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I. INTRODUCTION

Carboxylated copolymer latexes are becoming increasingly important
in industry as the demand for specialty chemicals increases. These
latexes are often the key components in specialty coatings and
thickeners. Carboxyl monomers also aid in particle stabilization.

The addition of a carboxyl monomer to a copolymer latex system
magnifies the complexity of emulsion reaction mechanisms.
Polymerization in both the particle and aqueous phases must be
considered. Reaction rates become dependent on an additional
parameter, PH. The ionized acid monomer represents an additional
reacting species which must be considered. It exhibits a different
reactivity from that of the un-ionized acid. Adequate quantitative
models describing the kinetics and particle mucleation mechanisms in
these systems are lacking due to their increased complexity compared to
more conventional emulsion systems.

The reaction behavior of carboxylated monomers differs from
conventional systems not only in copolymerization in emulsion, but also
in homo- and copolymerization in solution due primarily to the effect
of the additional parameter, pH, on the kinetics. Therefore, in order
to fully understand and characterize these systems, an understanding of
both homo- and copolymerization reactions involving carboxylic acid
monomers is required.

This report presents basic theories of homopolymerization,

emulsion polymerization, copolymerization, emulsion copolymerization



and application of these topics to systems involving carboxylic
monomers. Included are reviews of both theoretical and experimental
work. Suggestions for additional work in this area are also included.
'Ideas relating to the development of a quantitative kinetic model are

proposed.



II. THECRY

Homopolymerization

Free radical chain homopolymerization consists of three basic
steps - initiation, propagation, and termination. The following

reactions characterize these steps.

Decamposition of Initiator I ]-Eé-—> 2 R*
Initiation of Moncmer R* + M =——=> M*
Propagation M* + M > Mo *
Termination (coupling) Mok + M --k;d—> 1 S

(disproportionation) M* + M* >M, +M,

Termination. -may occur by coupling or disproportionation, though
termination by coupling is more frequent with many common monomer
systems. The rate of reaction for homogeneous, constant volume systems
can be described by the following expression [1],

Ry = =d[M)/at =k, [M) ((£ kg [I])/kg) Y2 (1)

with k= ko + kg and £ is the initiator efficiency factor.
For a variable volume, homogenecus system, ed. (la) must be used.

R, = -1/V 4(V[M])/at (1a)



The rate is proportional to the first powér of the monomer
concentration and the one-half power of the initiator concentration.
This rate expression is applicable to most homogenecus bulk or solution
.free radical polymerization reactions although the rate coefficients
can vary with conversion due to the changing nature of the reaction

environment, i.e. the gel effect.

Polymerization of Carboxylic Acids

Carboxylic acids such as acrylic acid (AA) and methacrylic acid
(MAA) are completely soluble in water. Therefore, Galperina et. al
[2,3] used eq. (1) to describe the kinetics of solution polymerization
of these acids. Katchalsky and Blauer [4] reported that the
polymerization rate of AA and MAA deperds additionally on pH because it
involves reaction of both undissociated and dissociated monomer and
radical species. The reaction scheme must be expanded for this case to
include the undissociated acid (M) and anion (M~) species. The
resulting set of reactions follows the same form as a set of

copolymerization reactions.

Initiation
ki
T ==—> 2R*
k.
rR* + M =3 R
ki 2 -

Rt + M —=L=> R



Propagation
R+M l-c’-@»’—:—L>
R +M --’-2->
R+ B2
R +M ’4>
Termination
R -+ R ]—Ct—-'-g->
R+ R kt-—-—’ 3,

Katchalsky and Blauer developed a general rate expression for the
homopolymerization of carboxylic acids. Their expressions for the
undissociated and dissociated monomer species (M, M) and the
undissociated and dissociated radical species (R, R7) are given by

equations (2a) and (2b).

M=(1-°%)M ; M=d4dM | (2a)
R=(Q1-f)R, i R =§@R, (2b)
where M, is the total monamer concentration

Ry is the total radical concentration
o is the fraction of dissociated acid monomer
@ is the fraction of dissociated radicals



The following general rate equation was derived based on a steady-state
radical concentration.

. (kg[I1) /2 Me[kp, 1 (1= (1-8) + Xy 5 B (1=s) + ky 30(1-0) + K 4o&)
gt [k, 2(1-8)% + ke 8(1-6) * ke, 3 @ 212 (2¢)

Katchalsky and Blauer then simplified this expression by assuming
that (i) termination between two lonized radicals is unlikely because
of the repulsive forces (ii) the polymer radical is a weak acid such
that its deg;ee of Vionization is low (= 0), and (iii) Xp,3 = kp,4 =0
(kp,3 ad K, 4 are the rate constants for reaction of ionized monomer

"with un-ionized and ionized radicals respectively) since at a high
degree of ionization for the monomer (pH > 5.5), the polymerization
rate is nearly zero (when H,0, is the initiator). The resulting rate

expression is proportional to the fraction of undissociated acid (1-9).

Mp/dt = ko 1 Tkyke 1172 (112 g @ =) 2d)

A term for the initiator efficiency, £, is not included. This term
should be used for completeness. The corresponding expression for the

instantaneous degree of polymerization (D.P.) at time t is given by

eq. (3).



D.P./(1 =¢) = 1.5 kP,l[kdkt,l]-l/z ( Mg+ [M] ) (1172 (3)

Pinner [5] reported that the absence of polymerization at a pH of
.5.5, which led to assumption (iii), was probably due to inactivation
of H,0,, the initiator used by Katchalsky and Blauer in their studies.
Pinner shows that reaction occurs at pH as high as 13 if persulfate is
used despite the ionization of the monomer. Blauer [6], in a later
article, stated that his original statement that ionized monomer is
unable to propagate polymerization was in error. He performed runs
using AIRN as initiator and dbtained polymerization at a pH as high as
12. He also showed that above a pH of 7, the rate constant can be
expressed by eqg. (3a), assuming that the growing radical behaves
electrochemically like a polymeric acid.

(1-8) + ()
T %p,3 *p,4 (P (33)
dat

e,y (1B + ke p B(-F) + ke 382172

X is approximately equal to 1 at a pH of 7, but @ does not approach
1 until higher values of pH if the polymeric radical is indeed a
weaker acid than the monomer. When @ does approach 1, the reaction
rate then becames proportional to ky o/ (kg )Y/,

Pinner [5] observed that the polymerization rate of methacrylic
acid initiated with potassium persulfate does decrease with increasing
pH. He performed copolymerization experiments with amine monomers and
acrylonitrile using both the undissociated and dissociated forms of



MAA and found that the anion exhibited a lower rate of reactivity than
the undissociated acid. He attributed the decrease in polymerization
rate with increased pH to copolymerization of the undissociated acid
‘with its less reactive anion. He then applied the rate equation for
copolymerization (4) (assuming chemically controlled termination) to
the case of the undissoéiated MAA (M,) copolymerizing with its anion ‘

(Mp), eq. (4).

QL + M) (M2 + 240 + ) 2) RyY2
at (ra? §a M2 + 20 T bty + 12 82D V2 @

where,

Ta = Kaa/Kab + T = Ke/Koa + £a° = KeaXaa® + §b° = Ken/Fp

=Y
I

Kta, b/ Keaken) 1/2 = cross termination coefficient

Pinner noted that eq. (2c) developed by Katchalsky and Blauer
reduces to eq. (4) if ky ; is set equal to k; 5 and if @ is set equal
to <\ . He expressed the overall rate constant (K » defined by eq.
(5)) as a function of o by replacing M, with the urdissociated acid
concentration A(1 -<t) and M, with the anion concentration A o4 , where

A is the total monomer concentration.

[r, (1 -¢)2 +28(1 -&) + 1 a?]
K, = (5)
Y KA1+ 24K Ry e (me) ¢ 1R e %)Y




where K, = Ril/ 2 /§5a = ot;r]:mll'dhomopolymerization rate constant for
 aci

K = Ril/ 2 / §p = overall homopolymerization rate constant for
. the anion
Finally, using Q and e values (obtained from separate
copolymerizations with cther monomers such as acrylonitrile and various
amines) to calculate r, (=0.66) and ry (=0.08) and replacing K, and Ky
with the cbserved values, 1..53 and 0.12, respectively, Pinner obtained
the following expression for the overall rate constant for MAA as a

function of pH:

[0.66 (L -4)2 4+ 2&(1 -ot) + 0.080A 2
K = . : (6)
[0.185 (1 -c)2 + 0.5758 A(1 -o) + 0.445 & 23Y/2

was determined from measured values of pH with the expression,

PH = Pk, + log ( 4/ 1 -d)

where pK,=4.36 for MAA. Values of @ are listed in [7]. The rate
expression for homopolymerization of acids can then be expressed as a
function of the overall monomer concentration (M) and o (via pH)
which are both easily measurable.

A decreasing decomposition rate of the initiator with increasing
pH may also attribute to a decrease in polymerization rate. Katchalsky
and Blauer [4] abserved that the polymerization rate of MAA approached
zero at a pH of about 6. This was later attributed to deactivation of
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the initiator, H,0, [5]. |

Pinner [5] stated that the decomposition of persulfate did not
seem to be adversely affected as the pH increased. In fact it appeared
‘to increase somewhat with pH., Kolthoff and Miller [8] show that the
following persulfate decomposition reactions (or side reactions) are
suppressed as the [H'] decreases (pH increases).

S,05~ + 2H,0 > 2 HyS0,~ + 1/2 0,

H,S,05 + Hy,0 > HyS05 + H,S0,

H,SO5 + H,0 > Hy0, + H,S0,

The effect of [H'] ion on the rates of the above reactions was studied

and a rate eduation was proposed:
~d(5,057)/dt = k1[8,0571 + ky[H'1[S,057] (7)
The overall rate constant is given by,
ko =k + kp[H'] = £(cH) | | (8)
Experimental values of k, versus [H"'] verified this linear
relationship.

The relationship of pH to the basic decomposition reaction of

persulfate to form free radicals,

S,0g > 250, 7%

B I 5 s L e oI SR -om. _ s e ' . Cww me i weew »,--s-“:'v—z—.v_--w-wvr-:uw
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was not addressed by these workers. As noted earlier Pinner [5]

suggested that decomposition of persulfate to form free radicals is not
greatly affected by pH. Kolthoff and Miller [8] do, however, note that

the sulfate ion radical can react in ancther way:

50,7* + H,0

> CH* + HSO,”

Van den Hul and Vanderhoff [9] reported that the relative number of
hydroxyl end-groups formed does increase in the pH range 2 to 10, and
the rumber of sulfate end-groups decreases. Both groups are found in
the polymer when styrene is polymerized in an emulsion [9]. Since both
species are capable of initiating polymerization, the overall
polymerization rate may not necessarily change despite the change in
identity of the radical species.

Emilsion Polymerization Kinetics

The first important scheme for emulsion polymerization was
depicted by Harkins [10]. The reaction was divided into three
intervals. During Interval I particles are nucleated when free
radicals generated in the aqueous phase are captured by. monomer swollen
emulsifier micelles. As polymerization takes place monomer diffuses
from the monomer droplets to the growing particles. The particles
continue to grow until all of the emulsifier is adsorbed onto the
surface of the particles, at which point Interval I ends. During
Interval II, monomer continues to diffuse to the growing polymer

particles until the monomer droplets disappear. Finally, during
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Interval III, further polymerization occurs within the particles until
the reaction reaches the final corversion.

The first kinetic theory for emulsion polymerization was proposed
.by Smith and Ewart [11] and modilfied by Stockmayer [12]. The Smith-
Ewart theory was based on Harkins' mechanism for particle nucleation
and growth. Smith and Ewart developed a recursion equation which
relates Np_q, Ny, Npyq, @and N, o to the absorption rate for radical
entry into particles, the desorption rate for radical transfer out of
particles, and the termination rate for radicals in the particles:

Nn{ @p/N + nkd + n(’?‘l)krfvp} =Ny (eM) + mﬂ)kdf}ml (9)
+ (mt2) (1) (kt/vp)Nn+2 + °°

vhere N = g,Nn (10)

(10)

and N, 1is the mumber of polymer particles per unit volume of agqueocus
phase which contains n free radicals, , is the overall rate 6f radical
absorption by the particles, Vp the particle volume, kg,is a rate
coefficient for radical desorption from the particles, and k; is the
radical termination constant in the particles. Smith and Ewart then

cbtained solutions to this equation for three limiting cases:

Case 1 n << 1.0;N°>:>Nl >>N2
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Case 2 n=0.5;N,=Nj, Ny=N3g =N, =

Case 3 n>1.0

where n is the average mmber of free radicals per particle. Smith and
Ewart, using the Case 2 model, developed the following equations to
describe the polymerization rate and average radical life:

Ry = ky[MI[R¥] = X [M],(0.5 N/Np)  (moles/Ly,"sec) (11)

o = W2y  (se) (12)

where Rp is the polymerization rate per volumer of aquecus phase, kp is
the propagation constant, [M]p is the monomer concentration in the

particles, [R*] is the concentration of free radicals, and is the

p
"average" life of a free radical in the polymer particles. Smith and

Ewart also developed an expression for the particle rmmber:

N=ky(p /)% (agpSe1)0®  (particles/ I-water)  (13)

where A 1s the rate of volume increase of the particles during
Interval I, @; is the rate of generation of free radicals in the water
phase, ag is the surface area occupled by cne emulsifier molecule, [Sg)
is the concentration of emulsifier, and ky is a constant between 0.37
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and 0.53.

Stockmayer [12] and O'toole [13] presented general solutions to
the Smith-Ewart equations (9,10). Ugelstad [13] expanded the
-generality of these solutions by considering radical desorption from
the polymer particles, reabsorption, and termination in the aqueous
phase. These works, however, apply only to monodisperse latex.

Homogeneous Nucleation

The Smith-Ewart theory was found to be inadequate for monomers
which have a sigxxificaﬁt degree of water-solubility. Fitch [15] amd
Priest [16] developed another theory which involved homogeneous
nucleation of particles. This theory predicts the mumber of particles
formed when the monomer is partially water-soluble and/or when no
surfactant micelles are present. The basic points comprising this
theory are listed below.

1. Polymerization in the aquecus phase is the initial process.

2. An oligomer grows to a critical length beyond which it is no
lorger soluble in water, and it precipitates to form a particle.

3. Swurfactant serves not as a mucleating agent, but as a stabilizer
of the primary particles.

4. Oligomer chains may combine with polymer particles before
mucleation and/or before adequate stabilization.

5. Some particles may coagulate depending on the quantity and
effectiveness of the emulsifier.

6. The ultimate particle size depends on the stabilizing effects of
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enulsifier plus sulfate groups contributed by initiator.
7. Most of the polymerization occurs within the swollen polymer
particles (99.9%).
.Assumption 7 is probably not true for systems involving monomers such
as carboxylic acids which have a high degree of water-solubility.
Fitch and Tsai [17] developed a quantitative treatment of the
homogeneous nucleation theory. They assumed that there are three
competitive processes whose rates are radical generation (R;), radical
capture by existing particles (R.), and particle flocculation (R¢).
The rate of particle formation then becomes,

@/t =R; - R, - Re (14)

No particles are present in the initial stages of reaction so that
dN/dt = R;. Later, when particles are present, some oligomeric
radicals will be captured by these particles. When more particles
form, flocculation will occur if they are not sufficiently stabilized.

Fitch and Tsai [17] derived eq. (15) for the rate of capture, R..

R. =T Ry LN r? ' (15)

where, R; = rate of injtiation
N = mmber of particles
rp = radius of particle
L = distance traveled during the time needed for
polymerization to the critical chain length.
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L = (20t)%/2 = [(2D DPy)/ (cy0) 17/2 (16)
vhere,
D = monamer diffusion coefficient
t = time
DPj ., = maximum degree of polymerization before
precipitation.

They assumed that every collision of a radical with a particle leads to
capture of that radical. Using geometrical relationships and an
expression for particle growth, R, is rewritten as a function of
monomer concentration and time and substituted into eq. (13). Assuming
that flocculation is negligible (i.e. particles formed are well
stabilized) the rate of particle formation becomes:

aN/dt = Ry (1-(N 77)/3[3/4(k/ke p) Inlcosh(Rikg) V26172 1) (17)

Integration yields the final mumber of particles,

‘t-ni

N = j (AN/dt) dt (18)

where t .. is the time where N reaches a maximum.

Eg. (17) does not account for flocculation and particle capture.
Fitch and Tsal discuss limited flocculation theory. Flocculation, in
general, will occur if there is a lack of sufficient repulsion between
the particles. They note that flocculation in ionically stabilized
systems will occur until a critical surface potential {/ . is developed.
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Y is related to the surface area per ionic group (polymer chain ends
plus surfactant), Ag. Ag depends on the chain length and the endgroups
(i.e. initiator used). As flocculation continues clusters of particles
form whose total potential rises (due to decreased total surface area
and subsequent increase in charge density on the surface) until
'stabilization' occurs.
Homogeneous nmucleation theory was expanded by Hansen and Ugelstad
[18]. They proposed the following equations for radical growth and
capture for the case where no seed particles are present:

aR;i/dt = @) = KpiMRy — Kyi RiReor (19)
dRy/dt = K MR - KMR) = kgiNRy = Kiyi Ry Ry — KRy Reot (20)
Ryt = KLRI = IR ~ Koy - Ko RRy - gy By Ry (21)
When j reaches 3., the critical chain length for particle mcleation

ocaurs, and the polymer chain precipitates. Primary particle formation
is then described by eq. (22).

Ny /dt = kMR5cey (22)

Considering the rate of cocagulation of primary particles with
themselves, e or the total number of particles is described by eq.
(23).

av/at = dNy/dt - P (23)
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The total concentration of oligomer radicals in the agqueous phase is
defined by

T
Jer=y

Ret] = E [Ry] (24)

o0

Ugelstad et al. assumed a steady-state for all radicals Rj wp to chr—l
neglected termination with initiator radicals, and assumel that an

average rate constant for radical capture can be used, i-c'

n.') creh

ko = "2 kcj Ry/ Reot (25)
Jge!

The resulting expression for the rate of particle formation follows:

S €1 (26)
at [1+ (kN/KHM) +  (gReot)/ (kM) Per-1
At low values of [M],, R.ot may be defined by
Reot = {[(e MZ + 4 @ k172 = kN)/2ky, (27)

In order to obtain an analytical solution, they also assumed a steady-
state concentration of radicals in the aqueous phase and considered

termination only in this phase such that:

Reot = (€ 1/Kep 2 (28)




ey e e s L e

19

Eq. (26) could then be solved directly to give an expression for Nj.

N(E) = (k) ([ Ky @ g et + (g + DderVer -k, -1 (29)

-

vwhere K =R/kM, e k= (kg @ i)l/z/kpM"

Approximations made to arrive at this solution included: (i) no
coagulation, (ii) irreversible absorption of radicals, (iii)
termination only in the water phase, and (iv) steady-state
concentration of radicals in the water phase. They compared the
analytical solution to the numerical solution obtained when steady-
state was not assumed. The analytical solution proved to be rather
inadequate.

Hansen and Ugelstad [18] stated that for a seeded system radicals
will be captured by particles according to the number and size of the
particles. Assuming a mean value for the capture constant, k., the

total adsorption of radicals in the seed particles is,
€ cs “Kes Mg Reot (30)

Ed. (30) is approximately equal to the total capture rate for a large
number of seed particles. Using ed. (31) to express the steady-state
value of Ri.y:

Reot = {[lkealle)? + 4031 ¥ 1Y? - ki) 2 Ky, (31)

T o 2 TP R T T T ST B A TS MR T L M i e . Ly AR . . -
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an eguation for dN,/dt was derived:

i S &
at 1+ &K + Kol + [(RoeNg)2 + 404 k)2 -1 (32)
My 2k, 2k,

which upon integration gives

N) = (/) {[ky pit + (0.5KkNg + (0.25k2Ng)2 + 1,2) /2 + 1)Ier) ¥ der
-0.5 kgNg ~ (0.25kg2Ng2 + k,%)¥/2 - 1) (33)

where k; and k, are the same as in eq. (29) and kg =W.

Though coagulation is not included in the above models, Hansen and
Ugelstad discussed particle coagulation theory in some detail in the
same article [18].

An exhaustive review of particle nmucleation mechanisms and models
with references has been prepared by Song [19]. This review includes
basic descriptions of additional work done by Arai (emulsifier-free
systems), Kao (radical capture efficiencies), Feeney (two step

coagulative nucleation model), and others.

Copolymerization

An extensive amount of work has been reported for copolymerization
of monomers using free radical initiators. A brief review of the basic
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kinetic and composition equation for copolymers formed in bulk or
solution is included in this section.
The basic initiation and propagation reactions for

copolymerization of two monomers, M, and My follow:

kg
Decomposition I ————> 2R*
Moncmer Initiation R + M, > Rya
Ré + My > Ry

R* + iImpurities
Propagation M*x + M ]j-ﬂ%> M *
e 22
R
M + M, &E.% M *

> inactive product

Termination may be either chemical contrclled or diffusion controlled.
Melville [20] and Walling [21] developed kinetic expressions for
chemical controlled termination.

Termination M+ M Stien,
M*x + M* k't’m> Dead Polymer
W+ g e e

Several basic assumptions apply. (1) Steady-state concentration
is assumed for each type éf radical. Hence, kpa[Mp*1[M,] =
kap[Ma*]1 [Mp].  (2) Steady state is assumed for the total concentration
of radicals. (3) Rate constants for the reaction of a growing chain

depend only on the monomer on the end and not on the length of the
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chain or composition of the chain. The propagation rate constants are

combined as follows into reactivity ratios:

Ta = Kan/Kep Ty = /K

A rate expression can then be derived.

_ma(Ma) + M) (x_"a[Maﬂz + 2[M,][M,] + rb[%lz)Rj_l/z (34)
at (2° [.20M1%420r, 1y 50 5 M, ] M, 1413, 25, 2 M1 2) /2

were £ = (ieaa/%ea2)2 0 §p = (/K2
and @ = K/ [20na Kir) )

Note that & = reciprocal of kp/ktl/ 2 for homopolymerization.

It later became well-established that termination in radical
polymerization can be diffusion controlled [22,23,24]. Therefore, ﬁ
is not constant with composition and use of a single @ value in the
rate expression may produce dubiocus results. Atherton and North [25]
presented the termination reactions and corresponding kinetic

expression associated with diffusion controlled termination.

Termination Mk + Mk
My + Myke -
Mok + Mp*

Keab

dead polymer



23

Kiap is a function of the copolymer composition and for the ideal case,
.ed. (35) may be used.

Kiah = Fa Xeaa + Fp K (35)

See eq. (40) for the expression for Fi. .
Again the steady-state assumption for radicals is made,

Ry =2 ke (D] + D)2 = Ake ©F 0 L (36)

Poo- ‘
Using the definition of reactivity ratios, North develops a kinetic

expression, eq. (37).

(£, M0 + 2 I + 1y M0%) Ry
Keap/2 { (Ty M)/Kan ) + (T M)/Ky ) )

(37)

Extensions of diffusion controlled copoiymerization reaction
theory are presented by Hamielec and co-workers [51,52,53]. They
stated that at low conversions segmental diffusion controls the
termination rate, and as the reaction proceeds, the termination rate
becomes controlled by translational diffusion.

The switch to translational diffusion control of termination marks
the onset of the gel effect, and it is associated with a critical

conversion, X Translational diffusion begins to control

crit*
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propagation at higher conversions.
Martin and Hamielec [45,54] showed that in the diffusion

‘controlled region the termination rate constant could be expressed as a

function of the free volume.

ke = kio (Mpy/M0)® exp(-A(L/Vp = 1/Vpoy) ) (37a)

where Veer is the critical free volume fraction of solution at the

onset of diffusion control.
is the cumulative weight-average molecular weight of the
copolymer at Vpe..

Mw  is the cumulative weight-average molecular weight at
- VF > VFcr for conversions above the onset of

diffusion control.

is an adjustable parameter which determines the rate at
which k¢ falls off with decreasing volume.

MWy

ard Vp = (0.025 +0X,(T-Ty)) B + (0.025 +C (T-Tp,) 2, (37b)

+ (0.025 +0fp(T-Tg,)) dp

is the difference in the thermal expansion
coefficient above and below the glass transition
temperature T, and j is the volume fraction of
camponent 1 J.g the solution.

where =4 5

Eq. (37c) was given for diffusion controlled propagation reactions.

(37¢)

kij = Kijo & {(-B(1/Vp = L/Vpcy))

1]
where kij o is the chemically controlled propagation constant

B is an adjustable parameter which determines the rate at
which kij falls off with decreasing free volume.
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These equations predict the change in the termination and
propagation constants as the reactions proceeds. They thus take into
account the commonly cbserved autoacceleration or gel effect.

Copolymer Composition

The ultimate properties of a copolymer will depend directly on its
composition. Therefore, prediction and control of this composition is
important for producing useful copolymer products. The copolymer
composition depends on the relative rates of reaction of the monomers
involved. Extensive studies with copolymers in bulk and solution have
led to the development of the copolymer composition equation for a two
monomer system which is presented in Odian's text [1].

drM,) _ Myl (Ml + [M]) (38)

am,) M) (M) + M)

This can be rewritten in terms of instantaneous fractions of monomer in

both the reaction mixture (f;) and the copolymer (Fj) by defining
f.=1-1 = M)/(M] + ]) (39)
Fa=1=TF,=dM]1/(A[M,] + dM,]) (40)

and substituting these expressions in eg. (38) to ocbtain eqg. (41).
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2
raf© + £.1
Fp = > > (41)
rafa + 2fafb + rbfb

Copolymerization becomes somewhat more complicated when carried
out in emulsion systems. The general reaction scheme along with
correspording rate egquations for an emulsion copolymerization of two
monomers is shown in Table 1. Five basic assumptions have been made
in developing this scheme of reactions: (i) polymer particles contain
at most one radical; (ii) only monomer radicals can desorb from and
reenter into the particles; (iii) no discrimination is made between
radicals with or without an initiator fragment on their end; (iv)
instantanecus termination occurs when another radical enters a particle
which already contains a radical; (v) propagation, termination, and
chain transfer reactions in the water phase can be neglected from a
kinetic point of view. Assumption (v) is probably not valid for
emulsion copolymer systems which involve water-soluble acid monomers.

Schuller [26] has developed equations similar to egs. (38) - (41)
which apply to emulsion copolymer systems. Since many monomers have a
wide range of solubilities in water (assuming water is the contimiocus
phase), the concentrations of the monomer in the water will usually be
different from the concentrations of monomer in the polymer particles.
The resulting copolymer which is generated in each phase will also

differ in composition. Schuller developed a copolymer composition



Table A = Flementary RuctinnsA n;ad Their Rates [2 i]

Reaction scheme

Reaction rate

(1) Initiation of radicals in the water phase
=21

(2) Entry of radicals into particles from the water phase

(i} Insiantaneous terminatlion
Nedl,.—Np
Ne 4+ M., — No
N* 4+ M, — No
(i) Activation of particle

No+l,—Nj
Not M, =~ N;
No+ M, ,— N,

(3 Initiation reaction in particles
I+ Mep— M,
l; + My, = M;p

(4) Propagation reaction in particles
P+ My, —P;,
Pip+ Mep— P,,
P;’ + &f.p - P;p
P;’ + &f.p — P;,

(5) Chain transfer to monomer in particles
Pt My~ P+ M,
P+ My~ P+ M,
Pop+ Myp—~P+ M,
P;"" L’.,"’ P+ M;,

{6) Desorption of radicals from particles:
Nj—No+1,
Ni—=No— M,,
Ny—= No+ M},

£, = 2kyf[]. (T-1)

Per = hot{1°]LN® (T-2)
Fio = koo [M ]uN® (T-3
o ™ Rea[M]LN® (T-4)

roer = Rey[1*]uNo (T-5)
Tea ™ koo [M1)uNo (T-6)
Teb = Rep|M [ No (T-7)

=k, 'L’-)pN; (T-8)
7 ™ ko [My ] N} (T-9)

Tpas = Kpua[M,],N; (T-10)
fpha ™ kphlhf.]ph'; (T-ll,
Tpad ® kot [My 1N (T-13)
fpsd = *p.blMA]pN‘ (T-l‘)

Frea ® Kmaa[Ma]N; (T-15)
Tioa = k,... [Af. le; (T-ls)
Frat ™ Rugs [My N (T-17)
oo ™= k..“[M.]pNi (T-18)

re; = kyNj (T-19)
Tga ™ kI.N; (T-20)
rap = kN3 (T-21)

2¢q
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equation which accounts not only for the distribution of monomers
between the two phases, but it also takes into account the
monomer/water ratio. Schuller did not, however, account for significant
polymerization in the water phase. Distribution coefficients and a term

accounting for the monomer/water ratio are defined by,

K= M1/ M1, B= 1/ T =vipm

where the superscript (') denotes the particle or oil phase and
superscript (") denotes the water phase. The copolymer composition
equation is then written in terms of monomer concentrations, eq. (42),

or monomer fractions, eq. (43).

L, 1+ xy' M)/ M4]
— = (42)
D,

1+, M)/ M)

2
r 6,2 + £.6,
F, = = 5 (43)
ra|fa“ + 2fbfa + rb|fb

l._

where p'=r( |+ e,7 ) (44)
' =l | o+ ary ) (45)

In order to use these equations one needs to know the partition
coefficients of each monomer as a function of the overall monomer

concentrations.
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Emulsion Copolymerization Kinetics

Nomura [27] published rate equations for emulsion copolymerization
inside the polymer particles.

Moncmer A Rpa = ~OMy/At = Kpoa M 1gNa# + kg [M] N (46)
Moncmer B Ry = ~d4/At = Ky M) Npg* + Koo (M, 1 N * (47)

and Rptot = %a + pr (moles/L' min) (48)

where Np* and M* are the mumber of particles per cm® water containing
A and B radicals, respectively. Again, note that equations (46) and
(47) do not consider polymerization in the aquecus phase.

Nomura [27] used eq. (49) for the composition of copolymer formed
in the particles.

Mylp (ra(Myln + [M)p)
M, - Malp (FalMylp + Mlp ‘ (49)

He also assumed that the change in concentration of A* and B* radicals
with time is slow when compared to the time scale of the complete

reaction.

Kopa (Mo I = Kpap My INp * (50)
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He then defined an average number of respective radicals per particle.

Ny = Ny*/Np, Ny, = Np*/Np, Ny = Np*/Np

and, N = (Na* + N* + Np*) (51)

Np

The mmber of initiator radicals is relatively small so that

B =g + B+ By =T + By )

After various algebraic manipulations, copolymerization rates can be

written.
Roa = [1/(142) ] (kpga M1 + kpap[Mplp) D N/N, (52)
Ry = [A/ (148) ] (Kpa My ], + Y (M1 ) RN/, B )
where A =np/n, = (kyaa/kyy) (1p/T,) ([r«bJp/[MaJQ (54)

Nomura [27] also discusses desorption of radicals from the
particles. He presented equaticns which can be used to calculate the
desorption coefficients for radical species A and B. However, in order
to calculate these coefficients, various mass transfer, diffusion, and
chain transfer constants must be known or estimated a priori. The

reader is referred to Nomura's article [27] for details.
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Homogeneous Particle Nucleation with Emulsion Copolymerization

Mead [28] has developed equations for the predictiocn of the
polymerization rate in emulsion copolymerization systems with
significant homogeneous particle nucleation. His work was based
largely on the theory developed by Ugelstad et al. [18] for homogeneous
nucleation in homopolymer systems and by Nomura [27] for emulsion
copolymerization kinetics. The basic reaction scheme is the same as
that of Nomura as described in the previocus section. As noted earlier,
the total number of oligomer radicals for homopolymerization was

described by eq. (24).

j:.r-l

Reot = & By (24)
ol
This same relationship may be applied to a copolymer system to give eq.
(24").

iu-\

Reot = ff’. Ry = [My*ly + [Mpg*ly (24")

Mead then assumed that the probability of an oligomer radical
having an A* or B* end is independent of the chain length. The ratio
of B* radicals to A* radicals in the aquecus phase can then be defined

as

Ay = Mp*ly/ Ma*ly = Ypab Mpdw/Xpba Malw (55)
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where R; refers to an oligomer radical with one monomer unit attached.
"Mead then derived the total rate of propagation of Ry to R, as given by
eqg. (57).

R
Rotor = = (O * Apka) (Pl + Ot M) Pl 7

Primary particle formation occurs when oligomers reach a critical
length j,. as described by Ugelstad [18]. Mead used this same concept
to derive an expression for the rate of formation of primary particles
of length j.. by homogeneous nucleation for emulsion copolymerization.
This expression also includes a term for flocculation of primary

particles onto latex particles eq. (58).

rate of formation rate of flocculation of
dN,/dt = of oligamers of - primary particles onto
length j,. latex particles
RK; +k n/N
i kdesup" a
aNy/dt = ———— - ke (58)

[+ kR + Ky, Ryl 3 2

where KM = {(kypa + Akopa) Maly + (Roap + Ako) Moy )/(1 + A (59)

kyg = rate coefficient for capture of primary particle by latex
particles

Np = mmber of latex particles

N; = mmber of primary particles
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The term KM accounts for the copolymerization of the two monomers. The
assumption by Nomura [27] that propagation and chain transfer in the
‘water phase is negligible applies to eq. (58). This assumption may not
be valid for systems in which the monomer(s) have a high degree of
water-solubility (i.e. AA, MA27, etc.).

These equations developed by Mead assume that primary particles
necessarily form when the oligomer chain length j reaches j,,. This
assumption should lead to a good estimate for the number of primary
particles formed. However, particles may form in the agueous phase
with initial length j < j. or J > j~ Therefore, further development
of these equations is necessary in order to more completely describe
the homogenedus micleation of primary particles in a copolymer reaction
system.

Emulsion Copolymerization with Carboxylic Acid

The complexity of the copolymerization reaction scheme was shown
to increase when performed in emulsion systems (Table 1l). The
complexity is further increased when a carboxylic acid ﬁonomer is used.
The reaction becomes more like that of a terpolymerization than a
copolymerization since both the dissociated and associated acid species
must be considered. A detailed reaction scheme for this type of system
is shown in Table 2.

The only attempts to calculate the compositions of the aqueous
phase oligomer radicals for carboxylated styrene copolymer systems were
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Table 2 - Total Reaction Scheme for Emulsion Copolymerization with a
Carboxylic Acid (Monomer a)

(1) Initiation of radicals in the water phase
I —> 2L *
(2) Initiation of monomer (ionized and unionized) in the water phase
T My > g
Ty + M7 > Myt
Ty + ¥y ——> M
(3) Initiation of monamer in the particles
Tp* + Map = ¥op*
Tt * Mgy —> Myt

(4) Activation of a particle

Ng + I* > Np*
NO + MEW* Na*
Ng + My > Ng*
Ny + M * > N*

(5) Propagation in the water phase

Ogquw* + Mayy —> Og*

Oaw* + Moy > Ogu*
Oaqw* + Mgy > Ogy*

- - -
Ogu* + Myy > Oaw®

Ogqw™ + Mgy = > Oy
Ogu* ™ + Mgy —> Oy
Opee* + Mayw —> Ogy*
Ope* *+ Maw > Oay®
Opr* + Mgy —> Opys*



(6) Propagation in the particle
Pap* + Moy —> Pyt
Fp* + Mop —> Pgp*
Pap* + Mgy ——> Fyo*
Frp* + ¥op —> Fip*
(7) Chain transfer to monomer in the water phase

Oaw* + Maw > Oaw + MB.W*

Oqu* + Moy > Ogy  + Mgyt
Oqu* + Myy > Ogy  + Myy*
Ogy* ™ + May > Oy + Mg *™

Oaw* + Mgy ===> Ogy + M*
Oaw* ™ + Mgy ==> Oy + My *
Opee® + Moy > Oy + Myy*
Oppi* Moy > Opgy + My
Opae* + Mgy —> Oy + Mi*
(8) Chain transfer to moncmer in the particles
Pop* + My —> P + M
Bp* + My ——> P + M *
Pap* + My =—> P + My*
Brp* + M —> P+ M+
(9) Desorption of radicals from particles
NI* ——> NO + Iw*
Na* > Ng + Ma*
Ny, * > N + My *
(10) Instantanecus termination in the particles

N* + I

> Ng,

34



(11)

N+ + M * ——=> N,

N+ + M b —> N,
Termination in the water phase
I* + L ——> 2T

La* + Ogy* >

> + Og* >

I* + Opy* >

Oaw* + Oaw* >

Oap® + Oa™ >

Og* + Opgy* >

Op* + Oy~ >

_Nomenclature for Table 2

I -

i

Ny - muber of particles with zero radicals
N; = number of particles with i radicals

°ij

Pij

initiator

- moncmer i=a,b Jj=p,w

i=1I,ab
- oligomer i=a,b J=w

- polymer i=a,b J=p

35

Dead Polymer

Subscripts
a - acid monamer
b - non-acid monamer
i - initiator
p - particle
w - water
Superscript

'-!' - jonized species
(dissociated acid)
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made by Sakota and Ckaya [29]. They considered the particular reaction
of urdissoclated AA, dissociated AA, and styrene. These workers list
the following equations to describe the partition and dissociation
'equilibrium in acid polymerization systems.

K = [H'],[A7)/ (M), (60)
[Na*1, + [HY], = [OH71, + [A7], (61)
¥ =[HA]g/[HA],, (62)

C= ([Hl, + A1)/ + [HlVs (63)

where K, ¥, C, Vg, and V,, are the dissoclation constant of aaA, the
partition cqefficient of AA between styrene and water, the moles of
total AA in the polymerization system, the volume of styrene, and the
volume of the aquecus phase in the polymerization system, respectively.
The symbols HA, A7, [lg, and [],, represent undissociated Aa,
dissociated AA, the concentration in styrene, and concentration in the
aguecus phase, respectively.

Sakota and Okaya [29] reveal the relationship of pH to degree of
neutralization (DN) for AA in Figure 1. Plots of pH versus DN for AA
and MAA monomers, and AA polymer cbtained in cur laboratory are shown
inFigures 2 - 4 for comparison. AA polymer is a somewhat weaker
acid than AA monomer. When the degree of neutralization is zero,
[B*],, is much higher than [OH™],. EQ. (61) then becomes eq. (64) and
the concentration of carboxylic monomer can be calculated from egs.

(60), (62), (63), and (64).
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Fig. | Relstionship between pH of polymerization system and degree of neutralization of car-
- boxylic munomer: DN = degree of neutralizatiun of AA. Formulatiun for pulymerization system,

g water/AA/NsHCO /SDS/K SO, = 100/5/variable/0.05/0.85. t Z Q]
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), = A7), (64)

When the degree of neutralizaton is near 1.0, [Na+]W is much greater
‘than 14 1y OF [OH™ ], such that eq. (61) reduces to to eq. (65) and the
concentration of carboxylic monomer can be determined from egs. (62),
(63), and (65).

Naty, = (A7), (65)

Sakota and Okaya used a value of 5.66 x 10™2 for K, and calculated Vg
and V,, by assuming densities for the styrene and water phases to be
0.909 g/cm3 and 1 g/cm3, respectively. The concentrations of
mdlssocn.atedard di.ssociated AA in the aqueocus phase were then cbtained.
The values for partition coefficients , ¢, were determined
experimentally [47] by mixing 100 mL of water with a prescribed amount
of carboxylic monomer at 25°C. 100 mL of styrene was added and
vigorously stirred. The aquecus phase was separated and titrated with
NaOH. A mass balance yielded the amount of acid in the organic
(styrene) phase. The values obtained differed somewhat from values
reported by Matsumotu and Shimada [30], as shown in Table 3. The
reason for these differences is not clear. However, possible
differences in experimental procedures could have been a contributing

factor.
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Table 3 = Acid Monomer Partition Coefficients

Monomer Sakota and Okaya [29] Matsumotu and Shimada [30]
AA 0.102 0.175
MaA 1.01 1.94

Sakota and Okaya [29] calculated the composition of the growing
radical formed in the aqueous phase at the initial stage of
polymerizatiéah by using the terpolymerization composition equation
presented by Alfrey and Goldfinger [31]. Monomer reactivity ratios for
the undissociated AA, dissociated AA, and styrene were calculated from
the Q and e values reported by Ito et. al. [32] as shown in Table 4.
These calculations apply only during the initial stage of
polymerization. Since a dynamic equilibrium between urdissociated and
dissociated AA occurs at all times, the calculations do not represent
the concentration of dissociated and undissociated species on an
oligomer or polymer chain. These concentrations depend on the current
pPH or degree of neutralization of the systemn.

No quantitative models have as yet been developed to account for
the kinetics of emulsion copolymerization of carboxylic acid emulsion
systems. The goal of this work is to make advances toward the

development of such a kinetic model.
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Table 4 - Calculation Results of Monomer Reactivity Ratios [29)

Monamer Notation Q e Monomer Reactivity Ratio
Undissociated AA Ma 0.40 0.25 rab=3.29 H rac=0.308
Dissociated AA %, 0.11 =0.15 1, = 0.259 ; 1}, = 0.121
Styrene M. 1.00 -0.80 Yoqy = 1.08 ; ry, = 5.41
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ITI. EXPERIMENTAL

Experimental work involving basic free radical homopolymerization,
conventional bulk and solution copolymerization, and conventional
emulsion polymerization is extensive. Theories involving such
reactions have thus been well-established. Polymerization involving
carboxylic acid monomers, however, have been studied less extensively
and are not as well understood. The following discussion, therefore,
will address experimental work relating to homopolymerization and

emulsion copolymerization of acids and acid plus styrene systems.

Homopolymérization Studies of Acrylic Acid and Methacrylic Acid.

Free-radical polymerizations of acrylic acid and methacrylic acid
have been studied by several workers [2-6,33]. Kinetic information
such as reaction rates, propagation and termination constants,
activation energies plus various effects of solvents and acid
dissociation (pH) on these parameters have been determined through
these studies. A variety of initiator systems as ‘well as solvent
species were used.

Mishra and Bhadani [33] polymerized acrylic acid (aAA) in
tetrahydrofuran and in 1,4-dioxane with NO, as the initiator. The
initial rate of polymerization was found to increase linearly with the
monomer concentration and the square root of the initiator

concentration. Increases in temperature from 40 - 70°C resulted in



significant increases in reaction rate. Galperina et. al. [2,3)
studied the effect of solvent cn radical polymerization of AA, MAA, and
fluoracrylic acid. Solvents used were water, formamide, and
‘dimethylsulphoxide (DMSO). Again, the initial rates of polymerization
were proportional to the first power of the monomer concentration and
the one half power of the initiator. The rate, therefore, could be

described by the basic kinetic equation for free radical

polymerization,

ReR V2 ( ky/ (k) V2 ) ] (1)

Values for kl'); ke, and activation energies are reported for a range of
temperatures. The reactions in water were carried out at low pH (2.2
and below) so that very little of the acid was dissociated. The
monomer concentrations ranged from about 2 to 8 wt. %.

Katchalsky and Blauer [4] studied the kinetics of MAA
polymerization in aqueous solution using hydrogen peroxide as
initiator. Buffers were used o maintain a constant pH. The overall
polymerization rate was found to be first order with monomer
concentration. First order rate constants (K) were determined over a
wide range of initial monomer concentrations and were found to be
fairly consistent. The overall rate constants were also determined for
a range of initiator concentrations. The constants depended on the 1/2
power of the initiator concentration.
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Katchalsky and Blauer [4] further studied the variation of rate
with pH. They noted that the rate decreased as the pH increased from
10.97 to 5.5. (See Table 5.) Above a pH of 5.5 the rate of reaction
was negligible. Pinner [5] later attributed the lack of reaction above
a pH of 5.5 to the suppressed decomposition of the peroxide initiator.
When potassium persulfate was used as initiator, reaction occurred at
pH values as high as 13. Blauer [6] later extended his study of the
polymerization of MAA to pH 12 using 2,2'-azobisisobutyronitrile as
initiator solubilized in water by the addition of 4% (by volume)
ethanol. The course of reaction was followed by bromine addition to
the unreacted monomer. The dependence of rate on pH ( for pH between 4
arxd 12) is illustrated in Figure 5.

The rate of polymerization decreases sharply up to pH 6-7 as
observed in their first study [6]. This is not surprising since the
degree of neutralization (and thus the concentration of anions)
increases sharply between pH 4 and 5. The rate then slowly increases to
a flat maximum at pH 11. This flat maximum indicates that the rate is
fairly constant between pH 9-12. Blauer asserts that the dependence of
rate of MAA polymerization on the pH suggests that both un-ionized and
ionized monomers and radicals do copolymerize,

The reaction rate was observed to increase as the pH decreased in
the previous studies of acid homopolymerizations. When HNO; and H,SO,
were added to lower the pH this trend was observed [4]. Increased
rates were also observed when the reaction was run at decreasing pH
with no strong acid present. These experimental results suggest that
the ionized structure of the acid mcnomer (as shown below)



TABLE § —Vamiation oF Ratz with pH

e [ 3 (K x to%) sec,~? [K/(z = a)] % yof sor~®
wvyy ® 1000 2:28 2-28
vy t 3000 1°35 . 1-55
2413 o989 394 . 190
317 0°030 30l 814
358 o0-858 209 244,
3-s8 o-858 1494 © 3203
358 o 858 1-97 - 2:29
381 o780 1°71 s 1)
397 0-711 1°33 1°84°
397 w712 109 1°83
423 0°574 0841 : oSy .
413 0574 o851 1'53
423 574 v9o2 187
423 0574 095 1407
423 0574 ©:059 107
490 w201 0327 103
496 0°301 0:345 1'72
‘5206 -_— o058 -—

Kf(1 —a) = Ky = (1:84 + 0'08) X 10~ sec.=t,

¢ Solution containcd nitric acid.

the polymerization.
t Sulphuric swid solution.

Precipitation of the pol)-mer‘ occurs during

lere, too, precipitation of polymer occurs.

$ I'rom this pHl upnards, 0.2 M scdium acctate 4+ hydrochloric acid buffer
was used. At pl 32 some polymer precipitation still occurs, but at higher
pH values the polymerization 1s fully bomogeneous.
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FIG. 1. Relative rates of polymerization vs pH adjusted by an :
addition of NaOH for MAA (1) and AA (2) at 60°C.

Curve 1: R_ min x 10° = 0.115M 5™, [MAA] = 0.92 M, [AIBN] =’
1
4

§ x 10 ° M, Curve 2: Rp min x 195 = 0.43 _le-l. [AA] = 1.2 M,

[AIBN] = § x 10-:3 M. Replotted from Fig. 1 of Ref. 23. |

K. Plochocka, J. Macromol. Sci. - Rev. Macromol. Chem,
: €20(1), 67, (1981)
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CH CH
P 3 A p 3
H20=C > H20=C

does not take part in free radical polymerization as actively as the
undissociated acid form. These results would further suggest that the
ionized acid monomer and iocnized radical are even less likely to react
with each other due to the increased electronegative repulsion. It
should also be noted that addition of HCl slowed the reaction [4]
despite lowering the pH. Addition of NaCl to the buffer also decreased
the rate. 'The chloride ion was apparently responsible for the
decreased rate when HCl or NaCl were added. An explanation for this

behavior was not suggested.

Copolymerization Studies of Hydrophobic Monomers (i.e. Styrene) with

Carboxylic Acid Moncmers

A significant amount of literature exists for emulsion copolymers
containing carboxyl groups. Basic studies of the potentiometric
titration behavior of polyacids have been performed by Mandel [34],
ILeyte and Mandel {35], amd Gregor and Frederick [36). Potentiometric
and conductometric studies of copolymer latex systems containing acid
monomers copolymerized with a more hydrophobic monomer such as styrene

have been performed by a variety of workers including Muroi [37],
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Vijayendran [38], Sakota and Okaya [39], Egusa and Makuuchi [40], Ceska
[41,42], Fordyce and Ham [43], and Gasper and Tan [44]. Most of these
titration studies were aimed at determining the distribution of the
-acid groups between the aqueous phase, particle surface, and particle
interior and the effects of these distributions on the rate of
polymerization, particle stability, and particle generation.

The most frequently studied acid monomers copolymerized with
styrene (or other hydrophobic monomers) are itaconic acid (IA), AA, and
MAA, listed in order of increasing hydrophobic nature. The partition
coefficients as reported by Matsumoto and Shimada [30], are 0.012,
0.175, and 1.94, respectively. They did not account for variation of
these values with monomer concentration. The amount of acid found
buried inside the particle core increases with the hydrophobicity of
the monomer [37,38,40,44,45]. Hydrophobic monomers diffuse into the
particle, polymerize, and become a part of the particle core more
easily than hydrophilic monomers. Hydrophilic acid monomers such as IA
must be carried to the particle surface by oligomeric radicals which
have polymerized in the agueous phase [41]. Very little IA monomer
becomes incorporated within the particle core. The concentration of IA
in the free aqueous phase is, therefore, greater than MAA when equal
amounts are charged. The incorporation of AA into the particle core is
intermediate between IA and MAA [37,38,40,44,45].

Ceska copolymerized IA, AA, and MAA with styrene in separate
reactions. Copolymerization rates were found to increase in the
presence of carboxylic monomers in the order IA < AA < MAA [17,18].

The rate increased as the hydrophcbicity of the monomer increased.
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This relationship between the reaction rate and the hydrophobicity
of the acid monomer may be cdue to the role of the acid monomer in
particle nucleation. Ceska [41] stated that particle nucleation in
these comonomer systems begins in the aquecus phase by the generation
of oligomers which agglomerate and nucleate after growing to a critical
chain length, i.e. homogeneous nucleation. These particles become
swollen with styrene monomer and stabilized by carboxyl and sulfate
moieties. The reaction rate increases as more particles are generated
ard stabilized.

The fact that the rate of reaction increased with increasing
hydrophobicity of the acid monomer implies that the more hydrophobic
acid monomers become incorporated into the particles more rapidly than
the more hydrophilic acid monomers. Particle stabilization is enhanced
by the carboxyl groups in these acid monomers. Therefore, the
incorporation of these carboxyl groups from the more hydrophobic acid
into the particles helps stabilize these particles earlier in the
reaction resulting in less flocculation and thus a larger number of
stabilized particles than when a less hydrophobic acid is used. The
polymerization rate will also increase when the more hydrophobic acid
is used due to the larger number of particles in the reaction medium.
Ceska measured the rate, but he did not report measurements for the
mmber of particles generated with each acid monomer. Therefore, the
above conclusiocn is not proven directly by Ceska's data.

Egusa [46] performed experiments similar to those of Ceska by
copolymerizing IA, AA, and MAA with styrene. Egusa, however, used
radiaticn instead of persulfate to initiate the reaction to avoid the



production of additional acid groups from persulfate species. He
cbserved an increase in copolymerization rates which agreed with that
reported by Ceska, | IA < AA < MAA. However, Equsa noticed essentially
no difference in the mumber of particles produced when different acid
monomers were used. He! postulated that particle nuclei are generated
from soap micelles when initiated with radiation instead of forming
from water-insoluble oligomers. Therefore, the hydrophobicity does not
affect the number of growing particles since the particles do not
originate in the aqueous phase. Egusa, therefore, suggested that the
increase in copolymerization rate with increasing hydrophobicity of the
acid monomer occurs because the bulk hydrophobic monomer, styrene, more
easily transfers from the dispersed phase to the polymer particles when
in the presence of a molecule which can distribute itself between the
oil (styrene) and water phases. A more hydrophobic acid monomer would,
therefore, be expected to provide a faster overall rate than a more
hydrophilic acid monomer. This is indeed observed, as noted
previously, for the copolymerization rate increases with the
hydrophobicity of the acid monomer, IA < AA < MAA. However, diffusion
of monomer to the particles is usually not the limiting step in
emulsion reactions involving styrene. Egusa's explanation is,
therefore, questiocnable.

Particle stability and nucleation with carboxylated systems has
been studied in detail by Ceska [41,42) and especially by Sakota and
Okaya [29,46,47]. It is well understood that most surfactants which
are effective stabilizers adsorb onto the surface of a particle and

form a negatively charged hydrophilic shell arcund the particle. The



53

negative charge density at the surface repels other particles as they
approach thus minimizing the chance of agglomeration. Carboxyl groups
_present at the particle surface can function in the same capacity.
Ceska [42] points out that these chemically bound carboxyl groups are
often more effective stabilizers because the negative charge is not as
free to move around the surface as it is with adsorbed surfactant
molecules. Ceska [42] demonstrated through experiments that
stabilization of small particles using carboxylated systems can
effectively be achieved with much less surfactant than is needed for
most non-carboxylated systems. Ceska (41] and Sakota ard Okaya [46]
showed in further experiments that stable systems can be achieved with
surfactant-free emulsion copolymerization systems when carboxylic
monomers are used. Particle stability increases as the concentration
of carboxyl groups at the surface increases due to the increase in
charge density. Since AA is more hydrophilic than MAA, AA creates a
more acidic particle surface than MAA, for it concentrates at the
particle surface. It is, therefore, more effective in producing the

stabilizing negative charge density at the surface of the particle.

Particle Nucleation

A large rnumber of stable particles form in acid-styrene systems
with no emulsifier present. Particle nucleation in systems which
contain little or no surfactant cannot occur in micelles since micelles
would not be present. Particle formation is, therefore, attributed to
combination and nucleation of highly carboxylated oligomers formed in

the aqueous phase [17,29,42,46,48].
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Initial studies by Sakota and Okaya [29] showed that the mumber of
particles and thus the polymerization rate was greatly dependent on the
degree of neutralization of the carboxylic acid. A maximum in both
fespects was achieved at a degree of neutralization of 0.8 (Figure 7).
Sakota and Okaya [29] explain that the hydrophilic nature of the
growing radical changes considerably with DN, because rgy, >> r., (see
Table 4). Naturally, as DN increases, the pH increases and the
concentration of dissociated acid increases while the concentration of
urdissociated acid decreases. Styrene reacts more with itself when in
the presence of dissociated acid than is the case when undissociated
acid is present. Thus the water phase radicals are comprised of more
styrene units causing the oligomeric radical to become more hydrophobic
at higher pH..' A 'relatively hydrophobic oligomeric radical is more
likely to precipitate from the aquecus phase at a shorter chain length
j than a relatively hydrophilic radical. Therefore, as the DN
increases, the value for j.. will decrease and the number of particles
will increase thus increasing the rate of reaction. However, as the IV
increases the concentration of dissociated acid (which is less reactive
than the undissociated acid) increases causing the average pfopagation
constant to decrease. A balance between these two opposing effects on
the reaction rate apparently occurs at a DN of 0.8. Subsequent
experimental studies by Sakota and Okaya were performed at this degree
of neutralization.

Sakota and Okaya [46] performed experiments to determine the
effect of surfactant concentration on the number of particles using AA

and styrene monomers. The concentration of sodium dodecyl sulfate
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(SDS) was varied from 0.0 to 63.0 mmol/L. (See Figure 7). The large
number of particles formed in the absence of SDS indicates that
particles were formed by precipitation of growing radicals generated in
‘the agueocus phase (and possibly in monomer droplets as well, though no
distinction was made between these two loci). The number of particles
increased linearly with SDS concentration up to 1.60 mmol/L
irregardless of the absence or presence of SDS micelles. The
surfactant functioned mainly by stabilizing the precipitating particles
in this SDS concentration range. When the SDS concentration was
increased from 1.6 to 6.4, the rumber of particles remained relatively
constant which indicated that micelles did not play an important role
in nucleation for SDS concentrations up to 6.4 mmol/1L. The particle
number did not continue to increase because the SDS apparently was
above the critical concentration needed to stabilize the precipitating
particles.

When the SDS concentration was increased above 6.4 mmol/L, the
rumber of particles began to increase again, and it was at this point
that micelles began to play a significant role in particle formation
despite the fact that the CMC for SDS is reported in the literature to
be 9.0 mmol/L. The relationship between the number of particles and the
SDS concentration in this high concentration region is linear when
plotted on a log plot (Figure 8). The linear relation is directionally
consistent with the Smith-Ewart theory although the slope of the curve
is somewhat different at a value of approximately 0.25 as opposed to

0.6 by the Smith-Ewart theory.
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Sakota and Okaya [46] calculated the maximum degree of
polymerization using Fitch and Tsai's equations for L and DPp... The
.approximate result was about four times larger than DPy,, values
reported for poly(methylmethacrylate) and poly(vinyl acetate) as shown
below.

AA,Styrens P(MMR) P(VA)

DPp, (calculated) 230 65 50

This result is not surprising since the oligomeric radicals in the
system containing acid monomers are much more hydrophilic.

Sakota and Okaya [46] alsc varied the initiator concentrations and
found that the number of particles increased in a linear fashion. The
rmmber of particles became independent of concentration at high levels
of potassium persulfate. This fact was attributed to the increased
probability of termination between radicals occurring in the aquecus
phase, although the additional electrolyte could also have caused
particle flocculation. _

Variation of the styrene concentration had no effect on the muber
of particles probably because the styrene was always above its
solubility limit. Therefore, the concentration of styrene in the
aqueous phase did not change significantly. It is not clear how
styrene effects particle formation when it is added to carboxylated
systems in concentrations below its solubility limit.
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IV. PROPOSED WORK

The goals of this work will be to develop a better understanding
of emulsion copolymerization of carboxylic acid monomers with more
conventional hydrophobic monomers. Studies will involve both
homopolymerization and copolymerization reactions. Topics to be
studied will include the effects of monomer concentration, pH,
temperature, monomer partition between agqueous and particle phases,
mononer/water ratio, and particle nucleation on the reaction rate.
Compositions of the oligomer and copolymer will also be determined. an
ultimate goal will be to develop a quantitative model to describe the
overall kinetics.

A unique problem associated with reaction systems involving a
carboxylic acid monomer plus a hydrophobic monomer is that the reaction
imvolves two monomers, yet three reaction species; the urdissociated
acid, the dissociated acid, and the hydrophobic monomer. Therefore,
terpolymerization composition and kinetic equations should
theoretically be used. Terpolymerization equations require many rate
constants kij (1,3 = a,hb,c) which are not known and can only be
estimated by the Q-e scheme which is not always a reliable method.
Blauer [50) indicated that the interaction constants of the active end-
group of a charged macromolecule are expected to be dependent on the
degree of ionization of the polymer radical. He states that assignment
of a single 'e' value to ionized AA or MAA and the subsequent
calculation of copolymerization parameters remains suspect.
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Sakota and Okaya [29], as discussed previously, attempted to

calculate the terpolymer composition using the terpolymer composition
_equation of Alfrey and Goldfinger [31] and the reactivity ratios

obtained from the Q-e scheme. They calculated the composition of the
three species at the initial stage of reaction. Results cbtained from
this method, however, can not predict the copolymer composition for
times beyond the very initial stages of reaction because the
equilibrium between undissociated and dissociated species contimes
even after incorporation of the monomer into a chain. Therefore,
unlike conventional terpolymerization where the composition of all
three species in an oligomer (or polymer) chain is set once the
monomers have reacted to form the chain, the acid and its anion may
interchange their identities (positions) on the chain via the dynamic
equilibrium process.

Figure 9 shows how the charge on a carboxyl branch of an oligomer
radical may shift to different constituents on the chain while the
overall concentration of undissociated amd dissociated carboxyl groups
remains constant. This same dynamic equilibrium exists for a dead
polymer chain. The average overall concentration of undissociated and
dissociated species remains relatively constant for a given set of
conditions. However, the particular location of each species on a
chain does not. Moreover, the addition of a neutralizing agent or
additional acid or base which changes the pH will result in a change in
the overall concentration of undissociated and dissociated acid
species. Therefore, the compositions predicted by the

terpolymerization equation of Alfrey and Goldfinger [31] may not apply
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since the species at a particular location on a chain may change its
identity.

The concept of terpolymerization in the aqueous phase reaction
medium is certainly valid since the reactivities of undissociated acig,
dissociated acid, and hydrophobic monomer all differ, and the relative
amounts of each species affects the overall rate of polymerization.
Experimental data by Katchalsky and Blauer [4] and Pinner [5] support
this assertion. Their data show that the overall rate decreases as the
concentration of dissociated acid increases (pH increases).

The question then arises as to how the location of the anion with
respect to the free radical affects the polymerization rate. If the
anion indeed.decreases the reactivity when the anion is located on the
reactive end of the chain, then species A, B, and C in Figure 5
probably exhibit the following relative reactivity A > B > C Using a
statistical approach and knowing the amounts of undissociated and
dissociated acid units from the pH, one could probably estimate the
number of anionic groups at positions 1, 2, 3,..., J as shown in Figure
5. One could then write equations which would include rate
constants for each type of radical species 1, 2, 3..., j based on the
position of the anion with respect to the free radical carbon. The
overall rate expression would then depend on j reacting species where j
is the mumber of possible positions along an oligomer chain to which an
anion species may be attached. This type of system is very complex and
rate constants for each species would be almost impossible to

determine.
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A more feasible approach is to look again at a copolymerization

scheme in which only r, and ry, need to be determined. r in

avg a avg

this case actually represents the reactivity of two species, the
'wxiissociated acid and its anion. These species are directly related
by a measurable parameter, ot (or pH). This fact suggests that r, avy
should be a function of pH. The problem then is to determine the
overall reactivity of the acid as a function of the relative amount of
undissociated acid and anion species (i.e. as a function of the pH).

An empirical approach to this problem is to run reactions at

various pH values and calculate correspornding Ya avg and 1}, values by
the method cutlined by Nishida [49]. The relation of r, avg to pH can

then be correlated for each monomer. Calculations for the agueous
phase reactions can then be treated as regular copolymerization
reactions since the effect of pH is included in the r, avg value as
well as the kp (acid) value. The basic copolymer equation will give
the relative amount of acid to hydrophobic monomer species. Distinction
between the undissociated and dissociated acid units in the polymer
chain can not be predicted directly from the terpolymer composition
equations since their location on the chain is not constant. However,
once a polymer chain has terminated, the properties of that polymer
should depend cnly on the average concentration of the undissociated
and anion species and not the position of the anion relative to the
chain end as was the case with the reacting oligomer radical.

Therefore, the pH alone should account for any distinction between the

overall concentration of acid and anion species and the relative

properties of the copolymer.
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Proposed Kinetic Models

A model to predict the overall copolymerization kinetics for
‘emulsion systems in which highly water-soluble acid monomer is used
must account for reaction in both water and particle phases. Previous
models for emulsion copolymerization only considered reaction in the
particle phase. The overall rate equation should have the general

form;

%tct = (%)aq + (Rpa)p + (pr)p (66)

Egs. (52) and (53) developed by Nomura may be used to predict
the rates of. .reaction in the latex particles, (Rpa)p and (pr)p' These
- equations have been shown to work well in emulsion systems in which
most of the conversion resulted from reaction inside the particles.

Egs. (52) and (53) do not account for propagation, termination,
and chain transfer in the aqueous phase. An additional expression,
(Rp)aq must be developed to account for these aqueous phase reactions.

Reaction in the agueous phase is technically a solution
terpolymerization involving undissociated acid, dissociated acid, and
the base monomer. The terpolymerization reaction scheme involves a
large number of rate constants kij' and it is more difficult to use
than the copolymer scheme. The terpolymerization scheme for these
acid/styrene systems is not useful for predicting the composition of
the polymer since two of the reacting species (the acid and anien) are

in equilibrium and do not retain their same identity on the chain at
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all times. The position of the acid monomer unit as a whole, however,
is stable so that a scheme which predicts copolymerization composition
is most applicable. Therefore, the terpolymerization scheme will not be
.used initially. A more simplified approach which accounts for the
effects of all three monomeric species, yet utilizes copolymerization
equations will be pursued. This approach is discussed below.

The basic copolymer equation based on diffusion controlled
termination may be applied if the system of three monomeric species is
reduced to two primary monomer species, carboxylic acid (a) and base
monomer (B). (This equation does not account for chain transfer in the

aquecus phase.)

Ril/2 (xalMa)2 + 2[Mp)[Mg] + rB[MB]_f)
w o L

(2ke apy) 72 {raMp)/kpn + Tp[Mpl/Kpg )

(Rp)aq = (&

gy PP
[Ma) accounts for the totalacid concentration, both undissociated and

dissociated forms. Both rp and kp, depend on the relative amount of
undissociated and dissociated species. r, may be determined
experimentally by measuring the reactivity ratios at extreme values of
pH and assuming a linear relationship in between. The accuracy of this
method can cbviously be improved by measuring reactivity ratios at more
than two pH values. An alternative method of determining rp is to use
the Q-e method to determine r values for the acid (ry,) and anion (rp-)
Iy and rp- may be estimated from the Q-e scheme, a method which is not
always reliable. It is, however, the best method currently available
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since these r values can not be found in the literature. A value of rp
can then be estimated by a simple weighted average of the values for
"Typ and rp=- based on the value of <. (rp then is the sane as Ta avg

discussed previously and rp is equivalent to 1)

Xp=(1=c) g + oStrp~ (68)

Once these reactivity ratios have been determined, kp, may be
predicted as a function of pH (a measurable variable). As noted
earlier, the apparent "homopolymerization" of a carboxylic acid monomer
is actually a copolymerization of the acid and anion species. The
copolymerization equation (37) above may be applied where now A is
replaced by HA (acid) and B is replaced by A~ (anion). The monomer
concentrations can be rewritten in terms of the total monomer

concentration at time t by:

Myl = (- %) M] : (69)
My] = A [M] (70)

Then assuming that @ = G‘and]cp,2=kp,3 as Pinner did when using the
copolymerization equation based on chemical controlled termination, the
following expression can be derived assuming diffusion controlled

termination.
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Ry acid = Ko Ri/2k) Y2 (4] | (71)

I (1-¢=()2 + 2a0(1-a) + r-esz
-where kp, = HA (A) (72)

O (1'“)/]‘9,1-12& + (zp-) /kp,A'

"Determination of kp,HA and kp p- may be obtained from
homopolymerization reactions at low and high IN.

Use of these expressions does require that three reactivity ratios
be evaluated as well as three propagation constants. However, this
approach reduces the ultimate problem to that of a copolymerization
while still accounting for the reaction of three distinct species. A
copolymerizafcion reaction scheme is much easier to handle, especially
when prediction of copolymer composition is desired.

Values of N, particle number, will be obtained from known
concentrations of seed particles or directly from experimental
measurements if no seed latex is utilized. If the particle number
changes significantly throughout the conversion period despite the
presence of seed particles (i.e. if all primary particles formed in the
aqueous phase do not flocculate onto the seed particles), then a
theoretical expression will have to be developed and included in the
overall kinetic model to predict the primary homogeneocus micleation of
particles.

The theoretical prediction of primary particle number for
homogeneous nucleation may possibly be approached by using the
relation of Ugelstad [18)] as modified by Mead [28] for copolymerization

eq. (58). Instead of assuming steady-state as Mead did for CSTR
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studies, the differential equations would be integrated mumerically to
determine particle mumber as a function of time. Other modifications to
account for particle formation at j other than j. may also be needed.

The calculational procedure for the overall kinetic model would
involve simultanecus integration of all rate expressions as a function
. of time. After each time step, new monomer concentrations would be
calculated for each phase and various parameters would be adjusted.
Calculations would proceed until the overall conversion approached

unity. Model predictions would be compared to the experimental data.
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Proposed Experimental Work

Monomer Selection

Monomers to be used in this study include acrylic acid (Aa) and
methacrylic acid (MAA). AA and MAA were chosen for several reasons:
(1) they are both well described in the literature; (ii) they have
similar chenmical structures; (iil) they exhibit similar water-phase
reaction behavior; but (iv) they exhibit a distinguishable difference
in hydrophobicity such that their incorporation into polymer particles
will differ; (v) they are not extremely dangerous with which to work:
and (vi) they have significant industrial importance. Itaconic acid
(Ia) due to its high degree of hydrophilicity may also be used in some
-studies.

Styrene is suggested for the initial bulk phase monomer for the
copolymerization studies. It has been studied extensively, and its
properties are well-understood both in solution and emulsion. It
likewise has significant industrial importance. More hydrophilic
monomers such as methyl acrylate may also be used in order'to better
understand the interactions of the acid and bulk monomers in the
aqueous phase,

Homopolymerization Reactions

Homopolymerization reactions of the acid monomer using potassium
persulfate as the initiator will be run under a wide range of reaction

conditions in order to fully characterize the effects of parameters
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such as monomer concentration, temperature, and pH or degree of
neutralization (DN). Table 6 lists the conditions for proposed
homopolymerizations of AA and MAA. Samples will be collected over time
in each reaction and analyzed for conversion. Buffers will probably be
necessary for maintaining a constant pH during these reactions.
Measurements of pK, versus temperature will also be made in order to
determine the correct amounts of neutralizing agent (NaOH) needed to
attain the desired pH in the reaction mixture at the temperature of
interest. Initial measurements in the lab suggest that pK, changes
very little with temperature.

Table 6 - Proposed Corditions for Homopolymerization Reactions of AA

and MAA
Variable Parameter and Values Set Parameters
Weight % monamer 2%, 4%, 7%, 10% Temp=85°C, IN = 0
(based on total sol.)
Temperature (°C) 70, 85, 100 W. $=7, IN=0
70, 85, 100 W. $=7, N =1
o 3 0.0, 0.25, 0.50, 0.75, 1.00 Temp.=85°C, Wt. %=7

(approx. pH) (2.4) (3.9) (4.4) (4.8) (8.0)
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Emulsion Copolymerization Reactions

Emulsion copolymerization reactions using an acid monomer (Aa,
‘MAA) and a hydrophobic monomer (styrene, MA) will be performed to
obtain the following information: reaction rates (overall and for
individual monomers), particle rnumbers, reactivity ratios, partition
coefficients, critical chain lengths, and oligomer and latex copolymer
compositions. The experimental approaches for obtaining this
information are ocutlined in the remainder of this proposal.

(1) Reaction rates - Copolymerization reactions will be run with

acid monomers (0 - 10 weight percent based on total monomer) and
styrene (and possibly methyl acrylate). Surfactant concentrations will
be below the critical micelle concentration to discourage new particle
formation. The hydrophcbic monomer will be present in concentrations
above its sclubility limit. Initial reactions will be run in the
presence of seed particles of known size and concentration. The
particle number for the final latex in several initial runs will be
measured to see whether new particles which may form in the aqueous
phase are stabilized or whether they coagulate onto the seed particles
thus keeping the total concentration of particles constant. Degree of
neutralization will be varied from 0 to 1.0 (corresponding to a pH
range of approximately 2.2 to 8.0). Samples collected every 5 to 10
minutes will be measured for conversion using gravimetric and GC
analysis. Since the pK, of the acid polymer differs somewhat from that
of the monomer, the pH of the reaction mixture may increase slightly
during the course of the reaction. If this change is very large, a
buffer will have to be added to the reaction mixture.
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(2) Particle number - Samples from (1) above may be used to

measure particle size and particle size distribution using an HDC. A
mass balance may then be used in conjunction with the average particle
‘size to calculate the particle concentration in the latex. Separate
unseeded reactions may also be employed to obtain additional data
concerning primary particle nmucleation as a function of time. Electron
microscopy may also be employed for some particle size measurements.

(3) Reactivity ratios - Monomer conversion data cbtained from (1)

may be used to determine reactivity ratios. Several curve fitting
methods are available for obtaining these values. One modification
which will be necessary for most of these methods will be to account
for the effects of the different monomer concentration in the aqueocus
and particle phases due to partitioning. This may be accomplished by
fitting r,'and r)' to the data. Values of r, and r,, which apply to
aguecus phase copolymerization may then be calculated from the fitted
ry' and ' values once partition coefficients are cbtained. Attempts
will be made to calculate reactivity ratios at various values of DN
(pH) .

(4) Partition coefficients - GC data cbtained in (1) may be used

directly to back out partition coefficients of the acid and styrene (or
MA). A second method of obtaining partition coefficients is to mix
styrene with an acid solution of a specified DN (pH) and allow the
mixture to attain equilibrium. Samples of the agqueous phase may be
analyzed for concentration of each monomer using a GC or by titration
of the acid. Partition coefficients may then be calculated for a
range of IN (pH) using mass balances.
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(5) Critical chain length (j.,) = A small amount of styrene

(below its solubility limit) will be reacted with a set amoaunt of acid
(4 = 7% based on the total weight of the reaction mixture). The
reaction will be run at an intermediate temperature (85°C) and a
turbidity measurement of the final sample will be made by a UV light
spectrophotometer to detect whether particles are present in the final
reaction mixture. The reaction will be repeated using increasing
amounts of styrene until particles precipitate from the reaction
mixture. The formation of particles should produce a marked change in
the scattering of light. (If turbidity measurements are not sensitive
enough to detect the initial formation of small primary particles, more
powerful light scattering equipment may have to be purchased and
utilized) The molecular weight and conversion of the latex and serum
will be measured from samples taken with initial styrene concentrations
just below and just above that needed for particle formation. GPC and
GC analysis will be used for measuring the molecular weight and
conversion, respectively. HDC analysis of the latex will provide
particle size (mumber) data. Using this information plus the overall
conversion of the individual monomers, the critical chain length at
which particle nucleation occurs in the aguecus phase can be estimated.
This analysis may be repeatec at different values of DN (pH). NMR
analysis of the serum (and latex) may also provide information for
determining 3o

(6) Oligomer composition - If r values can be obtained,

estimations of the oligomer composition can be made using the copolymer
composition equation. An alternative approach is to use NMR analysis.
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Comparison of NMR spectra of acid and styrene homopolymers to acid-
styrene copolymer spectra may provide enough information to back cut
the oligomer composition and possibly the monomer sequence
distribution. NMR techniques used for other copolymer systems such as
MMA-MAA may be applicable.
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V. NOMENCLATURE
moles of total acid monamer in the system
initiator efficiency
instantaneous fraction of monamer in the feed
instantanecus fraction of monamer in the copolymer
initiator concentration
dissociation constant
rate constant for radical capture
rate constant for radical capture by seed latex
initiator decomposition constant
radical desorption constant
rate canstant for initiation

'rate coefficient for capture of primary particles by latex

particles
rate constant for propagation

overall rate constant for termination

rate constant for termination by coupling

rate constant for termination by disproporticnation
rate constant for termination in the water phase

distance traveled during time needed for polymerization to
the critical chain length

concentration of moncmer i (moles/L)

total monamer concentration at time t (moles/L)
mmber of particles (particles/cm® water)
Avogadro's mumber

average mumber of radicals i/particle
reactivity ratlo
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concentration of free radicals (mole/L)
rate of initiation (moles/L °* time)
nurber of oligomer radicals with j moncmer units

total concentration of radicals

rate of polymerization (moles/L*time)
concentration of surfactant

time

volume (L)

particle volume

fraction of dissociated acid

distribution coefficient of moncmer a between the particle
and water phases

degree of ionization of the radicals

distribution coefficient of moncmer b between the
particle and water phases

cross termination coefficient

polymer density

rate of radical adsorption by particles

rate of coagulation of primary particles

rate of generation of radicals

average life of free radical in polymer particles
rate of volume increase of particles in Interval I
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monamer a (acid)

aquecus

moncmer b

critical chain length

initial time of reaction (t=0)
particle

seed

_ termination

aqueocus (water) phase
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Introduction

Aspects of work currently being conducted in the area of batch
emulsion copolymerization with carboxylic acids are described in this
report. Initial studies have involved separate polymerizations of
methacrylic acid (MAA) and acrylic acid (22) in water solutions under
various reaction conditions. Proposed kinetic models for the reaction
of these acids are discussed. Monomer partitioning data for acid (aa
or MAA)/styrene systems is presented. Thermodynamic equations for
monomer partitioning between the aquecus, particle, and droplet phases
are also presented along with values of different interaction
parameters which were fitted to experimental data for these two
comonomer systems. A proposed emulsion copolymerization kinetic model
which includes aquecus-phase polymerization is briefly discussed. Also
included are results of initial copolymerization runs in the presence
of surfactant above its critical micelle concentration. Finally,

future work to be performed on this project is discussed.

Sclution Polymerization Studies

Solution polymerizations of both MAA and AA were run under each of
the conditions listed in Table 1. We assumed that any interaction

between the parameters was negligible.



Table 1 - Conditions Used for Solution Polymerizations of Both

MAA and BAA

Concentration Acid (Wt.%) Degree of Neutralization Temperature (°C)

85
85
85
85
0.25 85
0.50 85
0.75 85
1.00 85
70
80
90
96 - 98

eNeoNeoNeNoNoNeoNoNeoNoNoNeo]
o000

\I\I\I\I\I\I\I\IB\th
® ® & & % & 8 o

[eNeNoNoR

Conversion-time curves for the natural pH (IN=0) reactions of MAA
and AA at 85°C over a range of concentration from 2.0 to 10.0 wt. & are
shown in Figures 1 and 2. A reaction model Eg. (1) which has been
shown to apply to many simple free-radical solution polymerizations was

used for preliminary examination of the experimental data.

Ry = -aydt = (k/k/?) (£ kg [INY2 M) (wole/L s) (1)

where, = propagation constant (IL/mole s)
= termination constant (IL/mole s)
kq = initiator decamposition constant (1/s)
f = initiator efficiency factor (assumed = 1.0)
[I] = concentration of initiator (mole/L)
[M] = concentration of monamer (mole/L)
t = time (s)
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Integration of Eq. (1), assuming that all parameters except [M] are

time invariant, gives Eq. (2),

In Mo/ = (/KA (kg IDY2 € = Kt (2)

Reaction samples were collected over time, and monomer conversions
were measured gravimetrically. [I] was known a priori. A value of ky
of 6.89 x 1072 (1/s) for potassium persulfate was obtained from the
literature [1]. Several workers have shown that kj increases at low pH
[2,3]. The increase, however, is attributed mainly to an increase in
the catalyzed reaction. This reaction does not contribute to the

formation of free radicals as shown below:

Uncatalyzed Reaction

B. 2SO4* +2H:20———>2HSO4 + 2 HO*
C. 2 HO* —> H,0 + 1/2 O,

Catalyzed Reaction

= + - -

Data for the decomposition of potassium persulfate at 50°C suggests

that the uncatalyzed reaction rate may tend to increase slightly at low

PH [2]. These workers did not measure reaction rates at low pH with
on +ht vacotAlnced cesctita

higher temperatures. However, the pH effect”again is expected to be

relatively small based on the reactions listed above.



Plots of In[M],/[M] versus time should be linear with a slope of K
based on the relationship given by Eq. (2). kp/ktl/ 2 can then be
cbtained from the slope. Gromov et. al. [4] report values of ki for
MAA (0.12 x 108 I/mole s) and AA (1.8 x 108 IL/mole s) as obtained from
experiments utilizing the method of altermating illumination. If these
termination rate constants are utilized, propagation constants can be
calculated directly from ky/ky'/? ratios. Values of ky/k¢/? and X,
(L/mole s) obtained from the experimental data as well as those
predicted from Gromov's data are listed in Table 2 for the range of
monomer concentrations investigated. Gromov [4] assumed that the
reaction rate given by Eq. (1) applied to both AA and MAA solution
polymerizations. The value of kp should then be independent of monomer
concentration as depicted in Table 2. He does not specifically state
the actual monomer concentrations utilized in his experiments.
However, similar work which he performed with Galperina [5] involved
reactions of AA at concentrations of 3.0 to 4.0 Wt. %. The values
based on Gromov's data as listed in Table 2 were obtained by fitting an
Arrhenius expression to Q?*G'I\E:éif‘e data (which were given for temperature
ranges of 0 to 60°C) and extrapolating to 85°C, the temperature at
which experimental data listed in Table 2 were obtained. These
experiments as well as Gromov's were performed at natural pH

(approximately 2.2).



Table 2 - ky/k? and k;, Values for MAa and AA

AA
1/2 L
Wt. % kp/kt/ ky (ames) k, (Gromov)
Replicate 1 Replicate 2 Replicate 1 Replicate 2

2.0 6.05 5.68 81160 76200 76969
4.0 11.94 10.85 160160 145560 "
7.0 18.08 15.31 : 242560 205370 "
10.0 20.61 20.57 276520 276050 n

MAA
2.0 4.37 15148 15919
4.0 5.24 18157 "
7.0 4.89 16954 "
10.0 4.34 15045 "

Values of kp are plotted as a function of initial monomer weight
percent for MAA in Figure 3. The data for MAA agree fairly well
(within experimental error) with the kp values predicted from Gromov's
data. The In[M],/[M] versus time data are shown in Figures 4a-d. The
data fall on relatively straight lines as predicted by the assumed
first order kinetic model given by (1).

kp data for AA is plotted in Figure 5. The kp values increase
substantially as the initial monomer weight percent increases. They
also differ greatly from the values predicted from Gromov's data for
initial monomer concentrations greater than 2.0 wt. %. Figures 6a-d
reveal that the In[M] /[M] versus time data deviates from straight line
behavior at the higher conversions. The simple first order kinetic

model, therefore, does not apply to the AA solution polymerization.
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Further investigation leading to a more complex proposed kinetic model
has been conducted and will be discussed later.

Propagation constants were also obtained as a function of
temperature. Application of an Arrhenius relationship, Eq. (3)
suggests that a plot of log kp versus 1/T should yield a straight line
with a slope of Ep (activation energy) and intercept of Ap (pre-
exponential factor).

kp = A, exp(-E,/RT) (3)

where, T = temperature (k)
R = gas constant
Plots of kp (log scale) versus 1/T for MAA ard A shown in Figures
7 and 8, respectively, form relatively straight lines. Values of Ap
and Ep, calculated as described above, are listed in Table 4 along with

values reported by Gromov et al. [2].

Table 4 - Arrhenius Constants for MAA and AA

Ap exp Ap Gromov Ep exp Ep Gromov
(Iymole s) (Iymole s)  (kcal/mole) (kcal/mole)

MBA 4.76 x 1022 0.67 x 10’ 13.86 4.3

AA 2.73 x 1034 0.60 x 10/ 14.91 3.1

The experimental values are much greater than those reported by
Gromov [4]. Values reported for similar monomers are also of the order

of those reported by Gromov [4]. One explanation for the large
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discrepancy may be due to a “"false compensation" effect. If reaction
rates are measured over fairly small ranges of temperature, (30°C as
used here is considered very small) use of the data in an Arrhenius
expression may produce considerable error in both E, and A, in the same
direction. A positive error in Ep results in a positive error in Ap
which thus results in false compensation. kp data over a much larger
temperature range would be necessary for determining the significance
of this effect.

The propagation constants used to obtain the Arrhenius constants
for both MAA and AA were calculated based on the first order rate
expression given by Eq. (1). Conversion data suggest that this model
is inappropriate for AA. Therefore, the kp values for AA used to
calculate the Arrhenius constants may also be inappropriate, thus
contributing to the discrepancy discussed above.

Solution polymerizations were run at various degrees of
neutralization (DN). Initial rates for MAA and AA are shown as a
function of DN in Figures 9 and 10, respectively. 1Initial rates
decreased significantly for each mornomer as the IN increased from 0 to
1.0. This behavior is explained by the lower reactivity of the anionic
form of the monomer due to electrostatic repulsion between the anions.
An additional factor which may contribute to the decrease in rate at
increased values of IN may also be related to a less ordered alignment
of the monomers due to decreased hydrogen-bonding when the monomer is
ionized, especially in the case of AA. Further discussion of this

topic follows in the next section.
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Carboxylic acids are known to associate via hydrogen bonds to form
cyclic dimers (Structure I) [6]. Other workers [7-9] bhave also shown
that "open dimers" or "oligomers" may also form from these acid species
(Structure II). Chapiro [10] presents viscosity curves for aAa in
various solvents (Figure 11). The initial increase in viscosity as the
concentration of AA is increased confirms the presence of
"plurimolecular aggregates" or "linear oligomers". These oligomeric
structures may tend to increase the "local" concentration of monomer

thus enharncing the "local" rate of reaction.

grmcn .
94&9‘ ?4-0«. Grmsy ?-G"a ?"’“‘u
W 6 T 0% w0 owet® eae0% o

L
Cyeiic  @imer Coen dimor o sligemer

w 3.8

[4-A2 [An]

If a carboxylic acid polymer is present, hydrogen bonding may also
enhance the association of mcnomer and polymer as shown in Structure
ITI. When a free radical initiates polymerization of a monomer unit
aligned along a polymer chain as in Structure III, the reaction may zip
along the chain due to the favorable alignment and high "local"
concentration of other adjacent monomer units. A large degree of
monomer association due to Structures II and III may significantly
increase the rate of reaction relative to the reactions of a

homogeneous mixture of single monomer units.
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Massif [11] has shown that 10 -~ 20% of pure AA molecules are
associated in oligomeric structures.. Chapiro [10] reports that the
most significant effect on the reaction rate occurs from association of
monomer with the polymer chains. He states that MAA forms oligomeric
structures similar to AA, but because of steric hindrance, MAA does not
associate to a significant extent with the linear polymer molecules.
This fact may explain why MAA follows the simple first-order kinetic
relationship much more closely than does AA.

AA Solution Polymerization: Mechanism and Modeling

A more complete mechanism for AA which accounts for the various

hydrogen-bonded structures is proposed below.

Namenclature for Proposed AA Reaction Model

[Atot] — concentration of total unreacted AA monamer

[Ago1]— concentration of unreacted AA in solution not associated with
polymer via hydrogen bonding

[Ag] — concentration of AA as single molecules

[A-A] - concentration of AA as dimers (Structure I)

[A,] - concentration of AA as hydrogen-bonded "oligomer" (Structure II)

[Passoc] = concentration of reacted AA monomer in the form that can
hydrogenrbord with free monomer or “oligomer*

[R*] - concentration of free radicals
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(Structure III)
PP, - polymer with reacted "oligamer™ hydrogen-borded to it

P, -~ reacted cyclic dimer
Proposed Reaction Mechanism

i Kio1
I nAsﬁj'glA-A;.—-_% A Kgim = [A-A]/[A] and Ky; = [Anl/[A-A]

OR
oy Kopig = (An)/[Agq]
I A, + R'E—ﬂp ko [Bg] [R°] =0
11T A-A + R H P, Xoqin [A-A] [R']
v oA+ R-k.*_"ii,gpassoc Koolig [Pn] [R']

v Asol * Pagsoc — PPy Kassoc [2n] [Passoc]

kppol
VI P, + RSP Kppoly (PRl [R']
Kaiss -
VII PPh m— Passoc * Pn Kaiss = [Passoc] [Ppl/[FPp] =0

A reaction model based on the proposed mechanism follows. The
total rate of reaction is equivalent to the sum of the rates of AA
monomer in the form of single molecules, dimers, hydrogen-bonded
"oligomers", and monomer aligned along the backbone of AA polymer

chains.

Rpt°t=-d[A]/dt=5£ + delm +Rpolig +Rppoly (4)
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The concentration of single monomer molecules is very small such that
Rps is considered neglible. Substitution of the appropriate

expressions into Eq. (4) then leads to Eq. (5).

Ry tot = Kp gim [A7A] [R'] + X5 01ig[An] [R7]
* Xp poly [FAp) (K] (5)

The concentration of AA monomer in solution not associated with polymer

is defined by Eq. (6).

(Agoa] =}GJ+ [A-A)/2 + [AL] = [Apoe] = [PAL) (6)

The concentration of "oligomeric" and dimeric AA monomer is given by

Egs. (7) and (8).

[An] = Kolig [Ase1] = Korig ([Beot] = [PAp]) (7)

[A-A] = 2(1-Ky13q) [Age1] = 2(1Kg13g) ([Agor] = [PAL)) (8)

Substitution of Egs. (7) and (8) in Eq. (5) gives Eg. (9).

—d[Ap]/dt = kpdianl—I%lig) ([Apot1-[PAL]) [R7]
+ Kpo11gKolig( (Aot J-[PAL [R') + Ky poyy [P2L) (R (9)

A balance arocurd [FA,] leads to Egs. (10).

d[PAL)/dt = Kageoe ([Aeot]=[PAn)) [Passoc] = Xp poly [PAn] [R'] (10)

A similar balance around [Ppgqc] leads to Eq. (11)

d[Paseacl/dt = Kp olig [An] R'] = Kageoc [Agol) [Paseoc] (1)
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Substitution of Eq. (8) into Eq. (11) leads to Eq. (11').

d[Pagsocl/8t = Xoo1 igKo1ig( (Beot =[PP,
= Kagcoc (Aot 1-[FAL]) [Pagsnc] (11")
Simultaneous solution of Egs. (9), (10), and (11') then yields values
for [Arotl, [PAL), and [Pycooc)-
The linear polymer serves as a substrate or site along which the
propagation reaction of AA may "zip" and thus functions much like a
catalyst. However, since the monomer attached to this backbone becomes

more sterically hindered after it reacts with adjacent units, it

becomes less likely to break its hydrogen bonds and detach from the
polymer. The polymer is in a sense "consumed" during the reaction
since the sites for hydrogen-bonding are probably not freed for
association with other monomer units after the initial hydrogen-bonded
monomer has reacted. It, therefore, accelerates the reaction, but it
should not be considered as a true catalyst.

Most carboxylic acid monomer molecules are associated in dimeric
or oligomeric structures [6-9]. Therefore, the amount of polymer formed
from reaction of single monomer molecules is likely to be very small.
The reaction rate of dimeric monomers is small relative to monomer
associated as oligomers or with monomer aligned along the polymer.
Also, the polymer formed from dimers is cyclic in nature such that
association with monomer wvia hydrogen-bonding similar to that of the
linear polymer chains is very unlikely. Thus, most of the polymer
formed during the AA solution polymerization most likely results from
reaction of monomer associated as "oligomers" in solution and from

reaction of monomer aligned along the backbone of polymer chains formed
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from previous reaction of "oligomeric" monomer.

Determination of various constants in the model may be extremely
difficult, and certainly additional experiments along with various
simplifications of the model would be necessary to realistically
quantify the reaction behavior. The model does, however, represent a
more complete approach to the rather complex reaction of AA in solution
than that of previous workers.

Some simulations using this model have been performed. Estimates
of some of the rate constants were based on Chapiro's [10] work.
Chapiro used initial rate and pseudo-stationary rate data to crudely
estimate that Ry olig = 1/6 Ry poly and Ry dim = 1/85 Ry poly: He
assumed that ([PA,]/[A¢, ] was approximately 0.15 (based on
measurements with bulk AA monomer [11l]). Estimates of kp olig and kp
dim for the simulations were made by writing appropriate expressions

based on these estimated relationships between the rates.

polig = 0-15/(0.85%6) Xy no10/Konig (12a)
¥y @im = 0-15/(0.85%85) Ky o)/ (2(1Kg1 §o)) (12b)

A value for the free radical concentration was estimated by Eq. (13).
[R'] = (f kg [I)/k) /2 = 2.0 x 10 8 (mole/1) (13)

Simulations were then run by initially adjusting k, oo and kp poly*
Adjustment of Kassoc had a strong influence on the value of (PA,]
calculated, but it had little effect on the calculated value for [Aii]
and thus conversion. Therefore, an arbitrary value of 100.0 was

assumed for K, ... and kp poly was then adjusted to fit a set of
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experimental data shown in Figure lla. The value of kp poly which gave
a reasonable fit was 3,500,000 (L/mole s) which is much greater than
the value obtained from calculation based on Eq. (1) or from Gromov's
data. This would be expected since reaction of monomer aligned along a
polymer backbone most likely "zips" along at relatively high rates.

Monamer Partitioning

The rate of reaction for an emulsion copolymerization with water-
soluble monomer(s) deperds on the rates of reaction in the particle and
aquecus phases. The rates of reaction in each phase depends directly
on the concentration of monomers in each reacting medium. Therefore,
it is very important to understand how each monomer is partitioned
between the aquecus phase, particles, and droplets.

Simple experiments involving mixtures of acid monomer, water, and
styrene were conducted to cdbserve the effects of monomer/water ratio
and DN on the partition of the acid between the aguecus and organic
phases. No polymer particles were present, and it was assumed that the
concentration of styrene in the agueocus phase was negligible. Results
of these experiments are revealed in Figures 12 and 13. Increasing the
monomer/water ratio resulted in a significant increase in the fraction
of MAA in the organic phase, but it produced almost no effect on the
fraction of AA distributed between the two phases. The different
partition behavior between the two monomers may be related to
differences in hydrophobicity. MAA is more hydrophobic than AA. If

the amount of acid is increased relative to the amount of water
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present, the MAA is more likely to associate with the organic phase
than the AA due to its more hydrophobic nature, or conversely, the
water is more likely to solvate the more hydrophilic AA monomer units
than the less hydrophilic MAA monomer units.

Figure 13 reveals that the partition of MAA between the two phases
is more sensitive to IN than is AA. The fraction of MAA in the organic
phase decreases significantly with increasing DN. AA shows only a
moderate decrease. The decrease in partition of acid monomer into
the particles with increasing IN is due to the electrostatic repulsion
between the anionic surfactant molecules (which are aligned along the
surface of the particles) and the increased amount of monomer in the
dissociated (anionic) form.

Thermodynamic forces control the interactions which exist between
monomers with water, particles, droplets, and other monomers. A
more involved experimental and theoretical approach is necessary for
quantifying these interactions. A description of the approach taken
for determining the interactions for AA/styrene and MAA/styrene systems
is described in detail in the following section.

Much attention has been given in the literature to the
thermodynamic forces which control the partition of monomer(s) between
particle, droplet, and aquecus phases in emulsion systems. Morton et.
al.[13] showed that the driving force for absorption of monomer by
particles (or droplets) is governed by differences in their partial
molar free energies. The free energy can be divided into two

contributions, free energy of mixing (dGpj,) and interfacial free

energy (4G inter) .
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aG = dGpiy *+ GGt (14)

Flory and Huggins [14] presented a lattice theory for prediction of
partial molar free energy of mixing component i in phase g for polymer
solutions. An interfacial free energy term is added when the phases
are finely subdivided as usually occurs in emulsion polymerization
systems. Ugelstad [15] proposed that the Flory-Huggins approach may be
applied provided the interaction parameters ( Xij) and the ratio of
equivalent segments (mij) are obtained experimentally. Equations for
the partial molar free energy for all three phases are presented below.

[16,17].
(1) monamer droplets

(BG/RT) 1 q= 1n By g + (1-Mmy5)8, g + X108 o4& + 4 ¥ gV /DaRT) (15)

(AGRT) , q= 1n B, gq+(1-1/m,5)B) q + Xyp(L/myp)f) g° + 48qV,/ (DgRT) (16)

where, 75iq = volume fraction of camponent i in phase g
miy = ratio of equivalent molecular segments between 1
and j often expressed by the ratio of molar
volumes (Vi/Vj)
Xij = interaction parameter between camponents i and j.
D = diameter
¥ = interfacial tension

d = droplet phase ; ag = aqueous phase ; p = particle phase
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1 = acid 2 = styrene P = copolymer

(ii) monamer-polymer particles

(G/RT)y p= 1oy + (1-myp)p g (I-myp)Ey o + Xy08; 2 + Xy Fp P

+ (Xt pmoXp o)ty oo p + 4 BpV1/ (BRT) (17

(8G/RT), o= 1n @, o + (1-1/mp)8y o +(1-mpp)Bp o + 4 ¥V, (DRT)

+1/m 5 |:Xl2¢l,]5’2-’_11112){2 IPéPI P2+ (X2t 2% ’p-Xllp) ﬁllpﬂp'p] (18)
(iii) aquecus phase

- 2
(AG/M)l,aq‘ In ¢’1,aq + (1'm12)é2,aq + (l‘mlw)¢w,aq + X12‘3'2,aq

2
+ Xy Buag t ¢2,aq¢w,aq(xlz + Xy = X, w12) (19)

If styrene is used as monomer 2, then due to its low solubility
(0.5g/L), one may consider ¢2, ag (0.0005) to be negligible relative

to the cother terms in the equation, thus (19) reduces to (19')

(AG/RT)) o= 1n ¢’1,aq + (1'm1w)éw,aq + Xl,www,aq2 (15")

Guillot [18] states that a simplified form of the free energy Eg. (20)
in the agueous phase may be written for monomers with low solubility.

(%/‘I{[‘)Zlaq‘== ln ¢2,aq (20)
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However, it is not clear how Guillot obtains this simplification.
Therefore, the full form of the free energy equation (20') for styrene
in the aquecus phase is used in this work

(8G/RT) 5 aq™ lr¢2’aq + (l'l/mlz)él,aq + (l—mz,w)¢w,aq + X12¢1’aq2

2
X5 whu,aq + P1,adfe,ag(®12 * B12Xo,w ~ X,w) (20")

A series of material balances may be written for this two monomer

system.

(i) phases

¢l,p + pz’p + ¢P,p =1 polymer particles (21)

$1,aq* 92,aq + Pw,aq =1 aquecus phase (23)

(ii) components

AV; (1-X)) =Py Vit qVqrB1 aq Vag acid (24)

BoVo (1-X) =P, Vit Va2, aqVaq styrene (25)

onpAX:L‘*BovaXz'*V .o'p copolymer (26)

WV, = ¢w, aqVag water (27)
MO)f5

where, A,, By, and W, are initial massee of acid, styrene, and water,

respectively. X, and X, are mass conversions of acid and styrene,

respectively. LQ) = molas volvme of componeat d')
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Equilibrium Between Moncmer-polymer Particles and the Aqueous Phase

The free energies of all existing phases at equilibrium are

equivalent.

(AG/RII)]_IP - (AG/RII)]_'aq = 0 (28)
Eq. (17) - Eq. (19) = O (281)
(&G/RI‘)le - (AG/RI')Z,aq =0 (29)
Eq. (18) - Egq. (20') = 0O (29")

Equations (28') and (29') contain a large number of unknown
parameters, namely, My, My, My, pr 2,ps X12/ Xl,p' X2,p' and Xl,w‘
Before presenting a method of abtaining these parameters, equilibrium
between the aqueocus phase and monomer droplets is addressed. The
appropriate equations for equilibrium between monomer present in

these two phases are as follows.

(5G/RT); aq = @G/RT)y,q = O (30)

Eq. (19) - Eg. (15) =0 (30")
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(q;/m')z’aq = (AG/RI')Z,d = 0 (31)
Eq. (20') - Bq. (16) = O (31')

Additional unknown parameters are ¥4 and Dy. Experimental
determination of most of these parameters is necessary as noted by
Ugelstad [15]. Because of the large number of unknown parameters,
simplifications in these equations, and thus simplification of the
experiments needed to obtain these parameters was pursued.

A first step is modification of Eq. (28') to produce Eqg. (28')
for the limiting case 1:hat¢2”p = 0 (i.e. only acid monomer is added to
a mixture of polymer particles).

1n ¢1,p + (1~ mllp)fép,p + Xl,p¢P,p2 + 4 Bpﬁl/(DpKl‘)
S LI fyagt (1= mhy o+ Xy uhyag 1 = O (28'")

The unknown parameters are then Xl,p' My Xl,w' and ml,p' Since
the ratio of molecular segmernts for a monomer and polymer is usually
very small, a common assumption is that o p (and mz,p) = 0. The ratio
of molar volumes for the acid and water can be used as a reascnable
estimate of m; . The remaining two parameters are then X; ,, and Xy .
and these were fitted to experimental data using Eq. (28').

Experimental data were generated by adding various amounts of acid
to a mixture of seed particles, mixing for at least 30 minutes,
separating the aqueous ard particle phases (filtration), and subseguent

measurement of the acid remaining in the agqueous phase (titration).
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This was repeated for various monomer/seed ratios for both MAA and AA
monomers. The partition of acid monomer between the aqueous and
particle phases determ:med from these experiments is shown in Figures
14 and 15 for AA and MAA, respectively.

The two-monomer interaction parameter, X,,, was obtained by
repeating the above experiments with the adddition of various amounts
of styrene for each quantity of acid added, then fitting the data with
Egq. (28'). The ratio of molar volumes of the two monomers were used to
estimate m,,. Care was taken not to add styrene in sufficient amount
so as to form droplets since Eq. (14') does not apply if droplets are
present. Data from Jansson [19] provided estimates of the maximum
amounts of monomer which could be added so as to swell the particles
without forming droplets. It was also assumed that all of the styrene
added was present in the particles since its solubility in water is
very low (O.Sg/L)i.IZJ Values for the fitted parameters cbtained from the
experimental data are listed in Table 5.

The fitted parameters can then be substituted into Egs. (21) ~
(31). Solution of this system of 11 independent equations gives the

partition of the monomer (for the case of Interval II) between the
three phases via the following 11 dependent variables: ﬁl,p' ¢2,p' éP,P’

1,ar 2,ar P1,aq’ B2,aq Pw,aqr Vpr Var @04 Vaq-

The number of equations is reduced to 8 for the case of Interval
III in which case no droplets are present. The following 8 dependent
variables may then be calculated for this case: ¢l,p’ ¢2,p' bP,p’

81,aqr #2,aqr Pu,aqr Vpr @04 Vagr
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There are four independent variables which depend directly on the
recipe, namely A,, B, W, and Vg3 -

A check of the fitted parameters was made by substituting the
values into the series of 8 equations with 8 unknowns, solving for the
unknown values, and comparing these values to the experimentally

measured ones. The entire series of 11 equations with 11 unknowns does

Table 5 - Fitted Parameters Obtained from Moncmer Partition Experiments

AA MAA
X, 2.287 2.911
X P 6.720 8.176
1,w L) L)
X2 0.507 0.538

Values of other parameters used:

m 3.816 4.705
my % 0.597 0.735
X2,w 17.5 17.5

0.5
gg 5.0¢1073 N/m

* Equal to the ratio of the molar volumes of each component

not apply since the partition experiments were designed to avoid
droplet formation. Typical results are shown below in Table 6 for MAA
and AA in which the experimental value, dencted by EXP, is compared to
the calculated value, denoted by X, based on the fitted parameters. A
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check on additional experimental data was made, and similar agreement
between the experimental and calculated values was obtained. (The
value for Xz,w was not obtained directly from the experimental data.
It was estimated then adjusted to give the best fit of EXP and X. The
value of 17.5 gave the best fit independent of whether MAA or AA data

were used.)

Table 6 — Comparison of Experimental and Calculated Monomer Partition

Data
MAA (5.0 ml) A7 (5.0 ml)
Styrene (1.0 ml) Styrene (1.0 ml)
EXP X EXP X

@,p=  0.1611 0.1474 0.1348 0.1237
@, p=  0.1013 0.1030 0.1045 0.1058
oﬁlz,'p = 0.7376 0.7496 0.7607 0.7705
@ 'aq = 0.0385 0.0402 0.0418 0.0431
@ylaq = 0-0005 0.0000031 0.0005 0.0000031
Bylaq = 0.9610 0.9598 0.9577 0.9569
V() = 9.868 9.708 9.568 9.445
ngM‘- 88.535 88.694 88.835 88.957

The close match to the calculated and experimental values suggests
that the fitted interaction parameters are reasonable. The only value
which appears to show significant disagreement is ¢2,aq‘ This value is
the volume fraction of styrene in the agqueous phase and was the only
parameter not determined experimentally. The value reported was

obtained from literature [12].
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Emilsion Copolymerization Model

Aquecus~Phase Free Radical Concentration in Emulsion Copolymerization
Systenms

Emulsion copolymerization with at least one monomer which has a
high degree of water-solubility probably involves a significant amount
of polymerization in the aqueocus phase. A kinetic model for emulsion
copolymerization of these types of systems requires that the
concentration of free radicals in the aquecus phase be known. A useful
expression for obtaining the aqueocus phase free-radical concentration
can be derived by the following method.

Reactions affecting all water phase radical species are listed in
Table 7. Corresponding rate expressions are also listed. An
expression for the rate of change of initiator free radical species can
be written as follows:
d(I*]/dt= rate of formation - rate of monomer - rate o ination

(decamposition of I,) initiation w/ I* radicals

b
- rate of termination - rate of capture + rate of-desorption
w/ oligomer radicals by particles fzpm/ particles

- rate of by - rate of eapture (32)
mrxy;;soépizts by wmicelles

Due to the high concentration of monomer relative to the

concentration of initiator radicals, it is unlikely that termination
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Table 7 = Reactions Affecting Water Phase Radical Species

decamposition

monamer initiation

deactivation

termination

. propagation

(J=1 tO jcr—l)

. capture of ini-

iator ard oli-

. gamer radicals

by particles

desorption of

radicals from

. particles

I, M, o

krp

k
B
I* + B, 5 Ryg*

I* + impurities ->inactive

products

k'l:wII
I* + I* 51T,

Kiwa

I* + Ryp* = I-Ryp

KiwIB
I* + Ryg* ——5I-Rjp

Ript + B PR Ry 1

Ryp* + Bw@ Rj+1p%

%

Ryp* + Aw-—-EARjﬂA*

%

BB
Rip* * By—> Rj41p#
I

I* + P —> Pr*

Keia

Ripx + P——Pps

iB
RjB* + Pkij_q PB*

T
Prx ——3T* + P

Kgesa

Ry = 2fky[1,]
RigKqplBly[1*]

=2 (1-£)kg[T,]
Reurr = Xyrr [T#1°

Reerm=([Rya*Kiy1a +
+ [RjB*]kthB) [I*]
= R [Reot) [T*]

Roan=pan (Rja* [Aly
Roaroan(Rin*1 (Bly
Ropa=kopa [Ryp*] (A,
Ropp~kpep(Ryp*1 [Bly,
Rey=kerpl )
Rea=kejalp[Ryp*]
Rep*cieplRjp*]
RaesT=*gest (Mp T/Na)

- LJC.’»

Ries (N TVNp)

where

KgeeN= (KgeaaMa R aespe) Np
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Table 7 (comtinued)

Kdes

B

o Kiwna -
8a. termination w/ Ria* + Ryp* 0449 Reern™Kew[Ri*1[Reot*)

oligomer radi- _ 5
cals where ki =1/ (1+L) (Kt hyKeuabt Ly Kowpp)
KwaB
Kewps
8c. Ri.B* + RjB* ey Oi+j
s Kepr
9a. capture of initi- I* + D —Ppr* Ropr=™ KeptNplI*]

ator and oligamer
Kema
9b. by moncmer drops Rjp* + D —Ppp* Repa™Kepalp[Rya*)

KepB
9c. Rjg* + D — Ppp* Repg=kcppp[RjB*]

T
10a. capture of initi- I* + Mcki“i, Bur* R =Ko NMc [ T*]
ator axd ologomer

10b. radicals by Rip* + Mck_MfA; Ba* RucaTmeaMvc(Rya*]

micelles

Kuen
10c. Ryp* + Mo —»Fp*  Rpyepiuc[Rip*]

* Chain Transfer reactions in the aquecus phase may also be included.
However, they do not change the total number of radicals, [Ri,¢]; in
the aqueous phase. They only change the identity of the radical
species from A* to B* or vice versa. Since only [Re ot is needed in
the model, chain transfer reactions are not included in Table 7.
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between two initiator radicals will occur. The initiator free radical
is very reactive and has a short life~time. Therefore, the third and
last four terms may be neglected. The resulting expression is given by

Eq. (33).

d[I*])/dt = 2 fkg(I5] = [kpalAly + kpp(Blyl [I*] = Kiyr [Reoe] [T*] (33)

A balance on the moncmer radicals (j=1) is given by Eq. (34).

d[R*]/dt= rate of initiation - rate of formation - rate of termination

of monamer molecules of j=2 mers w/ initiator radicals
- rate of termination - rate of capture - rate of by
w/ oligomer radicals by particles mo , micelles
+ rate of desorption (34)

from particles

Capture by monomer droplets is usually negligible, and if the
surfactant level is kept below its critical micelle concentration,
micelles will not be present in the system. Applying the assumption
that the identity of a radical A* or B* is indeperdent of chain length

gives,

and Rigp = L, Ry/(1 + L,). (35b)

The rate expression can then be written by Eq. (36).

d[Ry*1/dt=(kpa[Aly, + kyp[Bly) [T*] = Ry*/ (1+L) [ (KpantlXopa) [Aly
+ (paptTXoms) (Bly] = Keyr[Ry*1IT*] = Ky [Ry*] [Reot*]
Fea [R*INp + kges (N T /1) )
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where Xt = [Rya*lkeyra + [Rip*1Keyrn )
[Rjp*] + [Ryp*]
RtOt—;F\ Rj— :5'\ RjA RjB
Ry = V(1 + L)% (Rpapa + L¥oas *+ Ly keup)
Ko1 = KoqalRip*] + KogplRyg)
[Rip*] + [Ryp*]

and L, is a term introduced by Nomura which assumes that the
probability of a radical ending with an A* or B* unit is independent of
chain length, and that the change in the proportion of the radicals is
small over the course of the reaction period. Then L, can be defined

by

L, = [Rjp*]/[Rja*] = koap[Bly/ (Kopa(Aly,)

Next, a balance is written on the j mer radicals with j > 1.

d[R.j*] /dt = rate of formation - rate of formation - rate of termination
of j mer of j+1 mer w/ initiator radicals

-
- rate of termination - rate of capture - rate of capture
w/ oligamer radicals by particles by dyp(, micelles

-
+ rate of rption (37)
from icles

Again, capture by droplets and micelles can be neglected relative to
capture by seed particles. Desorption from latex particles is also
unlikely if j is much larger than ane. The resulting rate expression
is given by Eq.(38). (Note that Eg.(35) has been extended to include

radicals of length j.)
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d[R*1/8t = [Ry*1/ (ML) [hoantlykoml Bly + (aptlykoss) (Bly)
- [Rj+1*] (L) [keantTikopa) [Aly + (koaptLykopp) [B1,]

= Rigur[Ry*1(T*] = g [Ry*] [Rege*] = ke [Ry*IN, (38)

where, Kej = kojalRia*] + KojplRip*]
[Rip*] + [Rjp¥]
(Rs*] = [Ria*) + [Ryp)

The steady state assumption must be applied in order to solve the

Jor System of equations. The derivatives are all set to zero and the
Jor equations are summed yielding Eg. (39).

e

26k3(Tp] = 2Ryr[Reot*] [T#] = Ky £ Ry*1 (Reor] = Np 2 kg [Ry*]
+ Kges (N VNp)
= [Ryor—*1/ (141 [ (kppa + Lkppa) [Aly + (kpap + Likppp) [Bly] = 0 (39)

One may then define k,, an average radical capture constant, as was

done by Ugelstad,

- dera

ke = 3 Koy (Rj*1/Reor

and rewrite the expression for the average termination constant,

3:.(-'

kw2, [Rj*] [Reot*] = Rsy[Reot*]?

A more simplified equation then follows:
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26k4(T] = gy IREE*IIT*) = Ky [Reet*1? = Kfp[Reoe*] + Kes (N T/Np)
..[ . @(l'l'lw) [(kpAA + kapBA) [A), + (kpAB‘*-I‘wkpBB) [Bl,1 =0 (40)

This equation is of the same form as that derived by Ugelstad for
homopolymerization. Several additional assumptions can be made to

simplify this expression.

1. Since seeds are present, flocculation of oligomers onto seed
particles should be great enocugh that few oligomer species can reach
the critical chain length needed for homogeneous nucleation of
particles. Therefore, [chr_l*] should be very small (especially
compared to [Rp,*]), and the last term can be neglected.

2. Since the initiator is so reactive, and the concentration of monomer
in the aqueous phase is high (due to the high water-solubility of the
acid monomers used in this study), [I*] should be small, and the second

term can be neglected.

These simplifications lead to Eq. (41).

26Kg[T5) - Ky[Reot*1? ~ Kdp[Reot*) + KaesMp T M) = 0 (42)

Application of the quadratic formula leads to a direct solution for

[Reot*].

Reot*] = (k)2 + Ky (Kgos (N, B/Ny) + 26Kg(T)) = KL (42)

2 i
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Extension to Rate Expression for Diffusion-Controlled Aqueous-Phase
Copolymerization

The rationale used in the previous derivation of [Ry,*] can be
used in deriving an expression for diffusion-controlled agqueous phase
copolymerization in an emulsion system. The rate expression is given

by Eqg. (43).

Roag = = (d[A] + d[B])/dt = kna[A*],[A]y + Kag[A*],[Bly,
kpp[B*1y[Bly + kKpa[B*1y[Aly, (43)

A steady-state concentration is assumed for each type of radical.

kﬁb‘[B*]w[A]w = kAB[A*]w[B]w (44)

Steady-state is also assumed for the total concentration of radicals

which normally leads to an exgression of the form

Rinitiation = Rtermination (45)

However, as shown in the previcus discussion involving an emulsion
system, radical capture by latex particles and radical desorption from
latex particles are important. Therefore, EgJ. (45) must be modified:

Rinitiation = Rtermination * Reapture ~ Rdesorption (457)

which leads to Eqg. (46).
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R; = 2kpap([A*], + [B='ir]w)2 + ib([A*]w + [B*JIN — Kges (N WN,)  (46)

Rearranging and solving for the free radical concentration gives

(A%l + [B¥ly = [Regp*ly = [ (Kp) 244 (2Keap(RiHaes ( 1VN))) = kb,

4 kiap
(46")
where 2Kp,p = Kiy used in Eq. (42).
Solving for [B'],, from equation Eq. (44),
[B*], = Kap [A*]y[Bl,/ (Kga[Aly) (47)
and plugging into Eq. (46') and rearranging gives
]y = | EN)2 + Bkpp(Rithges N, V) = KN, (48)

4keap (1 + Kpp(Bly/ (kpa[Aly)

Combining Eq. (47) and Egq. (48) and substituting into Eg. (43)
leads to Eg. (49). First, however, define Z =[A*]  given by Eq. (48).

Then,

RoagKaalAl2 + KaplBLZ + kpp[Bly(Kap/kpa) [Bly/ [ALZ + Kap[Bl,Z (49)
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ILet ry = kAA/kAB' and rg = kpp/kga, then

Roag = (Kan[Aly + 2kap[Bly, + kpprp(Bl2/[A1,) 2 (49")

Substitution for Z and appropriate rearrangement leads to Eq. (49").

Ry ag = (VN2 + Bkeap(RiHkges (N 1/Ny)) = Kity)
4k ap(TalAl/kan + Tp[Bly/Kpp )

X (ra[Al,2+ 2[A] (B]y+ rp(Bl,2) (49")

The overall emulsion copolymerization model then takes the form:

Rotot =Foap * Fomp *Fpag (50)

where the equations for rates of reaction in the particles are given by

Namra.

Ry ap = —AIAl/EE = [kaa(1/(143) + kg (B/(14R))] [Alp(N, B/)  (51)

Ry pp = ~A[Blp/dt = [kpp(8/ (1)) + keap(1/(142))] [BloMN, /)  (52)

and A = fig/fy = (kep/Mopp) (Tp/Ta) ([Bl/[A]})
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Initial Emulsion Copolymerization Reactions with MAA/Styrene and

Apn/Styrene

Initial emulsion copolymerization reactions with Aa/styrene and
MAA/styrene have been run under seeded conditions and with the
concentration of surfactant above the critical micelle concentration.

(See Table 8 for the recipes used.) Conversion transients for

Table 8 - Recipes for Initial Emilsion Copolymerization Runs

STAA3 STYMAAL

(grams) (grams)
Acid 40 40
Styrene 160 160
Water 606 617
Initiator 1.35 1.35
Seed — RAP 139* 143 133

(29% polymer, 7% SDS)

* The surfactant (SDS) used in the nns was that already present in the
seed latex.

overall and individual monomer cornversions are shown for AA/styrene and
MAA/styrene in Figures 16 and 17, respectively. Since the surfactant
concentration exceeded the critical micelle concentration, new particle
generation probably occurred. The AA, reacted less rapidly than
styrene despite the fact that it has a much higher propagation
constant. Styrene's faster reaction rate is attributed to its high
concentration inside the particles. The MAA, however, reacted faster

than styrene even though its propagation constant is less than that of
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Figure 16 - Conversion Data for AA/Styrene Seeded
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AA., MAA partitions more into the particles than does AA such that its
concentration in the particles, like that of styrene, is relatively
high compared to AA. These results amplify the importance of
understanding how the individual monomers partition between the various
phases before attempting to predict reaction rates.

Future Work

Future work will include a series of seeded copolymerization
reactions with surfactant concentrations below the critical micelle
concentration. Individual monomer conversions, partition of monomers,
particle sizes, and molecular weights will be measured for samples
collected over the conversion period. Additional investigations
utilizing nuclear magnetic resonance and spectrophotometry will be
conducted to better understard the molecular structure of the copolymer
and hopefully determine the critical chain length needed for primary
particle formation. Emulsion copolymerization reactions will also be
conducted at various DN to better understand the role of the anionic
form of the acid monomer in the acid/styrene reactions. Efforts at
modeling these reactions will also be continued. Further work
involving the solution polymerization of AA may also be necessary in
order to determine an adequate expression to use in the emulsion
copolymerization model which accounts for the propagation reaction of

this monomer with itself.
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Introduction

Progress on the PhD thesis research entitled *Batch Emulsion Copolymeriza-
tion with Carboxylic Acids” is presented in the following report for the period
11/87 through 3/88. Topics discussed in the report include kinetic data for seeded,
batch emulsion copolymerizations of acrylic acid (AA)/styrene and methacrylic acid
(MAA)/styrene systems. Data is presented in the form of mass of monomer i re-
acted versus time and conversion of monomer (individual and overall) versus time.
The validity of the data is checked by comparing overall conversion/time curves
obtained from gravimetric analysis and gas chromatography. Copolymer composi-
tions obtained from the experimental data are shown as a function of overall conver-
sion. The reaction rates of a MAA /styrene copolymerization in which ’cleaned’ and
’uncleaned’ monomers were utilized are presented. The same recipe and reaction

conditions were used in each run.

This report also includes a brief discussion of reactivity ratios for the MAA/
styrene and AA/styrene systems. Initial results for particle size measurements are
also presented. Partition data presented in the previous progress report (period
6/87 through 11/87) for acid monomer which was neutralized between 0 and 100%
with NaOH is reexamined in order to determine whether the acid monomer in
both the organic and the acid phases is neutralized to the same extent. Finally, a
possible approach for modelling emulsion copolymerization reactions at a degree of

neutralization (DN)> 0 is discussed.



Kinetic Data

The standard recipe for each of the seeded emulsion copolymerization reactions

is given below:

K505 5.0 mMoles/L,
Sodium Dodecy! Sulfate (SDS) | 4.0 mMoles/L,,

(CMC = 9.0 mMoles/L,)
Seed (particle diameter ~ 27 nm) ~ 30 grams of solid polymer

(~ 3.05 x 10'® particles/L,,)

Monomer 200 grams total
(Acid /Styrene Ratios) (20/180, 40/160, 70/130)
DI Water Balance to give 1000 grams total

All reactions were run at 85°C in a nitrogen purged, agitated, 1.0 L glass vessel.

The stirrer consisted of a 2-bladed paddle agitator operated at about 600 RPM.

The following procedure was used in each run. Carboxylated, styrene seed latex
was mixed for 24 to 48 hours with an anionic/cationic ion exchange resin (Bio-
Rex MSZ 501) in order to remove excess surfactant. The amount of surfactant
removed from the seed was determined gravimetrically. De-ionized water, 'cleaned’
seed, and SDS (an amount which combined with the SDS remaining on the seed
gave a concentration of 4.0 mMoles/L,,) was added to the reactor. Nitrogen was
bubbled into the reactor and heating via internal stainless steel heating coils was
begun. When the reactor temperature reached approximately 85°C, styrene was
slowly.a.dded through a dropping funnel. The acid monomer was then added in
the same marner.’ Fast addition of either monomer would tend to "shock” the seed

resulting in coagulation. The nitrogen purge line was pulled to the level of the



solution after the monomer addition to prevent polymer from coagulating at the
interface of the nitrogen bubbles. The system was allowed to equilibrate for 1 to 2
minutes, and a sample was taken to make sure that thermal polyme;ization had not
occurred. The relatively short equilibration time was utilized in order to minimize
the risk of thermal polymerization occurring before addition of the initiator. 20 to
25 mL samples were extracted with a syringe every 0.5 to 2.0 minutes for about 10
to 16 minutes. The samples were immediately injected into a chilled hydroquinone
solution and immersed in an ice bath to quench the reaction. The reaction mixture
was post-reacted for about 30 minutes after the last sample was taken. The overall
conversion was measured by drying about 5 grams of each sample overnight in an

oven and performing a mass balance on the dried solids.

Individual monomer conversions were obtained by gas chromatography (GC)
using a Varian 3300. 5.0 mL portions of the reaction samples were diluted with
a mixture of SDS solution, ’uncleaned’ seed, and an internal standard solution.
The SDS solution and seed were added to help disperse the styrene homogeneously
throughout the GC samples. Styrene is essentially insoluble (0.5 g/L) in water.
The internal standards consisted of amyl alcohol for the MAA /styrene system and
ethylene glycol for the AA/styrene system. Two to four injections per sample
were made. The average area ratio of area monomer/area internal standard were
obtained for different known monomer concentrations and used to form a calibration
curve. This calibration curve was then used to determine monomer concentrations

in each of the reaction samples.

Figures 1, 2, 3, 4, 5, and 6 reveal the mass reaction rates of MAA /styrene and
AA /styrene copolymerizations at acid monomer weight ratios of 20/180, 40/160,
and 70/130. The bold, horizontal lines on each graph represent, from bottom to



top, the amount of acid monomer, styrene monomer, and total monomer fed to the
reactor. The same data is plotted in Figures 7, 8, 9, 10, 11, and 12 in the form of

individual and overall monomer conversion versus time.

The seeded reactions required only 10 to 20 minutes to reach high conversion.
Unseeded homopolymerization reactions of styrene often require several hours to
reach high conversion. The use of the seed causes the reaction to occur much more
quickly. These reaction rates with the acids are slightly faster than the reaction rate
of a seeded styrene homopolymerization as shown by experimental data in Figure
13 and by simulation in Figure 14. (The simulation calculations used constants
which reflected the actual operating conditions used in the reaction. A value for
the propagation constant of styrene at 85°, kp=900 L/mole s, was obtained from
the literature. The number of particles, N,=3.05E18, was based on the amount
of seed used. The amount of swelling of the particles (volume of monomer in
particles/volume of polymer in particles ~1.5) was based on work with styrene
polymerizations performed by Jansson [3]. The average number of radicals per
particle was varied from 0.1 to 0.3. A value of #=0.25 gives a good fit to the
experimental data.) The slight increase in rate when acid monomer is present is
expected due to the higher propagation constants of these acids (16,000 L/mole s,
MAA; 100,000 - 250,000 L/mole s, AA) relative to styrene (900 L/mole s).

MAA reacts more quickly than does AA despite the fact that its propagation
constant is less than that of AA. The reason for its faster rate is attributed to the fact
that it is more hydrophobic than AA so that it distributes to a greater extent inside
the particles where the monomer concentrations are higher than in the aqueous
phase. MAA reac%xes high conversion at about the same time as styrene. However,

for the same ratios of acid/styrene, the AA conversion significantly lags that of
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Figure 1: Mass reaction rates for emulsion copolymerization of MAA /styrene in a

weight ratio of 207180.
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Figure 2: Mass reaction rates for emulsion copolymerization of MAA /styrene in a

weight ratio of 40/ 160.
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Figure 3: Mass reaction rates for emulsion copolymerization of MAA /styrene in a

weight ratio of 70/130.
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Figure- 4: Mass reaction rates for emulsion copolymerization of AA/styrene in a

weight ratio of 20/180.
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Figure 5: Mass rqactlon rates for emulsion copolymerization of AA/styrene in a
weight ratio of 40/160
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Figure 6: Mass ijeaction rates for emulsion copolymerization of AA/styrene in a

weight ratio of 70/130.
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Figure 7: Cox}yergion/time curves for emulsion copolymerization of MAA /styrene

in a weight ratio of 20/180.
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Figure 8: Conversion/time curves for emulsion copolymerization of MA A /styrene in
a weight ratio of 40/ 160.
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Figure 9: Conversion/time curves for emulsion copolymerization of MAA /styrene

in a weight ratio of 70/130.
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Figure 10: Conversion/time curves for emulsion copolymerization of AA /styrene in

a weight ratio of 20/180.
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Figure 11: Conversion/time curves for emulsjon copolymerization of AA /styrene in
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Figure 12: Convegsion /time curves for emulsion copolymerization of AA /styrene in

a weight ratio of 70/130.
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styrene. A substantial portion of AA does not react until after most of the styrene
monomer has been depleted. These differences in the AA and MAA reaction rates
produce significant differences in the acid/styrene copolymer conipositions which

will be discussed later.

The conversion-time curves for AA in the three AA/styrene reactions reveal a
rather unusual feature. The conversion appears to jump to about 12 to 17% over
the first minute. It then tends to level out for about another minute before climbing
at a more consistent rate. Some additional data obtained from unseeded reactions

run at lower temperatures reveals this same trend.

One explanation for this behavior may be that an equilibration process between
acid inside the particles and acid in the aqueous phase may be occurring. The
reaction rate initially may be so high in the particles that it exceeds the rate at
which acid from the aqueous phase diffuses into the particles to resupply the main
reaction site. MAA, which diffuses more easily into the particles than AA, does
not exhibit this behavior. Very simple mass transfer calculations, however, reveal
that diffusion into such small particles is normally very fast. Therefore, unless the
diffusion coefficients for AA into the particles are greatly reduced due to the solid
polymer comprising the particles, or additional resistances due to surfactant and/or
polymer at the particle interface impede the ability of the AA monomer to enter
the particle, this reasoning may not be valid.

A better explanation may be that the initial reaction occurs in the aqueous
phase since partition experiments suggest that about 90% of the AA is present in
this phase at the start of the reaction. Very little styrene reacts over the first minute,
but about 15-to 20% of the AA reacts over this period. The primary reaction site

may then transfer to the particles as the oligomeric radicals in the aqueous phase
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FRACTIONAL CONVERSION
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Figure 13: Rate of reaction of seeded homopolymerigation of styrene. The recipe

and reaction conditions were identical to those used in the acid/styrene copolymer-

izations except that no acid was used in the reaction.
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FRACTIONAL CONVERSION
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Figure 14: Simulated results for the rate of reaction of seeded homopolymerization
of styrene. The recipe and reaction conditions assumed were identical to those used

in the acid/styrene copolymerizations except that no acid was used in the reaction.
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become large enough and hydrophobic enough (due to a small portion of styrene
monomer which is available for reaction in the aqueous phase) to become irreversibly
attracted to the particles. Reactions with MAA do not result in this 'plateau’ in
the conversion/time curve. However, the amount of MAA in the aqueous phase is
much less than that of AA due to its more hydrophobic nature. Only about 50%
of the MAA is present in the aqueous phase at the start of the reaction based on
initial partition experiments.

Another point to consider is that the homopolymerization reaction of AA is
not a simple free-radical addition reaction as discussed in the previous report. AA
monomer may complex with itself and with linear AA polymer chains along which
the propagation may quickly ’zip’. This complicated reaction mechanism may con-
tribute to the unusual behavior observed in the copolymer system. Further investi-

gation into these phenomena will continue.

Test for Reliability of the Conversion Data

Initial work with the gas chromatograph proved to be very trying. Gross in-
consistencies in the overall conversion obtained from gravimetry and GC analysis
caused initial data to be very unreliable. Inhomogeneous mixtures of the unreacted
styrene contributed to some of these problems. Various improvements in sample
preparation procedures and operation of the gas chromatograph were explored un-
til these inconsistencies were eliminated. Conversion data is deemed to be reliable
when overall conversions obtained from gravimetry and gas chromatography agreed
within + 5%. Plots of overall conversion versus time obtained by these two meth-

ods for the pf'evic;us six reactions are shown in Figures 15, 16, 17, 18, 19, and 20.



Except for some inconsistency at high conversion in run STY/AA-6, the agreement

between the two methods appears to be very good.

Copolymer Composition

Compositions for the copolymer formed in each of the six reactions were calcu-
lated from the experimental data using bulk reaction assumptions. (These calcula-
tions will need to be modified once more partition data is obtained.) The data were
replotted as mass of monomer i reacted versus overall conversion and fitted by a
third order polynomial via regression analysis to give an equation of the following

form:

Mass Monomer § Reacted = A+ BX + CX*+ DX? (1)

where X = overall fractional conversion. The equations were then used to obtain
overall monomer concentrations over the conversion period. The change in monomer
concentrations over small increments of conversion were then calculated and used
to determine both the instantaneous and cumulative copolymer compositions. The
results for all six runs are shown in Figures 21, 22, 23, 24, 25, and 26. Extrapolation
of the regression equations beyond the point at which overall conversions were
measured (> 85 to 90%) produced cumulative copolymer compositions which did
not exactly match the feed compositions in some cases. This discrepancy was most
noticeable in the AA /styrene runs because as much as 40% of the acid reacted .during
the last 10% of the overall conversion period. Since data during this last portion of
the overall reh.ctién was not taken, the fitted regresion equations could not predict

the sharp change in the shape of the mass AA versus overall fractional conversion
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FRACTIONAL CONVERSION

STYMAA10 GRAVIMETRIC VS. GC CONV.
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Figure 15: Compa.nson of overall conversion obtained from gravimetry and gas

chromatography for emulsion copolymerization of MAA /styrene at a weight ratio

of 20/180.
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Figure 16: Comparison of overall conversion obtained from gravimetry and gas
chromatograx;hy for emulsion copolymerization of MAA /styrene at a weight ratio
of 40/160.
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FRACTIONAL CONVERSION

STYMAA9 GRAVIMETRIC VS. GC OVERALL CONV.

1
= £]
0.8
0.6 -
A
(1= GRAVIMETRIC CONV.
0.4 - A= GC CONV.
0.2 1
TEMP. = 85C
70 G MAA/130 G STY
1000 G TOTAL — SEEDED RXN.
0 | 1 1 |
0 2 4 6 8 10

TIME (MINUTES)

Figure 17: Comparison of overall conversion obtained from gravimetry and gas
chrdmatography for emulsion copolymerization of MAA /styrene at a weight ratio
of 70/130.
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FRACTIONAL CONVERSION

STYAA8 GC AND GRAV. CONVERSIONS
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Figure 18: Comparison of overall conversion obtained from gravimetry and gas
chromatography for emulsion copolymerization of AA/styrene at a weight ratio of
20/180.
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Figure 19: Comparison of overall conversion obtained from gravimetry and gas
chromatography for emulsion copolymerization of AA/styrene at a weight ratio of
40/160.



FRACTIONAL CONVERSION

STYAA6 GRAV. AND GC OVERALL CONVERéION CURVES
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Figure 20: Comparison of overall conversion obtained from gravimetry and gas

chromatography for emulsion copolymerization of AA/styrene at a weight ratio of

70/130.
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curve over the last 10% overall conversion. Therefore, copolymer composition curves
at high conversions were not calculated for these runs. The expected shape of these
curves, however, was estimated for high conversions. These estimated values are

given by the dashed lines in the previous figures.

Several runs, expecially with acrylic acid, revealed a decreasing then increasing
trend in the instantaneous copolymer composition curves. This type of behavior
may be influenced by the initial plateau in the conversion/time curve for AA. Thus
a possible non-equilibrium situation may have a significant influence, not only on

the kinetics, but also on the initial copolymer compositions.

Reactivity Ratios

Calculation of reactivity ratios in an emulsion system should account for the
partition of the monomers between the particle and aqueous phases. However,
since detailed partition data is not yet at hand, initial calculations of reactivity
ratios using the Mayo-Lewis approach for bulk or solution sytems were performed.
Several points were taken from each of the runs at the three different monomer
ratios and used to calculate R, versus R, (reactivity ratios for styrene and acid,
respectively) lines via the Mayo-Lewis method. Each pair of points from a single
run should produce the same R, versus R, line. Variation between the lines ob-
tained from pairs of monomer conversion values did exist in some cases. Therefore,
an ’average’ line was used for each of the three runs and plotted in Figure 27 for
the MAA/styrene system. The point of intersection of the lines from the three
different runs ideptiﬁee the reactivity ratios. The intersection triangle is supposed

to represent the experimental error. Results for the AA/styrene reactions did not
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Figure 21: Instantaneous and cumulative copolymer compositions calculated from

experimental 'data from emulsion copolymerization of MAA and styrene in a weight

" Tatio of 20/180. Partition of the monomers was not taken into account in the

calculations.
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Figure 22: Instantaneous and cumulative copolymer compositions calculated from
experimental ‘data from emulsion copolymerigation of MAA and styrene in a weight
ratio of 40/160. Partition of the monomers was not taken into account in the

calculations.

0.23



FRACTION MONOMER i

COPOLYMER COMPOSITION

) ) '
(0] (0]
/
g , . [} {
I\
/

0.2 - D: Fa
A= Fsty
@ = Cumulative Fraction Acid

V= %umulotive Fraction Styrene
70g Ax/‘ISOg Styrene

\

\

0 (;.2 8.4 8.6 8.8
OVERALL FR ACTIONAL CONVERSION

MASS

1

Figure 23: Instantaneous and cumulative copolymer compositions calculated from

experimental data from emulsion copolymerization of MAA and styrene in a weight

ratio of 70/130. Partition of the monomers was not taken into account in the

calculations.
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Figure 24: Instantaneous and cumulative copolymer compositions calculated from

experimental data from emulsion copolymerization of AA and styrene in a weight

ratio of 20/180. Partition of the monomers was not taken into account in the

calculations.
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Figure 25: Instantaneous and cumulative copolymer compositions calculated from
experimental data from emulsion copolymerization of AA and styrene in a weight

ratio of 40/ 160. * Partition of the monomers was not taken into account in the

calculations.
33

0.

.74

26



MOLE

FRACTION MONOMER i

COPOLYMER COMPOSITION

. 1
} /
/
\\ I
0.8 - Il
N A
\/
I\
/I N\
0.6 - \\ﬁ
O=Fa
A= Fsty i
@ = Cumulative Fraction Acid /G
047 V= Cumulative Fraction Styren /
\ /
70g AA/130g Styrene >\ /
270N
0.2 - \
\
\
\
0 | : . :
0 0.2 0.4 0.6 0.8 1
OVERALL FRACTIONAL CONVERSION
MASS

Figure 26: Instantaneous and cumulative copolymer compositions calculated from
experimental data from emulsion copolymerization of AA and styrene in a weight
ratio of 70/130. Partition of the monomers was not taken into account in the

calculations.
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produce reasonable results. The exclusion of partition information may have con-
tributed to the problems in calculating reactivity ratios for the AA /styrene system.
Nevertheless, better methods are needed to calculate reactivity ratios for emulsion
reaction systems involving carboxylic acids. These methods should account for the

partitioning of the monomers for emulsion systems as discussed by Schuller [1].

Reaction Rates of Cleaned and Uncleaned Monomers

All of the reactions discussed to this point employed monomers which contained
a small amount of inhibitor added by the manufacturer to prevent polymerization
during shipping. It is usually necessary to remove all traces of inhibitor when
performing continuous polymerizations since inhibitor is continuously being added
to the reactor in the feed. Removal of inhibitor is not normally necessary in most
batch runs since the only effect in most cases is the occurrence of an induction period
at the initial stage of the reaction during which the inhibitor is consumed. The
reaction then proceeds in normal fashion. Such an induction period was not noticed
in any of the previous runs. The high temperature (85°C) may have contributed in
masking any such induction period. Nevertheless, a MAA /styrene run (STY/MAA-
11) was repeated using ’cleaned’ monomers in order to compare the reaction rate to
that obtained from using ’uncleaned’ monomers. Styrene was washed with NaOH

then filtered through an alumina packing. The MAA was distilled under vacuum.

The conversion time results are plotted alongside a run (STY/MAA- 8) per-
formed with ’uncleaned’ monomers. (See Figure 28.) The nearly identical con-
version/time data suggests that any effect of the inhibitors in the monomers is
negligible when r;xn under these reaction conditions. A similar run is planned for

the AA/styrene system.
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Figure 27: Re\a.ctiﬁty ratios of MAA (R,) and styrene (R,) based on the Mayo-Lewis
approach. ‘



OVERALL FRACTIONAL CONV.
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Figure 28: Comparison of reaction rates with cleaned and uncleaned monomers.

MAA /styren‘e-system with a weight ratio of 40/160.
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Initial Particle Sige M !

Some particle size analysis has been performed using a Malvern light scattering
device. The results are listed in Table 1. The large particle sizes and large standard
deviations of the lower conversion samples suggest that particle stability is low at
low conversion resulting in a significant amount of coagulation. Further discussion
concerning the size of the particles will be made after results from HDC analysis

become available for comparison to those obtained via the light scattering method.

Degree of Neutralization Overall and in the Aqueous Phase

The degree of neutralization (DN) of the acid monomer affects the partition of
that monomer between the aqueous and organic phases. Figure 29 presented in the
previous progress report reveals that the amount of acid monomer present in the
organic phase decreases as the DN increases. The effect is greater for MAA than for
AA. Another important point to consider is whether the acid that is present in the
organic phase is neutralized to the same extent as that remaining in the aqueous

phase.

The DN value presented in Figure 29 was based on the overall amount of acid
used in the partition experiment. If the acid that partitions into the organic phase
consists of the same fraction of neutralized species and thus the same DN as that
based on the overall fraction of neutralized acid, then the acid remaining in the
aqueous phase will, likewise, exhibit the same DN. Titration data discussed in the
previous report was reexamined to determine whether the DN of acid in the aqueous
phase was indeed :che same as the DN overall (and thus the DN of acid in the organic

phase).
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Table 1: Particle size measurements of latexes obtained from emulsion copolymer-

ization of AA/styrene and MAA/styrene in a seeded batch reaction.

System Wt. Ratio | Sample Conv. Size (nm) Std. Dev.
STY/AA-8  20/180 | FP 097 93 26.8
STY/AA-5  40/160 |3 031 63 48.9
9 0.86 70 35.1
FP 0.97 80 22.6
STY/AA-6  70/130 2 013 82 65
6 0.50 67 36
10 0.86 83 25.1
FP 0.98 123 49.1
STM10-SD SEED 48 38.1
STY/MAA-10 20/180 3 - 0.1057 1750 2080
6 0.42 63 329
9 0.60 64 23.9
FP 0.96 74 279
STY/MAA-8 40/160 FP 0.95 100 28.3
STY/MAA-9 70/130 2 0.12 140 112.1
5 0.43 124 36.5
9 0.79 78 35.5
FP 0.99 98 42.2
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Figure 29: Pgﬁitjon of MAA and AA between the agqueous and organic phases at

various degrees of neutralization.



An excess of strong acid (HCI) was added to each aqueous-phase sample. The
samples were then titrated with a sodium hydroxide solution (~ 1.0M) to detect
two endpoints, one for the excess HCI, and one for the carboxylic acid monomer.

The DN of the aqueous phase was then calculated in the following way.

Neutralized Acideg prase = HC! added — NaOH Titratedgnipns = A (2)

Total Acide, prase = NaOH Titratedgnipe.11-Enipt.1 = B (3)

DNn.q. phase = A/B (4)

The results of these calculations are shown in Figures 30 and 31 for MAA /styrene

and AA /styrene, respectively.

The DN of the aqueous phase for the MAA /styrene system is higher than the
overall DN. This fact suggests that the fraction of unneutralized acid species dif-
fusing into the organic phase is greater than the fraction of unneutralized species
present in the aqueous phase. The DN,, for the AA /styrene system does not appear
to be significantly different from the overall DN. However, since a smaller amount of
AA partitions into the organic phase than does MAA, a change in DN, would not
be as great as that for the MAA /styrene system even if the DN of the acid in the
organic phase was near zero. Further analysis will be needed in order to make more
qu#ntitative tonélusions. This information is important if one wishes to model the

kinetic behavior of such a system since the propagation constants of the neutralized
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Figuré 30: -Comparison of DN in the aqueous phase to DN overall for the
MAA /styrene system.
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Fignré 31: Comparison of DN in the aqueous phase to DN overall for the A A /styrene

system.
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and unneutralized acid species are different. (Experimental data addressing the
reaction rates of the two species was presented in the previous report). Therefore,

it is important to know the relative concentrations of each species in each phase.

Possible Approach to Modelling the Carboxylated Emulsion Copolymerization
Reaction at DN>0

A possible kinetic model for the emulsion copolymerization of acid/styrene sys-
tems was outlined in the PhD proposal. An extension of this model to account for
the dissociated acid species obtained when the acid has been partially neutralized

is presented below.

Assume initially that the degree of neutralization of acid monomer is the same
within the aqueous, droplet and particle phases. Define DN = moles NaOH/moles
acid fed = a. As long as the value of DN is greater than zero, then the system ac-
tually consists of three species: undissociated acid (A), styrene (B), and dissociated

acid (C). The following equations may be used to express the reaction rates in the

particles.
Ny Nr N.
Boa=kyus [MA]p"A— + kppa[M4],7in 70 kpca [MA]pnCﬁ'{ (5)
N Nr Ny
Ry = kyyp [Mp)ip N, + ks [MB]r"AN'— + kpos [MB)yTic - N, (6)
Nr Nr N.
RPC kroo [MC ]P"’C N + kPAO [MC ]P"’A N4 + krao [MC ]P"’B NT (7)

where [M,] i6 the concentration of undissociated acid, [Mp] is the concentra-

tion of styrene, [Mc]| is the concentration of dissociated acid, Ny is the number of
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particles/Lgq, kp; is the propagation constant for radical i with monomer j, #; is

the average number of j radicals/particle, and N4 is Avogadro’s number.

The dissociated species, C, is treated like a third monomer in the above rate
expressions. Nomura (2] gives expressions for the change in n; Qith time for a
copolymer system. Nomura’s analysis may be extended to include the dissociated
species, C. (See equation 8.)

dRa _ PWs _,, T TAtB _,  TaRc
= - k‘PAA— —k‘PAB — Mpuo

dt Nr vp vp v, Kacs Toa
-(kpus + kﬂlaa)[h{B ]PEA + (kmu + k’“BA)[MA]PﬁB
—(kluo + kBAo)[h{C]PﬁA + (chu + kﬂOA)[MA]PﬁC =0 (8)

where p, is the rate of adsorption of radicals by the particles, w, is the proba-
bility of adsorbed radicals becoming an A radical, k,,;; and k;,; are chain transfer

and termination constants, respectively, and kg, i8 a desorption constant.

Similar equations may be written for diig/dt and dfic/dt. Summation of these

equations gives equation 9.

dn dina+ng+nc) p,. L3 nafiB
—_— = =L -9 £ _9 it
dt dt NT k‘PAA vp k‘PAB vp
Ny Rafic fiphip ns

_Zkfna v_sz"‘a v - Zkfpso - 2kfpoo —<

f ] P vp v,

—(Kies ia + Kaesgip + kaasoTic) (9)
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Nomura notes that the termination and desorption terms in equation 9 are at
most equal to p,/Nr. If the rate of desorption is relatively small, p, ~ R;. w, is
less than unity. Therefore, Nomura states that the last terms (four in the above
case) in equation 8 are dominating. (p,/Nr == 0.01 to 1 and k,[M,],7 =~ 100 based
on typical emulsion reaction systems.) The propagation constants are usually much
greater in magnitude than the chain transfer rate constants (k, > k) so 8 can be

simplified to:

- kna [MB]p_ﬁA + knu [MA]pﬁﬁ' - knc [MC]p_ﬁA + krcu [MA]p’ﬁC =0 (10)

Equilibrium between species A and C is described by equations 11 and 12.

[Ma] = (1 — @)[M ]t (11)

[Mc] = a[MA]tot (12)

where a is the degree of neutralization or fraction of dissociation, and [Met =

[M4] + [Mc] is the total amount of acid species.

If this same relationship of dissociated and undissociated acid species applies
to the radicals, (i.e. the presence or absence of a radical is assumed not to affect

whether the carboxyl group is dissociated or undissociated) then,

i‘ Ru= (1 - Q)HA,“ (13)

Bec = az’h‘A,,, (14)
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where 7i4,,, = B4 + Fic is the total number of acid radicals.

Equation 10 may then be rewritten using the expressions given-by equations 11
through 14. Rearrangement leads to the following expression.

A= T2 _ bs[Msly + (ko — ko) Malee (15)
T Ason kpsa[Maleot
Then,
1 _

WA = ] n riG (16)
'ﬁA=(1—a)1_:Aﬁ (17)
p =7 _‘: i (18)
o = a :_ e (19)

Finally,
Ry = sy g +oona g + o o)1 — @) Mabuigs (20
Ros = (a1 + bran g g + bron g Maloniys (21
Roo = (oo 71 +hraor g + o Ty g)elMabiys (22

Reactions run at DN = 0 and DN = 1 may be used to provide reactivity ratios
and thus cross-propagation constants. Reaction rates may be obtained from two
measurable parameters, [Maly,., and [Mslp.o. [Maly may be determined by GC
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analysis after separation of the aqueous and particle phases. Triflouroacetic acid

can be added to associate all of the acid monomer. (Acid monomer in the anionic

form yields a salt with Na* which will not volatize in the GC.) The concentration of

the dissociated and associated monomers can then be calculated from [My),,,, with

equations 11 and 12. [Mp]overay may be measured directly with the GC. Partition

information may then be used to determine [Mp],.

Reaction Rate in the Aqueous Phase with DN >0

The reaction rate in the aqueous phase is given by equation 23.

Re, = — (d[A] + dL}tB] + d|C] )= - (d[A].,, ; d|B) )

= kaa[A-][A] + kas[A-][B] + kac[A-](C]
+kBB[B-][B] + kBA[B-][A] + kBC[B][C]
+kcc[C-|[C] + kcalC'|[A] + kcB[C-][B]

A steady-state concentration is assumed for each type of radical.

kap[A-][B] + kac|A‘|[C] = kpa[B-][A] + kcalC-|[4]
kpa[B'|[B] + kgc[B-][C] = kap[A-|[B] + kcs[C"][ B]

kca[C-][A] + kcp[C-][B] = kac[A‘][C] + knc[B-][C]

(23)

(24)
(25)

(26)

In bulk or solution polymerizations the next step is to set the rate of initiation

equal to the rate of termination.
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Ri = Rierm

However, in emulsion polymerization capture and desorption of radicals must

be taken into account.

R-i = thnn + Ruplun - Rdn

Substitution of the appropriate expression leads to equation 27.

kieo N7

R; = 2k, ([A)] + [B'] + [C*])* + K.(|A"] + [B] + [C])Np —

where k,,,, is an average termination constant dependent on DN, and k. is an
average capture constant. Since [A-|¢¢ = [A‘] + [C'], rearrangement gives equation

28.

[Reotle = ([A-]ece + [B-])

[<E.N, + /(K. N,)? + 4(2ke, o (Ri + Faes N,/ Na)]

- T (2%)

Expressions for [A:] and [C:] may now be obtained as follows.
: [4] = (1 - a)[A)ue (20)
[C] = a|A}ix (30)
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Substitution of equations 29 and 30 into equation 24 then rearrangement leads
to expressions for [A-]s¢ and [B:].

[Rtu]n
[ A = S22 (31)
1 — [&d]UG
[B-] = 1+G (32)
where
G = (1 - a)(ku [B] + kAca[A]m) - kCACI:[A]g,g (33)

kBAa[A]tot

Substitution of these expressions for the total acid and styrene radicals into the
following equation 34, gives a final expression for the rate of reaction in the aqueous
phase which involves only two measurable parameters ((M4]¢¢ and [Mp]), but which
accounts for the reaction of three different species (providing that the DN in each
phase is known).

Row = lhaa(l =+ (722 + 2%)a(1 - ) + kooo’llA A

+HEA( - )+ﬁ-almmw]

["” (1-a)+ ﬂ’-alw Al + k55| B[B] (34)

Initial partition experiments suggest that the DN (or a) in the aqueous and
organic phases may not be the same (especially with the MAA /styrene system). If
the DN valut;s are shown to be different in the two phases, the above equations will
stil] apply as long as the proper values of & for each phase are used.
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Future Work

The next phase of this research will be focused on obtaining more detailed par-
tition information. Separation of the aqueous phase from the particle and droplet
phase will be attempted using Nuclepore polycarbonate filters placed in stirred fil-
ter cells. Separation of the particle phase from the droplet and aqueous phases
will be attempted using Nuclepore polyester filters also in stirred filter cells. The
polycarbonate filters are hydrophilic and styrene does not easily penetrate the mem-
brane. The polyester filters will probably allow both the aqueous phase and styrene
droplets to pass through the membrane. Hopefully, these experiments will pro-
vide some of the information needed to better understand where the monomers are

located during the reaction period.

Additional reactions involving the AA/styrene and MAA/styrene systems will
be performed. Some reactions utilizing quantities of acid more typical to those found
in ’industrial’ recipes (i.e. 1 to 4% based on total monomer) may be investigated.
Experiments which will help provide estimates for capture and desorption constants
in these systems also need to be developed. Some continuous reactions could be
helpful in this area. Mathematical modelling of the kinetic behavior of these reaction

systems will also continue to be pursued.
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