increased the conversion and decreased

MW. A further increase in the surfactant concentration resulted in a decrease in the conversion and an increase in MW. The average

particle size decreased with an increase in the surfactant concentration. An increase in the initiator concentration led to an increase in

the monomer conversion and a decrease in the average MW. VC 2015 Wiley Periodicals, Inc. J. Appl. Polym. Sci. 2015, 132, 41916.
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INTRODUCTION

Water-soluble polymers are an important class of materials

because of their numerous applications. Polymers based on

polyacrylamide (PAM) and its derivatives are widely used as

commercial polymers, particularly in wastewater treatment

applications, enhanced oil recovery, paper making, and drug

delivery. In some applications, such as enhanced oil recovery,

nanopolymers with a high molecular weight (MW) is required.1

Water-in-oil emulsion polymerization (EP) is one of the ideal

methods for obtaining such polymers.2,3

The kinetic mechanism of inverse emulsion polymerization

(IEP) can be affected by many factors, including the types of

initiator and surfactant and the rate of mixing. Research studies

have been conducted since the 1960s to investigate the mecha-

nism and kinetics of IEP.4 Later studies on the IEP of acrylam-

ide showed that the mechanisms of nucleation depend on the

type and solubility of the initiator in the aqueous or oil phase

and the concentration of the surfactant.5,6

IEP is not a mirror image of an ideal EP,7 but there are similarities

in some aspects. Most kinetic studies over the years have focused

on batch EP, and several studies have been reported in the litera-

ture. Two alternative models in the population balance format,

namely the zero–one and pseudo-bulk models, are widely used

for modeling conventional EP.8,9 These studies have helped to elu-

cidate the various competing mechanisms involved and have led

to a number of mathematical models (with different degrees of

complexity) that are able to estimate the key product attrib-

utes.9,10 Nevertheless, the attempts to model IEP have been few,

and some aspects of this process in these studies have been

ignored. The first proposed model for IEP was developed by

Hunkeler et al.11 They considered the IEP model to be equal to

inverse microsuspension polymerization, in which the drop

nucleation is the only mechanism for particle formation, and the

homogeneous and micellar nucleations were ignored. Alexander

et al.12 proposed a model for the IEP of PAM based on the Monte

Carlo method. According to their result, the number of free radi-

cals per particle was 0.5, whereas later studies showed that this

parameter was less than 0.5.13 Through experimental study,

Capek13 showed that the rate of entry and exit of radicals into

and out of the particle in IEP were less than the predicted values

obtained by the relations used for EP modeling.

In an IEP reaction system, particle nucleation, the evolution of

the particle size distribution (PSD), and other final product

properties are strongly related to the type of surfactant and its

concentration. According to relevant investigations,11,13 electros-

teric surfactants, such as sorbitan monooleate (Span 80), have a

steric barrier for radical entry into and exit from the particle.
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Moreover, this surfactant (based on the structure of its mole-

cules) can react with the radicals, and this can lead to the ter-

mination or transfer of the radical to the surfactant.11,14,15

Therefore, these phenomena will affect the entry and exit rates

of the radicals into and out of the particles. Thickett and

Gilbert16 modified the rate of radical entry into the particle for

propagation-controlled entry for the reaction of the steric sur-

factant poly(acrylic acid) in the EP of styrene.

Another phenomenon in IEP is coagulation between the polymer

particles, which significantly influences the final properties of the

product. Many attempts have been made to develop mathematical

models for describing coagulation between polymer particles.9,17

General approaches have been based on the theory developed by

Derjaguin, Landau, Verwey, and Overbeek (DLVO), which pro-

vides a quantitative measure of the attractive van der Waal’s and

electrostatic repulsive forces between two particles. Additional

interactive forces, such as long-range dispersion forces and short-

range hydration forces, are known to be important for electroneg-

ative atoms bonded to hydrogen atoms and structural forces

because of the concentration of water molecules in hydration

shells.18,19 However, unlike DLVO forces, non-DLVO forces are

very difficult to either measure experimentally or predict theoreti-

cally, particularly in the case of complex colloidal systems.

Moreover, hydration forces can be different in different systems,19

and the model developed for a specific colloidal system is often

difficult to apply to other systems. In the IEP of PAM, the PAM

molecule contains highly electronegative atoms, such as oxygen

and nitrogen, in its chemical amine group. Therefore, hydration

forces created by the interaction between water molecules and the

electronegative atoms of PAM should be considered in the model-

ing of the coagulation phenomenon.

As stated before, a comprehensive model that can predict the PSD

in the IEP by taking into account the coagulation phenomenon,

steric barrier effect of the electrosteric surfactant, and surfactant

reactions has not been previously reported in the literature. In

this study, such a model was proposed for modeling the IEP of

acrylamide in a batch reactor to predict the PSD of PAM on basis

of the zero–one model. The effects of the steric barrier and the

reactions of the surfactant with oligomeric radicals are considered

in the calculation of the average MW of the polymer. The pro-

posed model was validated through experimental studies.

EXPERIMENTAL

Materials

To purify the acrylamide crystals (purity� 99%, analytical

grade, Fluka Co.), we dissolved them in methanol and recrystal-

lized them again. 2,2-Azoisobutyronitrile (AIBN) as an oil-

soluble initiator was purified in the same manner with ethanol

as a solvent. The surfactant used in this study was Span 80 (sor-

bitan monooleate). The deionized water and n-hexane were

used as the aqueous and oil phases, respectively.

Polymerization

The polymerization reaction was carried out in a batch reactor

at temperature of 60�C. Polymerization was performed in a

glassy batch reactor with volume of 500 mL, and the tempera-

ture inside the reactor was controlled at 60�C through manipu-

lation of the reactor jacket temperature. To perform the

reaction, 280 mL of n-hexane containing 0.44 g of the nonionic

surfactant Span 80 was added to the reactor. An amount of 25 g

of the acrylamide monomer dissolved in 130 mL of deionized

water was injected to the reactor. To start the reaction, 0.02 g of

the oil-soluble initiator AIBN dissolved in 10 mL of n-hexane

was charged into the reactor. The polymerization was performed

for 150 min at 60�C with stirring at a rate of 600 rpm.

In all of the experiments, during the material injection and

reaction times, the reactor was under a blanket and purge of

nitrogen.

Measurements of the Particle Size, MW, and Conversion

During the reaction time, samples were taken to measure the

reaction conversion, average MW, and PSD. The reaction con-

version was determined according to the procedure described in

Barari et al.5 To determine the conversion of acrylamide during

the reaction time, samples with a volume of 10 mL [with a mass

of m1 (g)] were taken from the reactor at various time intervals.

To stop the polymerization reaction in the sample, 1 mL of an

aqueous solution of hydroquinone (1.5 wt %) was added to

each sample. Then, the PAM was precipitated with an excess

amount of acetone, and the obtained precipitate was separated

and dried in vacuo at 50�C. The obtained white product was

washed with acetone several times again to remove traces of

acrylamide in the final product and to purify the PAM. The

remaining solid was dried in vacuo for 24 h until a constant

weight was obtained (m2; g). The conversion of acrylamide was

calculated as follows:

%Conversion5
�m2

ðm1xÞ3100 (1)

where m�2 is the corrected weight of the dried polymer powder

(with the amount of hydroquinone added to the samples sub-

tracted) and x is the weight ratio of the initial monomer relative

to all of the materials used in the polymerization.

The average MW was determined by the measurement of the vis-

cosity of the solution obtained by solving the produced PAM in

water at different concentrations and using the correlation

between the viscosity and average MW.20 To obtain the PSD, the

scanning electron microscopy (SEM) technique was used. For

this purpose, first a sample was taken from the reactor, and the

reaction was stopped by the addition of hydroquinone to the

sample. To prevent particle aggregation, the sample was diluted

with extra solvent (hexane), and additional surfactant was added

to the sample. A few drops of the diluted solution were placed

on the sample holder and then freeze-dried in vacuo. We

obtained the particle morphology and size distribution by taking

images from the sample using the SEM technique.5

As a sample, the SEM results of the final product are shown in

Figure 1.

MODELING OF IEP

When the initiator is soluble in the oil phase, IEP is the mirror

image of EP, and EP modeling can be extended for IEP model-

ing.21 The initiator used in this study (AIBN) for the inverse

polymerization of AM was soluble in the oil phase, and
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therefore, EP modeling could be used. The zero–one model has

been successfully adopted to describe free-radical polymerization

in confined systems, especially EP, where the entry of a radical

into a particle containing a radical leads to instantaneous termi-

nation. As stated by Gilbert,9 the conditions required for a sys-

tem to obey zero–one kinetics are q/c� 1 and k/c� 1, where q
is the first-order rate coefficient for radical entry, k is the exit

rate of a radical from the particle, and c is the mutual annihila-

tion of two radicals. Gilbert also showed that the condition for

the applicability of zero–one kinetics that is both sufficient and

necessary is CSL� kpCp, where CSL is the pseudo-first-order rate

coefficient for termination between a short chain and a long

chain, kp is the propagation rate coefficient, and Cp is the

monomer concentration in the growing particle. For the system

under consideration, the previous conditions were satisfied

except for very large particles (>200 nm), and therefore, the

zero–one kinetic model was selected.9,10 Under these circum-

stances, the zero–one kinetic model with some modifications

could be used to model the IEP of AM in batch reactors. In this

study, we used the zero–one model by taking into account the

surfactant steric barrier and its reactions with radicals for the

modeling of IEP. In this section, first, the IEP reactions were

described, and then, the mass balances were determined for all

components. Next, the population balance on the basis of the

zero–one model was used to obtain the PSD. Finally, the equa-

tion for obtaining the average MW was determined.

IEP Reactions

IEP was initiated in the oil phase by the decomposition of the oil-

soluble initiator (AIBN) and the production of the primary radical

(Rio), which propagated with monomer molecules to produce oligo-

meric radicals. The kinetic reactions in IEP like conventional EP include

initiation, propagation, nucleation, radical entry into the particle, radi-

cal desorption from the particle, termination, and chain transfer. As

mentioned in the previous section, electrosteric surfactants, such as

Span 80, can participate in the termination and chain-transfer reac-

tions. As shown in Figure 2, this surfactant contains an active double

bond. It has five labile hydroxyl groups that can participate in chain-

transfer reactions. The double bond in the chemical structure of the

Span 80 molecule can react with oligomeric radicals, and this leads to

termination.11,22 The concentrations of active hydrogen bonds (AHB)

and active double bonds (ADB) of the surfactant are shown by [AHB]

and [ADB], respectively. The reaction kinetics are presented in Table I.

In Table I, SP refers to the polymer produced by the reaction of

the surfactant by oligomeric radicals. If SP is produced by the

reaction of ADB of the surfactant molecule with the oligomeric

radical, the produced polymer does not have double bonds and

is denoted by SP0. On the other hand, if the reaction is carried

out by AHB of the surfactant molecule, SP has an active double

bond in the middle tail of the surfactant molecule (denoted by

SP00) and has the potential to participate in the polymerization

again. The fact that in the particle phase the AHBs are more

accessible than the ADB leads to an increase in the probability

of transfer relative to termination by ADB.22

Mass Balances for the Initiator, Oligomers, Monomer, and

Surfactant

The mass balances for the initiator and oligomers are given by

the following equations:

dð½I �VoilÞ
dt

52ki½I �Voil (2)

dð½Rio�VoilÞ
dt

5
�

2finki½I �2kd ½Rio�½Mo�2kt ½Rio�
Xjcr 21

i50

½Pi
o�

2kt;½ADB�½ADBo�½Rio�2ktr;½AHB�½AHBo�½Rio�

2kt ;½AHB�
Xjcr 21

j50

½ðAHB2jMÞ�o � ½Rio�
�

Voil

(3)

Figure 2. Reactions of the exiting and entry radicals with an electrosteric surfactant.23 [Color figure can be viewed in the online issue, which is available

at wileyonlinelibrary.com.]

Figure 1. SEM result for the final PAM product.
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Table I. Reaction Scheme

Oil-phase reactions

Initiator decomposition
I�!ki

2Rio

Initiation
Rio1Mo�!kd

P1
o

Propagation
Pi

o1Mo�!kp

Pi11
o i50;1;2; � � � ; jcr21

Chain transfer to monomer
Pi

o1Mo��!ktr;M
DP1P0

o i51;2; � � � ; jcr21

Termination
Pi

o1Pj
o�!kt

DP;

Radical entry into the particle Pi
o1Particle��!qinit Ri ; i5z; z11; . . . ; jcr21;

Monomeric radical entry into the particle
P0

o 1Particle�!qE
I

E

Radical entry into the hairy layer
Pi

o1Particle��!q0
init

Pi
HL

Monomeric radical entry into the hairy layer
P0

o 1Particle�!qE
0

EHL

Homogeneous nucleation in the oil phase
Pjcr21

o 1Mo�!kp

Pjcr
o ðparticleÞ

Chain transfer to the surfactant in the oil phase
Pi

o1AHBo����!ktr;½AHB�
DP1AHB�o

Propagation by AHB of the surfactant
AHB�o1Mo

���!kp
½AHB�

ðAHB2MÞ�o

ðAHB2jMÞ�o1Mo
���!kp
½AHB� �

AHB2ðj11ÞM
��

o

8>>>><
>>>>:

Termination by ADB of the surfactant
ADBo1Pi

o����!kt;½ADB�
SP’; i51;2; . . . ; jcr21

ADBo1Rio����!kt;½ADB�
IP

8>>><
>>>:

Termination for the AHB radicals of the surfactant
ðAHB2jMÞ�o1Pj

o����!kt;½AHB�
SP00

ðAHB2jMÞ�o1Rio����!kt;½AHB�
IP

8>>><
>>>:

Particle-phase reactions

Propagation
Ri1Mp�!kp

Ri11 i50;1;2; . . .

Chain transfer to monomer
Ri1Mp��!ktr;M

DP1E

Termination
Ri1Rj�!kt

DP

Desorption of the monomeric radical from the
particle phase into the oil phase fM

1
�����!kdM;HLðrÞ

P0
o 1f0

Desorption of the monomeric radical into the hairy layer
fM

1
��!kdM

f01EHL

Surfactant-layer reactions around the particles (hairy layer)

Chain transfer to the surfactant for the entry radical
Pi

HL1AHBHL����!ktr;½AHB�
DP1AHB�HL

Propagation by AHB of the surfactant
AHB�HL1MHL

���!kp
½AHB�

½AHB2M��HL

ðAHB2iMÞ�HL1MHL
���!kp
½AHB� �

AHB2ði11ÞM
��

HL

8>>>><
>>>>:
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dð½P1
o �VoilÞ
dt

5
�

kd ½Rio�½Mo�1kp½Mo�½P0
o �

2ðkp1ktr;M Þ½P1
o �½Mo�2kt ½P1

o �½T �
2kt ;½ADB�½ADBo�½P1

o �2ktr;½AHB�½AHBo�½P1
o �

2kt ;½AHB�
Xjcr 21

j50

½ðAHB2jMÞ�o � ½P1
o �
�

Voil

(4)

dð½Pn
o �VoilÞ
dt

5
�
ðkp½Pn21

o �2kp½Pn
o �Þ½Mo�2kt ½Pn

o �½T �

2ktr;M ½Pn
o �½Mo�2kt;½ADB�½ADBo�½Pn

o �2ktr;½AHB�½AHBo�½Pn
o �

2kt ;½AHB�
Xjcr 21

j50

½ðAHB2jMÞ�o � ½Pn
o �
�

Voil n52; 3; . . . ; z21

(5)

dð½Pn
o �VoilÞ
dt

5
�
ðkp½Pn21

o �2kp½Pn
o �Þ½Mo�2kt ½Pn

o �½T �2ktr;M ½Pn
o �½Mo�

2kt;½ADB�½ADBo�½Pn
o �2ktr;½AHB�½AHBo�½Pn

o �2kt ;½AHB�Xjcr 21

j50

½ðAHB2jMÞ�o � ½Pn
o �
�

Voil2qn
initCMicelleVoil

2Voil

ðrmax

rnuc

qn
initf ðr; tÞdr n5z; z11; . . . ; jcr21

(6)

dð½P0
o �VoilÞ
dt

5
�

ktr;M

Xjcr 21

i51

½Pi
o�

 !
½Mo�2kp½Mo�½P0

o �

2qE
0 ½P0

o �CMicelle2kt ½P0
o �½T �2kt;½ADB�½ADBo�½P0

o �

2kt ;½AHB�
Xjcr 21

j50

½ðAHB2jMÞ�o � ½P0
o �
�

Voil1Voil

ðrmax

rnuc

kdM ;HLðrÞf M
1 ðr; tÞdr

2Voil

ðrmax

rnuc

qE
0 ðrÞf ðr; tÞdr

(7)

where Po
n is the concentration of oligomeric radical with the

length of n and Po
0 is the concentration of monomeric radical in

the oil phase. In eqs. (3)–(7), kt is termination rate coefficient

between oligomeric radicals, kt,[ADB] and kt,[AHB] are termination

rate coefficients between oligomers and the ADB and AHB radicals

of surfactant, respectively, and [(AHB-jM)o*] is the concentration

of surfactant radicals with j monomer length in the oil phase.

Because the volume of the hairy layer around the particles is

small compare to particle radius, the amount of monomer in

this phase will be sufficiently low.23 Consequently, to obtain the

monomer concentrations in other phases, the partition coeffi-

cient can be used.11,12

The monomer concentration in the polymer particle phase

([Mp]) is equal to its saturation concentration12 as long as the

monomer exists in droplets, and the monomer concentrations

in the other phases ([Mo], [Md] and [MHL] are monomer con-

centration in the oil, droplet and hairy layer phases, respec-

tively) can be obtained as follows:24

½Mp�5½Mp�sat
(8)

½Mo�5Kpo½Mp� (9)

½MHL�5
½Mp�1½Mo�

2
(10)

½Md �5
M2½Mp�V s

p2½Mo�Voil2VHL½MHL�
Vd

(11)

where Kpo is the coefficient of monomer partitioning between

polymer particles and oil phase. Vd, Voil and Vp
s are total volume

of the droplets , volume of the oil phase and total volume of

swollen particles phase, respectively. When droplets are depleted

from the monomer ([Md] 5 0), the concentration of the mono-

mer in the different phases can be obtained with eqs. (9)–(11).

The total moles of free surfactant in the oil phase (Soil) is

obtained by the following surfactant balance equation:9,17

ST 5Soil1Sa1Sd (12)

where ST ; Sa and Sd denote the total moles of surfactant, the

moles of surfactant in the hairy layer, and the moles of surfac-

tant surrounding the droplets, respectively.

One molecule of Span 80 has one ADB and five AHB (at t 5 0,

½ADBo�Voil5Soil 5 Soil, ½AHBo�Voil55Soil). Therefore, we have

dð½ADBo�VoilÞ
dt

52kt;½ADB�½ADBo�½T�Voil1aoil
ADB

dSoil

dt
(13)

dð½AHBo�VoilÞ
dt

52ktr;½AHB�½AHBo�
Xjcr21

i51

½Pi
o�1½Rio�

 !
Voil

15 aoil
AHB

dSoil

dt
(14)

where aoil
ADB and aoil

AHB denote the ratios of unreacted ADB of

the surfactant molecules to the total ADB of the surfactant mol-

ecules and unreacted AHB of the surfactant molecules to the

Table I. Continued

Termination for the AHB radicals of the surfactant
ðAHB2jMÞ�HL1Pi

HL����!kt;½AHB�
SP;

i5z; z11; . . . ; jcr21; j50;1;2; . . . ; jr21

Termination of the monomeric radical by AHB
ðAHB2jMÞ�HL1EHL����!kt;½AHB�

SP

Termination of the radicals by ADB
Pi

HL1ADBHL����!kt;½ADB�
SP0

Termination of the monomeric radical by ADB
EHL1ADBHL����!kt;½ADB�

SP0
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total AHBs of the surfactant molecules in the oil phase,

respectively.

In eqs. (13) and (14), the first term is related to the reaction of the

surfactant in the oil phase, and the second term is related to the trans-

fer of the surfactant molecules between the oil and other phases.

Because of the high activity of the P0
o radical, transfer to the

surfactant did not occur.

It is worth mentioning that because of the steric barrier among

the surfactant molecules, the reactions between the surfactant

radicals are neglected. Because it is assumed that a monolayer of

surfactant is formed around each particle, the fraction of particle

surface that is covered by the surfactant molecules is equal to

h5
Kad ½Soil�

11Kad ½Soil�
(15)

where [Soil] denotes concentration of surfactant in the oil phase and

Kad is Langmuir adsorption constant.11,17 Therefore, the total moles

of surfactant in the hairy layer around the total particles is given by

Sa5
Ap

asNav

h (16)

where Nav is Avogadro’s number (mol21) and Ap is the total

area of particles and is given by

Ap5VoilNav

ðrmax

rnuc

4pr2f ðr; tÞdr (17)

The moles of surfactant surrounding the droplets is obtained

from the following equation:

Sd5
Vd

aedNavrd

(18)

where aed and rd are the area occupied by a single molecule of

surfactant around the droplet and the average radius of droplet

in the system, respectively.

The mass balances for the ADB and AHB in the hairy layer,

similar to eqs. (13) and (14), can be determined as follows:

dð½ADBHL�VHLÞ
dt

52
�

kt ;½ADB�½ADBHL�
Xjcr 21

i5z

½Pi
HL�

 !

2kt ;½ADB�½ADBHL�½EHL�
�

VHL1 aHL
ADB

dSa

dt
(19)

dð½AHBHL�VHLÞ
dt

52ktr;½AHB�½AHBHL�
Xjcr 21

i5z

½Pi
HL�

 !
VHL

15 aHL
AHB

dSa

dt
(20)

where aHL
ADB and aHL

AHB denote the ratios of the unreacted ADB

of the surfactant molecules to the total ADB of the surfactant

molecules and the unreacted AHB of the surfactant molecules

to the total AHB of the surfactant molecules in the hairy layer,

respectively. Moreover, [EHL] and [PHL
i] are the concentrations

of monomeric radicals and oligomers with chain length i in

the hairy layer phase, respectively.

The mass balances for the produced radicals in the hairy layer

are given by

dð½Pi
HL�VHLÞ
dt

5Voil

ðrmax

rnuc

q0
initf ðr; tÞdr1kp½MHL�ð½Pi21

HL �

2½Pi
HL�ÞVHL2ktr;½AHB�½AHBHL�½Pi

HL�VHL

2kt ;½AHB�
Xjcr 21

j50

½ðAHB2jMÞ�HL� ½Pi
HL�VHL

2kt;½ADB�½ADBHL�½Pi
HL�VHL

2Voil

ðrmax

rnuc

qi
initf ðr; tÞdr2kt ½Pi

HL�ð½EHL�

1
Xjcr21

i5z

½Pi
HL�ÞVHL; i5z; z11; . . . ; jcr21 (21)

dð½EHL�VHLÞ
dt

5Voil

ðrmax

rnuc

qE
0 f ðr; tÞdr1Voil

ðrmax

rnuc

kdM f ðr; tÞdr

2kt ;½AHB�
Xjcr 21

j50

½ðAHB2jMÞ�HL� ½EHL�VHL

2kt ;½ADB�½ADBHL�½EHL�VHL

2kt ½EHL�
Xjcr21

i5z

½Pi
HL�VHL2Voil

ðrmax

rnuc

kdM ;HLf ðr; tÞdr

2Voil

ðrmax

rnuc

qE
I f ðr; tÞdr (22)

dð½AHB�HL�VHLÞ
dt

5ktr;½AHB�½AHBHL�
Xjcr 21

i5z

½Pi
HL�

 !
VHL

2k
p
AHB½MHL�½AHB�HL�VHL

2kt ;½AHB�½AHB�HL�
Xjcr 21

i5z

½Pi
HL�

 !
1½EHL�

 !
VHL (23)

d
�
½ðAHB2jMÞ�HL�VHL

�
dt

5k
p
AHB½MHL�½

�
AHB2ðj21ÞM

��
HL
�VHL

2k
p
AHB½MHL�½ðAHB2jMÞ�HL�VHL

2kt ;½AHB�½ðAHB2jMÞ�HL�
Xjcr 21

i5z

½Pi
HL�

 !
1½EHL�

 !
VHL;

j51; 2; . . . ; jcr21 (24)

where kdM is the desorption coefficient of a monomeric radical

from the particle into the hairy layer. Similar to eqs. (23) and

(24), the mass balance of the surfactant radicals [((AHB2

jMÞ�o ; j50; 1; . . . ; jcr21Þ] in the oil phase can be obtained.

In eqs. (7) and (21), qE
0 and q0

init are the overall rate coefficient

entries of the monomeric and initiator-derived oligomers from oil

phase into the hairy layer, respectively, and are defined as follows:12

qE
0 54pðrs1dÞNavDoil½P0

o � (25)

q0
init 	

2finki½I �Nav

Np

2
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
finki½I �kt

p
kp½Mo�

11

( )12z

(26)

where Np is the total number of particles. The mass balance for

the monomer is given by
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dM

dt
52

�Xjcr 21

n51

ðkp1ktr;M Þ½Pn
o �
�
½Mo�1kp½Mo�½P0

o �
(

1kd ½Mo�½Rio�1
Xjcr 21

i50

k
p

½AHB�½ðAHB2iMÞ�o �½Mo�
)

Voil

2
Xjcr 21

j50

�
k

p

½AHB�½ðAHB2jMÞ�HL�½MHL�
�

VHL

2
Xjcr 21

i5z

kp½MHL�ð½Pi
HL�1½EHL�ÞVHL

2Voil

ðrmax

rnuc

�
ðkp1ktr;M Þf p

1 1kpf M
1

�
½Mp�dr (27)

where T is the total concentration of oligomers in the oil phase,

defined as follows:

½T �5
Xjcr 21

i50

½Pi
o�1½Rio� (28)

In eq. (19), VHL is the total volume of the hairy layer with a

length of d around the particles, which is given by

VHL54pdNavVoil

ðrmax

rnuc

r2f ðr; tÞdr (29)

Population Balance Equations (PBEs)

The zero–one model was used to obtain the PSD. In this model, it

is assumed that particles can have only one radical or no radical.

The PBEs based on the zero–one kinetic model distinguish par-

ticles that have a polymeric radical (f P
1 ), particles that have no rad-

icals (f0), and particles that have a monomeric radical (f M
1 Þ.

23

Particles are assumed to be able to coagulate with each other.

By considering the reaction of electrosteric surfactant in the hairy

layer with exiting or entry radicals in the particle, one can determine

the PBEs for three types of particles (f P
1 ; f

M
1 and f0) as follows:23

@f0ðr; tÞ
@t

5qrðf
p

1 1f M
1 2f0Þ1kdM ;HLf M

1

1Pdesðkt;½ADB�½ADBHL�f M
1 1ktr;½AHB�½AHBHL�f M

1 Þ

2f0ðrÞ
ðrmax

rnuc

bðr; r 0Þ½f0ðr 0Þ1f
p

1 ðr 0Þ�dr 0

1

ðr=21=3

rnuc

bðr 0; r 00Þ½f0ðr 0Þf0ðr 00Þ

1f
p

1 ðr 0Þf
p

1 ðr
00 Þ� r2

ðr32ðr 0Þ3Þ2=3
dr 0 (30)

@f
p

1 ðr;tÞ
@t

5qinitf02qr f
p

1 2ktr;M ½Mp�f p
1 1kp½Mp�f M

1

2
@
�
ðdr=dtÞf p

1 ðrÞ
�

@r
1Rnucd

�
ðr2rnucÞ

2f
p

1 ðrÞ
ðrmax

rnuc

bðr;r 0Þ½f0ðr 0Þ

1f
p

1 ðr 0Þ�dr 01

ðr=21=3

rnuc

bðr 0;r 00Þ½f0ðr 0Þf p
1 ðr 00Þ

1f0ðr
00 Þf p

1 ðr 0Þ�
r2

ðr32ðr 0Þ3Þ2=3
dr 0 (31)

@f M
1 ðr; tÞ
@t

5ktr;M ½Mp�f p
1 ðrÞ2ðkp ½Mp� 1qr

1kdM ;HL Þf M
1 ðrÞ1qE

I f0ðrÞ2Pdesðkt;½ADB�½ADBHL�f M
1

1ktr;½AHB�½AHBHL�f M
1 Þ (32)

f ðr; tÞ5f
p

1 ðr; tÞ1f M
1 ðr; tÞ1f0ðr; tÞ (33)

where the third term in eq. (30) is due to the influence of the

electrosteric surfactant,23 and the other terms in the previous

equations are common terms used in electrostatic systems. r0

and r00 are related by the volume additivity con-

dition:ðr 00Þ31ðr 0Þ35ðrÞ3. It should be noted that the coagulation

of particles containing monomeric radicals is neglected because

the number of this type of particles was low relative to particles

containing polymeric radicals or no radicals. In eq. (31), d
�

denotes the Dirac function.

Changes in the total number of particles can be obtained by the

integration of f given in eq. (33) over the whole range of par-

ticles sizes. Similarly, variations in the total numbers of poly-

meric radicals, particles that have no radicals, and particles that

have a monomeric radical can be obtained by the integration of

their corresponding density functions (f P
1 Þ,ðf0Þ, and (f M

1 Þ over

the whole range of particles sizes.

Pdes5
kdM

ðkdM 1kp ½Mp�Þ
(34)

In the eq. (30), Pdes is the probability of a monomeric radical

that exits from the particle interior and enters the hairy layer

and is defined as follows: where kdM is the desorption coeffi-

cient of a monomeric radical from the particle into the hairy

layer.8,9 In the eq. (30), kdM ;HL is the rate coefficient for com-

plete desorption of a monomeric radical into the oil phase

through the hairy layer with consideration of the reaction in

the hairy layer. The desorption of a monomeric radical into the

oil phase through the hairy layer in the absence of a reaction in

the hairy layer (k0dM ;HL) is as follows:25

k0dM ;HL 5
kcNav

gm
12

kNp

kNp1kp ½Mo�12kt ½P0
o �

� �
(35)

where

g5
kp ½Mp�

Dp

; c5

ktr;M ½Mp �
Vs Nav

� �
Dp

;

k5
4pDoilrs

11 Doil

Dh

d
rs

1 Doil

Dpm
1

rs
ffiffiffiffi
g
p

cothðrs
ffiffi
g
p Þ21

(36)

where m is the ratio of the monomeric radical concentration in

the particle phase to its concentration in the hairy layer. The con-

centration of the monomeric radical in the hairy layer is calcu-

lated with eq. (22). The concentration of the monomeric radical

in the particle phase is obtained from the following equation:

½E�5

ðrmax

rnuc

f M
1 ðr; tÞdr

Nav

ðrmax

rnuc

4
3
pr3f M

1 ðr; tÞdr

(37)

To consider the effect of the reaction of the exiting monomeric

radical in the hairy layer on the k0dM ;HL, it is multiplied by P
½E�
exit.
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This shows the probability of the desorption of the monomeric

radical through the hairy layer into the oil phase. This probabil-

ity is given by the following equation:

P
½E�
exit 5

k0dM ;HL

½kt;½ADB�½ADBHL�½EHL�NavVHL1k0dM ;HL�
(38)

The rate coefficient for the complete desorption of a mono-

meric radical into the oil phase through the hairy layer with

consideration of the reaction in the hairy layer (kdM ;HL) is as

follows:

kdM ;HL5P
½E�
exit k0dM ;HL (39)

In eq. (31), Rnuc and dr
dt

are the nucleation and growth rates of

the particle, respectively. The nucleation of the particles in EP

and IEP occurred by micellar and homogeneous mechanisms. In

IEP, micellar nucleation occurred when the free surfactant con-

centration in the oil phase exceeded the critical micelle concen-

tration (cmc). Above cmc, the excess surfactant molecules

aggregate in the continuous phase (oil), and micelles are pro-

duced. The concentration of these micelles is given by24,26

CMicelle5max

Soil

Voil
2CMC

nagg

; 0

 !
(40)

where nagg is the aggregation micellar number. When the length

of oligomeric radicals reaches the critical length of z, they can

enter the micelles and produce polymer particles by propagation

reaction. The rate of micellar nucleation is given by24

RMicellar5
Xjcr 21

i5z

qi
initCMicelle (41)

The oligomeric radicals with a chain length of jcr can produce

polymeric particles. The rate of homogeneous nucleation is

given by24

RHomogenous5kp½Pjcr 21
o �½Mo� (42)

The total rate of nucleation is obtained by

Rnuc5RMicellar1RHomogenous (43)

The particle growth rate is obtained from the following

equation:26

dr

dt
5

1

4pr2qpNav

kp½Mp�Mw (44)

where pp is the average density of produced polymer.

According to the investigation of Capek13 and Thickett and

Gilbert,16 it is obvious that radical entry rate into the particle

decreases because of the reaction of the entry radical with the

electrosteric surfactant. Therefore, the modified version of the

entry model “oil phase growth control” can be obtained by the

incorporation of the transfer and termination reactions of the

surfactant with radicals in the system. The reactions with the

surfactant in the hairy layer for an entry radical can be easily

added to the conventional equations, and the modified expres-

sion for qinit is given as follows:25

qinit 	
2finki½I �Nav

Np

2
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
finki½I �kt

p
1ðkt;½ADB�½ADBHL�1ktr;½AHB�½AHBHL�Þ

kp½Mo�
11

( )12z

(45)

Assuming that the exiting monomeric radical in the oil phase

can reenter the original particle or another one, the reentry

rate coefficient (qIo) for the monomeric radical is defined by

the Smoluchowski expression for a diffusion-controlled reac-

tion for electrostatic surfactants. Because of the resistance of

the hairy layer against the diffusion of monomeric radicals

into the particle due to the steric barrier of the electrosteric

surfactant around the PAM particles (qI0), similar to the stud-

ies of Crowley et al.17 and Zeaiter et al.26 and with the

assumption of no reaction in the hairy layer, has been modi-

fied as given next:

qI054prsNavDeq½P0
o � (46)

where Deq is the equivalent diffusion coefficient of the

monomeric radical from oil and hairy layer phases into

the particle and can be obtained from the following

equation:

Deq5
11 d

rs

� �
Doil

11 dDoil

rs Dh

� � (47)

where Doil and Dh are the Diffusion coefficient of the radical in

the oil phase and hairy layer around the particles, respectively.

The probability of the termination reaction of entry monomeric

radicals in the hairy layer by [ADB] must be considered in the

radical entry rate into the particles in eq. (46). If P
½E�
entry denotes

the probability of entry of the monomeric radical into the parti-

cle from the hairy layer, it can be obtained from the following

equation:

P
½E�
entry5

qI0

½kt;½ADB�½ADBHL�½EHL�NavVHL1qI0�
(48)

Therefore, by considering the reaction of entry monomeric radi-

cals in the hairy layer, the entry rate of monomeric radicals into

the particle is given by

qE
I 5P

½E�
entry qI0 (49)

Overall, the rate of radical entry (qr ) is obtained as9,17

qr5qi
rp5qi

rm5qi
init1qE

I 5qinit1qE
I (50)

where qi
rp and qi

rm are the entry radical coefficients of an

oligomer with i monomer into a particle and a micelle with

radius r, respectively.

Average MW

According to the investigation of Clay and Gilbert27 and because

of the radical transfer and termination by the surfactant mole-

cules in the hairy layer, MW distribution can be obtained as

follows:
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d�Pð �M Þ
dt

5
�
qr1ktr;M ½Mp�1Pdesðkt ;½ADB�½ADBHL� 1ktr;½AHB�½AHBHL�Þ

�

3�n exp
2
�
qr1ktr;M ½Mp�1Pdesðkt ;½ADB�½ADBHL�1ktr;½AHB�½AHBHL�Þ

�
kp½Mp�

�M

Mw

0
@

1
A (51)

where �Pð �M Þ is the total number of dead chains with a molecu-

lar weight of �M . The number-average and weight-average

molecular weights (Mn and Mw, respectively) are given by

hMni5

ð1
1

�M �Pð �M Þd �Mð1
1

�Pð �M Þd �M

(52)

hMwi5

ð1
1

�M
2 �Pð �M Þd �Mð1

1

�M �Pð �M Þd �M

(53)

COAGULATION MODELING

Coagulation can affect the PSD and stability of the particles.

Ignoring this phenomenon in some cases can lead to modeling

error. In this section, the coagulation mechanism and coagula-

tion rate are discussed.

Coagulation Mechanisms

Two different mechanisms may lead to particle coagulation in

EP and IEP: perikinetic aggregation (because of Brawnian

motion) and shear or orthokinetic aggregation (because of

transport by fluid motion). The contributions of these two

mechanisms to the overall coagulation rate are not necessarily

additive and depend on the polymerization recipe, mixing rate,

particle size, shear rate, and colloidal stability.28

To relate the particle surface charge to the perikinetic aggrega-

tion, the classical DLVO model, which accounts for the electro-

static repulsive potentials (UR) and the van der Waal’s attractive

potentials (UA), are used. However, a large number of studies

have indicated that in many colloidal systems, additional short-

range repulsive forces, which decay exponentially with distance,

are often present.18,19 Indeed, although the classical DLVO

theory remains the basic approach for the stability of EP or IEP

systems, this theory has been found to be unable to fully

describe all of the static and dynamic behaviors. Common

examples of the non-DLVO forces are structural forces due to

the concentration of water molecules in hydration shells and the

steric hindrance force of surfactant.19,29 Different methods have

been proposed in the literature to account for this short-range

repulsive interaction to explain the experimental results.18,29

However, there are still few parameters in these models that

cannot be evaluated accurately either experimentally or theoreti-

cally. Moreover, this short-range repulsive force can be different

in different systems, and a model developed for a specific colloi-

dal system is often difficult to apply to other systems.18,29 Thus,

for the considered system, in addition to the DLVO interactions,

the non-DLVO interactions due to the hydration force of high

electronegative atoms in the amine groups of the polymer

chains and the steric force due to the use of the electrosteric

surfactant (Span 80) were also taken into account.

Coagulation Rate

The coagulation rate coefficient (b) between particles of swollen

radii rs, and rs
0 was obtained from the Fuchs’ modified

Smoluchowski equation for perikinetic aggregation:24,28

bðrs; rs
0Þ5 2kBT

3lxðrs; r
0
sÞ

21
rs

r
0
s

1
rs
0

rs

� �
(54)

where l is the viscosity of the continuous phase and x is the

Fuchs’ stability ratio. The stability ratio is the inverse of the

collision efficiency and accounts for the presence of colloidal

and hydrodynamic interactions between the particles. Theories

of coagulation start with diffusion in a potential and/or flow

field, as described by the appropriate conservation equation. It

is assumed that any particle that goes over the repulsive

barrier between the particles (through shear and/or Brownian

motion) undergoes irreversible coagulation. The Fuchs’ stabil-

ity ratio for binary collisions can be obtained by the following

equation:28

x5ðrs1r
0

sÞ
ð1

rs1r
0
s

exp
UðrÞ2G:ðrs1r

0
sÞ

4=r

kBT

� �
dr

r2
(55)

where kB is the Boltzman constant, T is the absolute tempera-

ture, U is the total particle interaction energy and G is the

hydrodynamic interaction function. A useful rule of thumb can

be established by the computation of the quotient of the rate

coefficients derived for the limiting cases of pure perikinetic

and orthokinetic aggregation of two noninteracting particles.28

Orthokinetic aggregation is favored by high shear rates and

large particle sizes. Therefore, for a low mixing rate (600 rpm),

the orthokinetic aggregation is neglected in coagulation.

The total inter particle interaction energy is given by the sum

of the attractive van der Waal’s forces (UA), repulsive potentials

(UR’s), and hydration interactions ðUHydÞ as follows:

U5UA1UR1UHyd (56)

DLVO Forces

The attractive potential attributed to the universal van der

Waal’s force of attraction is given by30

UA52
A

6

2rsr
0
s

r22ðrs1r
0
sÞ

2
1

2rsr
0
s

r22ðrs2r
0
sÞ

2
1ln

r22ðrs1r
0
sÞ

2

r22ðrs2r
0
sÞ

2

 !" #
(57)

where A is the Hamaker constant, which accounts for the effects

of the various intrinsic (internal) interactions between the par-

ticles that result in the net attractive potential.
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The repulsive electrostatic and steric potentials between two

particles (UR) depend on type of the surfactant. In the case of

the nonionic (electrosteric) surfactants, such as Span 80, the

electrostatic repulsive potential is equal to zero.

Non-DLVO Forces

Unlike electrostatic surfactants, the repulsive potential for the

nonionic (electrosteric) surfactants is due to the steric hin-

drance of the surfactant tail. Therefore, this repulsive potential,

including the non-DLVO forces, is as follows:31

UR5c1

2rsrs
0

rs1rs
0 :

100L2

p
C2=3kBTe

2pr=L (58)

where L is the thickness of the surfactant layer, C is the surfac-

tant coverage on the particle, and c1 is an adjustable constant. It

should be noted that in the previous equation, L is equal to the

thickness of the hairy layer. The surfactant coverage on the par-

ticle can be obtained through the following equation:11

C5
h

asNav

5C1h (59)

where as is the area occupied by a single molecule of surfac-

tant, and C1 is the saturated surfactant surface coverage.

The PAM particle surface will be hydrated because of the

adsorption of water molecules to the particle surface by

hydrogen bonding between the amine groups of PAM and

water molecules. Therefore, for coagulation between the

PAM particles, an additional force is required for the dehy-

dration of the particle surface and the removal of water mol-

ecules. To calculate UHyd, an exponential decay function is

used to describe the hydration force between particles (FHyd)

as given next:32,33

FHyd5FH
0 exp

2h

dH

� �
(60)

where h5r2ðrs1rs
0Þ is the surface-to-surface distance between

particles, FH
0 is the hydration force constant, and dH is the char-

acteristic decay length. The corresponding hydration interaction

energy between two spherical particles with radii rs and rs
0 can

be obtained by the integration of eq. (60) and the Derjaguin

approximation:34

UHyd5

ð1
r2ðrs1r

˚
s rs
0Þ

p
2rsr

0
s

rs1r
0
s

FH
0 dH exp

2h

dH

� �

dh52p
rsr

0
s

rs1r
0
s

FH
0 dH

2exp 2
r2ðrs1rs

0r˚
sÞ

dH

� �
(61)

Table II. Parameters Used for Acrylamide Polymerization Simulation

Parameter Value Reference

ki (min21) 7 3 1016 exp (2139805/RT) 13

kp (dm3 mol21 min21) 9.9 3 107 exp (22743/RT) 37

ktr,M (dm3 mol21 min21) 5.73 3 108 exp (210438/RT) 37

kd (dm3 mol21 min21) kp 11

kt (dm3 mol21 min21) 5.07 3 1011 exp (21482/RT) 37

jcr 133 38

za 4 12

kt,[ADB] (dm3 mol21 min21)b 2.54 3 1022kt 11

ktr,[AHB] (dm3 mol21 min21) 7:5531028
expð1455=TÞ=ðC rsÞ 11

kp
½AHB�ðdm3mol21min21Þ kp 11

kt
½AHB�ðdm3mol21min21Þ kt 11

Kpo 1/7000 12

aed (A2) 69 11

fin 0.5 13

cmcSpan80 (mol/L) 1.7 3 1025 39

nagg 120 39

Dp (cm2/s) 2.933 3 10212 40

Doil (cm2/s) 4.2 3 1029 40

C151/as Nav (mol/m2) 2.4 3 1026 11

as (A2) 69 11

d 5 L (nm) 2.2 11

Dh (cm2/s) 0.143Doil This study

c1 2.61 This study

dH (nm) 0.48 This study

FH
0 ð N m22 Þ 5.37 3 107 This study

a In the cited reference, z was equal to 3.6 and was rounded to 4.
b Calculated with the data given in the cited reference

ARTICLE WILEYONLINELIBRARY.COM/APP

WWW.MATERIALSVIEWS.COM J. APPL. POLYM. SCI. 2015, DOI: 10.1002/APP.4191641916 (10 of 14)

http://onlinelibrary.wiley.com/
http://www.materialsviews.com/


where dH and FH
0 are unknown parameters and have been

adjusted to match the experimental results as discussed in the

next sections.

RESULTS AND DISCUSSION

To simulate the IEP dynamics, the mass and PBEs must be

solved simultaneously by an appropriate method. In this study,

the moment method with an order of eight was used to solve

the PBEs.35 To obtain the PSD from its moments, the maxi-

mum entropy approach was used.36

In the suggested model, some parameters, such as Dh; c1; F
H
0

and dH are undetermined and should be fixed. For this pur-

pose, the experimental results obtained under the conditions

explained in the Experimental section (the nominal case) and

the following performance index were used to determine the

previous parameters:

PI5
Xns

i51

MWexpðiÞ2MWmodelðiÞ
MWexpðiÞ

� �2

1
dexpðiÞ2dmodelðiÞ

dexp

� �2

(62)

where ns is the number of samples taken during the reaction

time. Because the average MW and average number particle size

are the most important product specifications, only these prop-

erties were considered in the previous performance index. The

values of c1; F
H
0 and dH obtained from the previous procedure

were in the ranges reported in the literature.31,32 The value of

Dh should be between its values in the organic and particle

phases. Again, the obtained value for this parameter was in this

range. The values of the tuning parameters were obtained on

the basis of the experimental data for the nominal case (surfac-

tant concentration 5 0.002 mol/L) and were fixed to predict the

polymer properties under different experimental conditions to

validate the obtained model. In the numerical simulation, we

assumed that rmax and rnuc were 400 and 22 nm, respectively.

The other parameters used in the simulation study are given in

Table II.

To verify the effects of different forces on the final specifications

of the produced polymer, we conducted different simulations

for the nominal case by neglecting coagulation or hydration and

steric forces in coagulation modeling. The results are shown in

Figure 3. As shown in Figure 3(a), neglecting the coagulation

effect resulted in a narrower distribution and shifted the PSD

toward the smaller sizes. Neglecting the hydration or steric

forces, which were repulsive, increased the coagulation effect;

therefore, the final PSD became wider and shifted toward larger

particle sizes. Coagulation had similar effects on the monomer

conversion and the average MW. As shown in Figure 3(b), coag-

ulation reduced the monomer conversion because the coagula-

tion of particles containing radicals produced a particle with no

radical because of the termination effect. Decreasing the number

of particles that contained radicals, in turn, resulted in a lower

conversion. Neglecting the hydration or steric forces increased

the coagulation rate, and this led to a lower conversion. Figure

3(c) shows the effect of coagulation on the average MW.

Coagulation increased the average MW because the polymeric

chains could become longer not only by propagation but also

because of particle coagulation. Similarly, neglecting the hydra-

tion or steric forces, which increased the coagulation rate, led to

an increase in the average MW. Figure 3 indicates that the steric

force had a slightly stronger effect on the polymer final specifi-

cations with respect to the hydration force. As shown in Figure

3, when all of the forces were considered in the coagulation

modeling, less deviation from the experimental data was

observed.

Figure 3. Effects of different forces in coagulation modeling with fixed

adjustable parameters on the (a) final PSD, (b) monomer conversion, and

(c) average MW. [Color figure can be viewed in the online issue, which is

available at wileyonlinelibrary.com.]
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When the adjustable parameters for each case were optimized

on the basis of the objective function [eq. (62)], the final PSDs

were found, as shown in Figure 4. As shown, again, the best

result belonged to the case where all forces were taken into

account in coagulation modeling.

Similar results were obtained for conversion and MW (not

shown).

The experimental and simulation results concerning the effect

of the surfactant concentration on the conversion and average

MW of produced PAM are shown in Figure 5. In these

experiments, the concentration of surfactant was changed (to

0.002, 0.01, and 0.02 mol/L) to verify the effect of the surfac-

tant concentration. As shown, there was relatively good agree-

ment between the simulation results and the experimental

data.

As shown in Figure 5(a), with increasing surfactant concentra-

tion, the average MW first decreased and then increased. This

behavior could be explained as follows. Increasing the surfac-

tant concentration had two effects. The first effect was the

increase of the number of micelles, and the second one was

the increase in the reaction of active radicals with surfactant

molecules around the particles; this resulted in the reduction

in the concentration of active radicals, which could participate

in the propagation reaction. Because of the first effect, the

total radical entry rate into the growing particles increased,

and this led to an increase in the termination rate, which

resulted in a lower average MW. When the surfactant concen-

tration was increased above a certain level (0.01 mol/L), the

second effect became dominant, and the concentration of

active radicals decreased because of their reaction with surfac-

tant molecules; this led to a decrease in the termination rate.

This, in turn, resulted in a higher average MW. Variations of

the monomer conversion with changing surfactant concentra-

tion [Figure 5(b)] could be explained as follows. When the

number of micelles was increased, the number of growing par-

ticles increased, and this resulted in an increase in the initial

rate of conversion, and when the surfactant concentration

exceeded a certain level, the second effect became dominant,

which led to a reduction in the conversion. As shown in

Figure 5, there was good agreement between the simulation

results the experimental data.

The effects of the surfactant concentration on the number-

average particle size and final PSD are shown in Figure 6. As

shown, when the surfactant concentration was increased, the

final PSD became narrower and shifted to the smaller size

[Figure 6(a)], and the average particle size decreased [Figure

6(b)]. This behavior could be explained as follows. The increase

in the initial amount of surfactant led to an increase in the par-

ticle number because of the increase in the nucleation rate.

When the surfactant concentration was increased, the particles

became more stable, and this led to a decrease in the coagula-

tion rate and a shift of the PSD toward the smaller particle

sizes. This effect, in turn, resulted in a narrower final PSD. As

shown, there was good agreement between the simulation

results and the PSD experimental data.

Figure 7(a,b) shows the effect of the initiator concentration on

the monomer conversion and the average MW, respectively.

When the concentration of the initiator was increased, the num-

ber of radicals increased, and therefore, propagation was carried

Figure 4. Effects of different forces on the final PSD in coagulation mod-

eling with optimal adjustable parameters. [Color figure can be viewed in

the online issue, which is available at wileyonlinelibrary.com.]

Figure 5. Effect of the surfactant concentration on the (a) Mw of the poly-

mer and (b) monomer conversion. [Color figure can be viewed in the

online issue, which is available at wileyonlinelibrary.com.]
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out in more micelles simultaneously. The increase in the total

rate of propagation resulted in an increase in the monomer con-

version. The increase in the initiator concentration also led to

the increase in the number of oligomeric radicals; this, in turn,

increased the termination rate and decreased the average MW.

CONCLUSIONS

In this study, the zero–one model was used to model the IEP of

acrylamide in a batch reactor to predict the conversion, average

MW, and PSD of the PAM product. In the PBE, the effect of

coagulation was included. Because of the high electronegativity of

oxygen and nitrogen atoms in the chemical amine groups of the

PAM particles, the presence of water molecules, and also the

steric hindrance of the surfactant, not only the DLVO forces but

also the hydration and steric forces should be considered in coag-

ulation modeling. In the modeling of IEP, the effect of the surfac-

tant, the steric barrier of the electrosteric surfactant (Span 80),

and its reaction with radicals, including monomeric radicals, on

the radical entry rate into the particle were taken into account.

The model was validated by a comparison of the simulation

results with experimental data, and good agreement was observed.

The effects of different forces on the coagulation rate were investi-

gated by a comparison of the experimental data and the simula-

tion results. The results indicate that when coagulation with all of

the forces, including DLVO, hydration, and steric forces, was con-

sidered, it had a better performance compared to cases where

some of these forces were neglected. The effects of the surfactant

and initiator concentrations on the final polymer properties were

investigated by simulation and experimental studies. It was shown

that the model could predict these effects fairly well. The results

indicate that when the surfactant concentration was increased

above a certain level, because of the reactions of radicals with sur-

factant molecules and the surfactant steric hindrance effect, the

number-average particle size and monomer conversion decreased,

and the final average MW increased. The increase in the initiator

concentration led to an increase in the monomer conversion and

a decrease in the average MW.
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