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Abstract—A graft copolymerization model for using cumene hydroperoxide/tetraethylenepentamine (CHPO/TEPA)
as a redox initiator was developed to describe the grafting of methyl methacrylate onto natural rubber latex as a core-
shell particle. The model allows estimating the effects of the initiator concentration, monomer-rubber weight ratio, and
temperature on the properties of graft product, e.g., % grafting efficiency and the % monomer composition in the graft
copolymer and free polymer. The rate expressions of polymer chain formation are developed by taking into account a
reduction of CHPO by TEPA and a population event of radicals between core/shell phases. The parameter estimation
is performed to find the kinetic parameters. Validation with experimental results demonstrates a good applicability of
the proposed model. The model results reveal that the formation of grafted polymer chains rather form by the chain
transfer reaction to rubber chains from homopolymer radicals and the initiation reaction of cumyloxy radicals to rub-
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ber chains.
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INTRODUCTION

As the awareness of environmental issues has significantly in-
creased in the past few years, using renewable materials such as
natural polymers and their derivatives is becoming a new societal
trend. Natural rubber (NR) is considered a green polymer due to
its reusable nature. It can readily be obtained in Thailand, the worlds
largest producer and exporter. Annually, the export of NR to over-
seas markets earns an income of approximately 2-3 hundred bil-
lion baht, which falls in the top five of all export values [1]. For
more than a year, the prices of NR have been falling as the result
of the fluctuation of world market demand, climate conditions, ex-
change rates, etc,, resulting in a 31% decrease in Thailand's NR export
value. Consequently; an attempt has been made to increase NR do-
mestic consumption, which is usually 10-15% of all NR production.
Adding value to NR is one of the options to significantly boost Thai-
land’s rubber industry. With various outstanding properties, NR
can be further improved to extend its limitations in many indus-
trial applications [2,3], thus allowing NR to compete with synthetic
rubber.

Graft copolymerization is an alternative to modifying the prop-
erties of natural polymers by incorporating new functional groups
onto the natural polymer based on the desired application. This
technique has been applied for various natural polymers such as
cellulose, cow leather, wool fiber; NR, etc [4-8]. For example, graft-
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ing butyl acrylate onto cellulose enhances its thermal and chemical
resistance properties and decreases the moisture absorption prop-
erty of cellulose, providing the cellulosic functional polymer for
different applications such as in the packaging and bioplastics indus-
tries [9]. Likewise, grafting vinyl monomer onto NR can improve
some physical properties of NR, such as mechanical properties
and resistance to thermal, solvent, and oil, depending on the type
of grafting monomer [10,11]. There are a number of vinyl mono-
mers used to graft with NR; however, methyl methacrylate (MMA)
and styrene are the most suitable monomers for grafting with NR
since they provide a high grafting level [12]. The graft copolymer
of NR and either MMA or styrene is usually used as an impact mod-
ifier for polymer blending since MMA and styrene are easily com-
patible with various polymers such as polypropylene, polyvinyl chlor-
ide, or polystyrene [13-15]. Due to the higher polarity of MMA,
the graft copolymer of NR latex as a core and MMA as a shell has
outstanding application in adhesive fields, which can be utilized in
the production of shoes and furniture and in paper processing,
such as adhesive for leather shoe, heat resistant lasting adhesives, and
polyvinyl chloride adhesive tape [16,17]. In addition, poly(MMA)-
grafted NR can be alternatively used as a polymer-matrix for a com-
posite polymer electrolyte containing titanium dioxide/lithium tetra-
fluoroborate. The polarity characteristics provided by poly(MMA)
can serve as a conducting medium to transport lithium ions [18].
The grafting process of NR has been quantitatively studied for
several years [19,20]. It is usually carried out via free radical emul-
sion polymerization. Kochthongrasamee et al. [21] grafted MMA
onto NR latex using various types of redox initiators. They revealed
that cumene hydroperoxide/tetraethylenepentamine (CHPO/TEPA)
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provides the greatest % of grafted NR and grafting efficiency (GE)
with respect to tert-butyl hydroperoxide/tetraethylenepentamine
and potassium persulfate/sodium thiosulfate, indicating a higher
efficiency of CHPO/TEPA over the others. The higher efficiency
of CHPO/TEPA is due to the high hydrophobicity of CHPO radi-
cals being concentrated on the NR surface to initiate graft copoly-
merization, leading to a high GE. Even though the process of grafting
MMA onto NR has been applied for commercial purposes in indus-
try; e.g., Regitex located in Japan, and has recently been extended
into pilot plant production in Southern Thailand [22], its model-
ing and polymerization kinetics, which are required for efficient
scale up and process design, have received little attention.

A number of reports [7,23,24] have appeared on a kinetic expres-
sion describing the relationship between the polymerization rate
and grafting variables, such as initiator and monomer concentra-
tions. Nevertheless, those rate expressions only provide informa-
tion at the initial point. In fact, for grafting NR, most monomers
in the system polymerize to form free polymeric radicals (homopoly-
mer radicals) during the first 2-3 hours of reaction [25]. Thereaf-
ter, the polymeric radicals chemically bind to the backbone of NR,
yielding a graft copolymer. As a result, both graft copolymer and
free polymer (homopolymer) are produced during the reaction.
Therefore, the information available at the initial point of the reac-
tion might be insufficient to control the properties of the graft prod-
uct, which is primarily formed 2-3 hours after the start of the po-
lymerization. In addition, a literature search on grafting NR revealed
that there is lack of a mathematical model for controlling graft prod-
uct properties, e.g, the relationship between the GE describing
how much monomer grafted onto NR and reactant concentration,
as well as the relationship between the GE and time. Knowledge of
this kinetic relationship is helpful for industrial production when
maximizing the yield of the graft product, controlling its structure,

and minimizing reactants and time required. Although some reports
have proposed a mathematical model for grafting between a vinyl
monomer and various types of backbone polymers [26-28], as yet
none has been presented for NR.

We have developed a mathematical model for the batch emul-
sion graft copolymerization of MMA onto NR in the presence of
CHPO/TEPA as a redox initiator. The proposed model allows the
estimation of grafting efficiency during the reaction and provides
additional information on the monomer compositions, e.g,, % MMA
composition in the graft copolymer and free polymer, which may
make it possible to control the structural properties of graft copo-
lymers quantitatively and qualitatively.

The proposed model was developed by modifying the model
presented by Chern and Poehlein for the graft copolymerization of
styrene onto polybutadiene seed latex particles using persulfate as
an initiator [29]. Our proposed model was adjusted on the basis of
redox initiator characteristics: CHPO/TEPA decomposes at the aque-
ous/particle interface due to its hydrophobic-hydrophilic proper-
ties [30]. The generated cumyloxy radicals behaving hydrophobically
can penetrate into the monomer-swollen NR particles directly to
induce the polymerization. A graft site (polyisoprene radical) can
be produced by an initiation reaction of the cumyloxy radical and
by a chain transfer reaction of growing radicals to NR. The graft-
ing reaction primarily takes place near the surface of the NR parti-
cle or at the shell phase, owing to the surface-controlled process of
grafting [31]. Because the growing polymer radicals can only move
by a propagation event or by molecular motion [32], most grow-
ing polymer radicals are thus likely to be confined in the shell phase.
As a result, the population of radicals is crowded near the surface
of the NR particle, leading to the occurrence of a nonuniform dis-
tribution of radicals in the monomer-swollen NR particles.

Lastly, the proposed model is validated with experimental data

Table 1. Elementary reactions in free radical graft copolymerization of MMA onto NR using the CHPO/TEPA redox initiator

Mechanism Rate equation No.
I. Initiation reactions

ROOH+RNH,———RO"+R'NH'+H,0 R=k[ROOH][R'NH,] 1)
RO"+MMA —=— MMA' R;,=k;,[RO][MMA] 2
RO+NR—“—NR' R,=k,[RO’][NR] 3)
NR'+MMA —=—NR-MMA’ Ry =Kgu[NRI[MMA] 4)
II. Propagation reactions of homopolymer and graft copolymer

MMA'+MMA——PMMA’ R,;=k,[MMA’][MMA] )
NR-MMA'+MMA —*—NR-PMMA" R,,=k,[NR-MMA'|[MMA] (6)
III. Chain transfer reactions

PMMA’+NR——NR'+PMMA Ry=k,[PMMA'][NR] )
NR-PMMA'+NR——NR'+NR- PMMA R, =k [NR-PMMA][NR] (8)
MMA'+NR—*—NR'+MMA R,=k,[MMA'][NR] 9)
PMMA'+ MMA——MMA'+PMMA R,y1 =K, [PMMA'][MMA] (10)
NR-PMMA"+MMA——MMA"+NR— PMMA Ryp2=k;,,[NR-PMMA'|[MMA] (11)
IV. Termination reactions

PMMA; +PMMA;, ———PMMA,,,, R, =k[PMMA;][PMMA;,] (12)
NR-PMMA; +PMMA;, Y L NR- PMMA,,,,, R,=k[NR-PMMA;][PMMA; ] (13)
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under various conditions.
MATHEMATICAL MODELING

1. Kinetic Mechanism

A reaction scheme for graft copolymerization of vinyl mono-
mers onto NR latex induced by the CHPO/TEPA redox system
has been presented by Arayapranee and Rempel [25]. It involves
the following basic reactions: chain initiation, propagation of free
polymer and graft copolymer chains, chain transfer to monomer
and NR, and termination of polymer chains. The possible reac-
tion steps are summarized in Table 1. In this system of seeded emul-
sion polymerization, there are monomer-swollen NR particles which
are emulsified with surfactant in a continuous phase of water at
the beginning of reaction. CHPO being hydrophobic primarily dis-
solves in the monomer-swollen NR particles, whereas the hydro-
philic TEPA dissolves in the aqueous phase [33]. The interaction
of CHPO/TEPA (oxidant/reductant) at the aqueous/monomer-swol-
len NR particle interface generates cumyloxy radicals (RO") accord-
ing to Eq. (1). The cumyloxy radicals could penetrate into monomer-
swollen NR particles to interact with not only the MMA mono-
mer but also the NR chains, yielding MMA radicals (MMA") or
polyisoprene radicals (NR’, called a graft site) as shown in Egs. (2)
and (3), respectively. The generated MMA" are further added to

Table 2. Mathematical model for grafting

MMA monomer, producing free poly(MMA) radicals (PMMA”).
Likewise, the NR" can propagate with MMA monomer, providing
graft macroradicals or grafted poly(MMA) radicals (NR-PMMA").
As the reaction proceeds, the MMA', PMMA’, and NR-PMMA’
can transfer a radical to either monomer or NR according to Egs.
(7)-(11). At the same time, PMMA' and NR-PMMA" can undergo

RO" —,

ROOH + RNH, —= RO +RNH"

—
Initiation

. Aaga tion

MMA*+MMA —= PMMA®
NE-MMA “+MMA —=NR-PMMA®

MMA swollen NR
®
Homopolymer

e L ]
Termination

PMMA,"+PMMA_* —PMMA,._

L ] ]
NR-PMMA,+PMMA," —=NR-PMMA,,,
L ]
=

L ]
Chain transfer
PMMA® +NR —= NR* + PMMA
NR-PMMA® +NR —= NR" + NR-PMMA .

Scheme 1. Grafting mechanism.

Main equations No.
Time-averaged grafting efficiency
j[[Formation rate of graft copolymer chains]dt (14)
GE=-"
jt[Formation rate of total poly(MMA) chains]dt
0
Formation rate of graft copolymer chains
d[grafted chains] d[NR']
dt S dt
B . . . , . 15
—k,[RO'I[NR] +k,{[PMMA']+ [NR- PMMA'T}[NR] +k,[MMA'][NR] (15)
= kig[NR]c(ﬁclNAva (/7,:)(1— an - an)vp (ch (153)
+ kg[NR] c(ﬁC/NA VVP (pc)anVp Q)CN (15b)
+KINRL (/N 4v,)E,,,.v, 0N (15¢)
Formation rate of total poly(MMA) chains
d[POIY(MI:ftA) chains]_ 1 rROOH][R'NH,]+k,, {[PMMA']+[NR—PMMA']} [MMA]
+k,{[PMMA']+[NR-PMMA']} [NR] (16)
=k,[ROOH]{[ROOH]+[R'NH,],-[ROOH],} (16a)
+ Ky (/N4 v, ) [MMA],v,N (16b)
+ K INRI (/N v, @), v, 9N (16c)
Time-averaged monomer composition in graft copolymer
NG~ MoxGE (17)
NR,+Myx
Time-averaged monomer composition in free polymer
~ M,x(100—GE) (18)

MF=
NR, +M,x

May, 2015
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termination by combination to form free poly(MMA) and graft
copolymer, respectively; as shown in Egs. (12)-(13). The main polym-
erization locus is thus near the surface of NR particles since any
growing radicals can only move by molecular motion or by a propa-
gation event [32]. As a result, the shell phase which is enriched in
poly(MMA) is formed on the surface of the NR particle during
the graft copolymerization. In addition, the buildup of PMMA' near
the NR particle surface would result in the formation of a nonuni-
form distribution of total radicals existing in the monomer-swollen
NR particle. Hence, the number of total radicals in the monomer-
swollen NR particle is separately considered between NR and poly
(MMA) phases in the model development. The schematic of the
grafting mechanism is displayed in Scheme 1. Three types of poly-
mer chains are formed during the reaction: grafted poly(MMA)
chains (graft copolymer), free poly(MMA) chains, and free NR (un-
grafted) chains.
2. Kinetic Model Equations

According to the kinetic mechanism shown in Table 1, a math-
ematical model was developed and is expressed in Table 2. It pro-

Table 3. Expressions for parameters appearing in Eqs. (14)-(18)

vides the calculation of (1) time-averaged grafting efficiency; (2)
%MMA composition in the graft copolymer, and (3) %MMA com-
position in the free polymer. The proposed model shown in Egs.
(14)-(16) is modified from the mathematical model developed by
Chern and Poehlein who investigated the grafting of styrene onto
polybutadiene using a persulfate initiator [29]. The assumptions
adopted herein were derived from their work: (1) The radical reac-
tivity only depends on the terminal units; for instance, the propa-
gation reactions of grafted chains and free poly(MMA) chains have
the same rate constants. (2) Free poly(MMA) and grafted poly(MMA)
chains have identical chain lengths. (3) The reaction between free
poly(MMA) and grafted poly(MMA )chains is insignificant in terms
of undergoing cross-termination due to the chain length control of
the chain transfer reactions. (4) The distribution coefficients of MMA
between the core and shell phases are unity. (5) The number of latex
particles remains constant.

Since the GE is the fraction of poly(MMA) grafted onto NR with
respect to the total MMA conversion, the model was developed by
considering the formation of graft copolymer chains and total poly

Equations No. Ref.
Eo k., [MMA], (19) Modified from ref. 29
e k[ROOH]{[ROOH]+[R'NH,],—-[ROOH],}N
 (MMAL+ k. (MMa], + LROOHIROOHT+ [RNH,],~ [ROOHL N,y
Nn
F o k,[MMA], (20) Modified from ref. 29
" k,[ROOH]{[ROOH]+[R'NH,],~[ROOH],}N
I [MMA], + k, [MMA], + il 1{[ 1+ _ 2ol lo}Nav
Nn
~ My(1-x) _ 1000 (21) 35
[MMA]F%JFI&XMWY"
Pu P
___NRy 1000 (22) 35
INRI= 0 NR MW,
_+_
Pm  Pr
_ NR, (23) This work
7pYVYVW
K= At+ 1 - (24) This work
C+-
t
where A=—(4.97 to 12.38)x10™°, B=26 to 94, and C=0.97 to 1.1 at t=0 to 480 min
ﬁ_[ Nuv }d_x (25) 29
- Nk, (1-x)Jdt
(re=r)Ir
[ p(z)dz (26) 29
B, =P +A(1-P)(1- )
[ payaz
p(Z) — 671.425974437872 (27) 32
P e Pa (28) 29
" p+K,,[MMA],R
p=p,+ok,n (29) 39
k[ROOH]{[ROOH]+[R'NH,],-[ROOH](} N,y (30) This work
Pa=
N
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(MMA) chains as shown in Eq. (14). The formation rate of graft
copolymer chains is presumably equal to the formation rate of poly-
isoprene radicals (Eq. (15)). According to the mechanism, the poly-
isoprene radicals can be produced by the attack of cumyloxy radicals
on the NR chains (Eq. (3)), and the chain transfer to NR from MMA",
PMMA’, and NR-PMMA" (Egs. (7)-(9)). Note that, Eq. (3) is not
included in the Chern and Poehlein model [29], which used per-
sulfate as an initiator, because of the hydrophilicity of persulfate
radicals. Typically, persulfate molecules decompose in the aque-
ous phase of the emulsion system, generating persulfate radicals.
These persulfate radicals favorably attack the monomer in the aque-
ous phase, becoming oligomeric radicals. Afterward, these oligo-
meric radicals penetrate into the latex particles to further initiate
polymerization [34]. The formation rate of the total poly(MMA)
chains consisting of free poly(MMA) chains and grafted poly(MMA)
chains can be written as shown in Eq. (16). This is represented by
the summation of the formation rate of cumyloxy radicals (Eq. (16a)),
the formation rate of MMA' generated by chain transfer to the mono-
mer (Eq. (16b)), and the formation rate of NR' generated by chain
transfer of PMMA™ and NR-PMMA' to NR (Eq. (16¢)). The sub-
script 0 represents the initial values.

3. Model Parameters

Table 3 shows the expressions for the calculation of the parame-
ters in Egs. (14)-(16). F,,, and F,, are the fraction of MMA" and
PMMA' in the monomer-swollen particle, respectively. Both param-
eters are modified by considering the monomer-swollen particle
consisting of cumyloxy radicals, MMA", and PMMA", including
PMMA" grafted on the NR chains.

The total number of radicals in the monomer swollen particle,
1, cannot be calculated via the Stockmayer-O'Toole solution [36,37],
which was developed for emulsion polymerization, due to the very
different glass transition temperature and molecular weight of the
NR/poly(MMA) phases. In the proposed model, 1 is determined
using curve fitting of the conversion-time data [38]. Since the dis-
tribution of growing radicals is nonuniform, the number of radi-
cals in the latex particle is separately considered between the core
and shell phases. Therefore, the number of radicals in the shell phase
() is written as a radical distribution profile, p(z), which is rela-
tive to the particle radius (z) [29,32]. The difference between n and
1, at a particular time is the number of radicals present in the core
phase (1n,).

The calculation of grafting efficiency in Eq. (14) requires values
of k; k,, ki Ky, Ky and k. The values for k, k,, and k,,, were ob-
tained by performing homopolymerization of MMA with CHPO/
TEPA as an initiator, since those values have not been previously
reported for this system. The k; is determined according to Orr and
Williams, who investigated the reaction of isopropyl cumene and
tertiary butyl cumene hydroperoxides and iron (II) in aqueous solu-
tion in the absence of oxygen [40]. In this work, the residual of CHPO
concentration ([ROOH]) is measured at a particular time by an
iodometric method [41] rather than by the iron (II) concentration.
On integrating Eq. (16a) with time, k; can be obtained from the
slope of the curve.

k, is determined during interval II of the polymerization in which
the rate of emulsion polymerization (R,) is constant according to
Harkins theory [42]. R, is a function of the MMA concentration

May, 2015
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grafting efficiency GE(x) ;}E({:))
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k1" kp‘ I"ll'm
obtained from
homopolymerization

Scheme 2. Proposed model scheme for graft copolymerization.

in the particle and the number of poly(MMA) particles. R, is ob-
tained from the conversion-time data of the MMA homopolymer-
ization. The MMA concentration in the particle is calculated accord-
ing to the equation proposed by Burnett and Lehrle [43] in which
the monomer-polymer ratio parameter needs to be measured ac-
cording to the method of Herfeld and co-workers [44]. The num-
ber of poly(MMA) particles is calculated according to the work of
Ramirez et al. [45]. Moreover, k,,, is determined by the so-called
Mayos procedure in which a plot of the inverse of the number-aver-
age degree of polymerization versus R, yields k,,,/k, as the y-inter-
cept of the curve [46].

The values of k;, and k, depend on the reactivity of the MMA
radical and poly(MMA) radical, respectively. It was found that the
reactivity of a styryl radical is approximately ten-times higher than
that of a polystyryl radical, as reported by Chern and Poehlein [29].
Consequently, the value of ki is ten-times that of k,. Therefore,
there are only two unknown parameters, the k,, and k, grafting rate
constants, which need to be determined by parameter estimation.
The proposed model was solved using MATLAB version R2009b.
The schematic of model estimation is summarized in Scheme 2,
which can be described as follows:

(i) Perform polymerization experiments to characterize the poly-
mer properties at the desired time (t), e.g, MMA conversion (x),
GE, %MG, and %ME

(i) Use curve fitting of x(t) data (Eq. (24)) to calculate n and 1,
according to Egs. (25) and (26). Note that 7, is different from n
and 0,

(iii) Perform parameter estimation to determine k, and k;, at var-
ious temperatures studied by fitting the model results (GE) to the
experimental data using a least squares error approach.

(iv) Input all kinetic and physical parameters, which are obtained
from steps (ii) and (iii), and rate constants (k; k,, k) obtained from
performing homopolymerization, into the model (Egs. (14)-(18))
and estimate GE, MG, and MF.

(v) Validate the model with the experiment data.

The values of kinetic and physical parameters used in this work
are summarized in Table 4.
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Table 4. Kinetics and physical parameters obtained in the current

work or taken from literature
Parameter Value or expression Unit Ref.
k, 091 @ 40°C L-mol-min™ This work
2.61 @ 60°C
Kk} 9.1 @40°C L-mol-min™ This work
26.1 @ 60°C
k, 189 @ 40°C L-mol™-min™ This work
242 @ 60°C
k; 3.48x10°x 2% WimART I 1 mol™.min™  This work
k, 2.04x 107 x>0 @malRTWL 1 6l min™  This work
K.k, 57x10° @30°C - This work
6.9x107° @ 50°C
83x10° @ 70°C
0.0015><e[78,25 (kJ/mol)/RT (K)]
k, 0 min”' Neglected
MW, 68.12 g-mol” -
MW, 100.12 g~molfl -
r 200 nm 32
I, 66 nm This work
a 0 - Neglected
Lo 0.92 (for G1-4) g-cm’ 60
0.9 (for G5-8)
P 0.91 g-cm’ -
MATERIALS AND METHODS
1. Materials

The NR latex used in this work was commercial high-ammonia
grade containing 60% dry rubber content (DRC). The NR latex was
obtained from Hevea brasiliensis supplied by Thai Hua Rubber
Public Company Ltd., Rayong, Thailand. MMA monomer (Reagent
grade >99%; Aldrich, USA) was purified by washing with a 10%
aqueous solution of sodium hydroxide (~99%; Caledon, Canada)
followed by deionized water until neutral. Sodium lauryl sulfate
(SDS, 299%; Aldrich, Japan) was used as received as a surfactant,
isopropanol (99.5%; EMD, Canada) as a stabilizer, potassium hydrox-
ide (KOH, ~85%; BDH Inc., Canada) as a buffer, and CHPO (~80%;
Aldrich, USA) as an initiator of the redox initiator system contain-

Table 5. Emulsion graft polymerization recipes

Ingredients Amount
NR latex (g) 40
M/R 0.25-0.75
CHPO (phr)” 12
(CHPO:TEPA=1:1)

KOH (g) 0.12
SDS (g) 0.36
Solid content (%) 20

T (°C) 40-60

t (min) 0-480

“Initiator amount in parts per hundred NR

|| Polymerization )
i Aqueous mixture of DI water,

NR latex SDS, and isopropanol

| ]
¥

Mixing and Stirring at 400 rpm

<«——— KOH solution
N, gas purging for 30 min
«——— MMA monomer

! Swelling of NR particles with MMA for 1 h
: at reaction temperature

Graft copo%ymcrizing

i Coagulating latex product by a boiling
aqueous solution of 5% formic acid

Drying

Obtaining gross polymer
o R —_——

Soxhlet extraction TEM Particles Size :
observation measurement :

NMR investigation

Fig. 1. Polymerization procedure.

ing TEPA (~85%; Aldrich, USA) as an activator agent. Deionized
(DI) water was used for all solution preparations.
2. Graft Copolymer Preparation and Characterization

A batch emulsion graft copolymerization was performed in a
500 mL Pyrex glass reactor, which was equipped with a reflux con-
denser, a stirrer, and a nitrogen inlet tube and placed in a water
temperature-controlled bath. The ingredients used are summarized
in Table 5. The monomer-rubber ratio (M/R), amount of CHPO
per hundred parts rubber, temperature (T), and reaction time were
varied. Note that M/R varied from 0.25 to 0.75, which can be written
in MMA concentration as 0.52-1.08 mol-L™". Likewise, the amount
of CHPO 1-2 phr is equal to 0.0095-0.027 mol-L™" of CHPO con-
centration. The reaction time was varied up to 480 minutes. As a
result, eight polymerization conditions are assigned to study the
grafting kinetics and to verify the model. The polymerization pro-
cedure is given in Fig. 1. A number of experiments were carried
out one by one under the same condition but varied in time. The
gross polymer product consists of a graft copolymer, free NR, and
free poly(MMA). The free NR and free poly(MMA) were removed
by soxhlet extraction. The free NR was washed out initially using a
60-80 °C boiling point petroleum ether for 24 h followed by a second
extraction with a mixture of acetone/methyl ethyl ketone (50: 50
v/v) for another 24h to remove free poly(MMA). After soxhlet
extraction, the product was dried to a constant weight in a vac-
uum oven at 50 °C, yielding graft copolymer. The monomer con-
version, grafting efficiency, and %MMA composition in the graft
copolymer and in the free polymer were determined gravimetri-
cally according to the following relationships:

Monomer conversion (x, %)

_ weight of MMA polymerized
"~ weight of initial MMA

%100 (31)

Korean J. Chem. Eng.(Vol. 32, No. 5)
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Grafting efficiency (GE, %)
weight of MMA grafted

- weight of MMA polymerized 2
%MMA in graft copolymer (MG, %)
_ we.ight of MMA grafted 100 (33)
weight of gross polymer
%MMA in free polymer (ME %)
weight of free MMA N (34)

- weight of gross polymer

The chemical grafting of MMA onto NR was characterized by
"H NMR spectroscopy. The spectra were recorded on a Bruker 300
MHz spectrometer. The dried sample of graft copolymer was swol-
len in deuterated chloroform (CDCL).

The morphology of the graft copolymer was observed using a
LEO 912AB transmission electron microscope (Carl Zeiss Inc., Ger-
many) at 120 kV. The latex sample was diluted 400 times with DI
water. A drop of 2% osmium tetroxide solution was dropped into
the diluted solution of the latex sample and then left to sit over-
night. Thereafter, a drop of stained solution was applied to a 400-
mesh copper grid.

The size and size distribution of the NR particles were measured
at 25°C by Dynamic Light Scattering using a Nanotrac NPA 150
particle size analyzer (Betatek Inc., Canada). The particle size was
reported as the number average diameter.

RESULTS AND DISCUSSION

1. Kinetics Parameters for MMA Homopolymerization

By observing the change in temperature over the range of 30-
70 °C, the values of k, k,, and k,, obtained in this work can be sum-
marized via an Arrhenius relation (Table 4), which yields a coeffi-
cient of determination (R*) of ~0.98. Interestingly; our activation
energy for the decomposition of CHPO by TEPA (53 kJ/mol) is
lower than that of the thermal decomposition of CHPO in solu-
tion polymerization. Stannett and Mesrobian [47] studied the de-
composition of CHPO in xylene at various concentrations of mono-
styrene and reported that the activation energy for the decomposi-
tion of CHPO over the temperature range of 73.5-110 °C was 101
kJ/mol. In addition, Forham and Williams [48] found that the de-
composition of CHPO over the temperature range of 90-110°C
via a unimolecular fission process, presumably at the O-O bond,
had an activation energy of approximately 127 kJ/mol. However,
the value is greater than the decomposition of CHPO by ferrous
ion (Fe™) for acrylonitrile solution polymerization over the tem-
perature range of 0-25°C (50 kJ/mol) [49]. This can be explained
by the fact that a stronger electron donor, i.., Fe’*>TEPA, and the
transfer of an electron to the O-O linkage from Fe** and TEPA have
high activity to generate RO’ radicals over homolytic scission of
the O-O bond thermally; providing the decomposition rate of CHPO
of Fe*">TEPA>thermal. In addition, polymerization using a redox
initiator can occur at low temperatures [50], resulting in a lower
energy to decompose the O-O linkage.

For the propagation reaction, the value of the activation energy
(31 kJ/mol) is close to the value reported by Soh [51] (29 kJ/mol),
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whose work involved a measurement of the propagation rate con-
stant during interval IIT of the emulsion polymerization using a
seeded emulsion technique for MMA polymerization initiated by
persulfate over the temperature range of 40-60 °C. Nevertheless,
our value is higher than that reported by Gilbert [52] (22.34 K]/
mol) for determination of critically evaluated propagation rate coef-
ficients in free radical bulk polymerization induced by a pulsed-laser
over the frequency range of 0.5-25 Hz and temperature range of —1
to 90 °C. Kunyuan et al. [53] studied the radical bulk polymeriza-
tion of MMA initiated with organic peroxide-amine systems. They
found that the peroxide-N, N-dimethyl-p-toluidine (DMT) systems
gave higher rate of bulk polymerization of MMA than the organic
hydroperoxide-DMT systems. They took the activation energy for
propagation of MMA as 26.4k]/mol [54]. The propagation rate
constant, generally found to have the same value in emulsion polym-
erization as in the corresponding bulk polymerization at high con-
version, is a function of both monomer reactivity and radical re-
activity. In addition, the apparently different values of a rate constant
may be a consequence of experimental error, experimental condi-
tions, or method of calculation [54].

The value of k,,,/k, observed in the present work was in the range
of 5.7-8.3x10~" for the temperature range studied 30-70 °C (Table
4). On comparing to the literature, it was found that the observed
value herein at 50 °C (6.9x10°°) is slightly higher than that reported
by Whang et al. (4-5x10"°) who studied emulsion polymerization
of MMA at 50 °C [55]. In addition, the observed value is also greater
than that reported by van Berkel et al. (1.8-3x10"°) whose work
determined the value of k,,/k, for seeded emulsion polymeriza-
tion using 0.1-3 mM of potassium persulfate concentration under
the same temperature [56]. Moreover, the observed value in this
work is close to the reported value of k,,,/k, (5.15x10™°) for bulk
polymerization induced by azobis(isobutyronitrile) at 50 °C [57].
As mentioned above, the different initiators can be directly affected
by the polymerization process and will also affect the polymeriza-
tion rate.

2. Characterization and Morphology of Grafted NR

The "H NMR spectra of the NR before and after grafting are illus-

trated in Fig. 2. The peaks of NR are attributed to the olefinic pro-

i
(b)
——0——CH3 (MMA) l
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[‘i) CHy—— CHy H
Unsaturated | | \(::r:/
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Fig. 2. '"H NMR spectra of (a) NR and (b) poly(MMA)-g-NR (56%
GE).
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.

Fig. 3. TEM image of (a) NR and (b) poly(MMA)-g-NR (56% GE).

tons (=CH, at 5.1 ppm), the methylene protons (-CH,-, at 2.02 ppm),
and the methyl protons (-CHj, at 1.66 ppm). After graft copoly-
merization (Fig. 2(b)), a new peak at 3.57 ppm was observed, which
is attributed to the presence of the -OCHj; of poly(MMA). This con-
firms that chemical grafting between MMA and NR occurred. In
addition, the intensity of the peak at 5.1 ppm for the olefinic pro-
tons is constant, indicating no addition of MMA across the car-
bon-carbon unsaturated double bond of NR. Therefore, it can be
deduced that the abstraction of an allylic hydrogen in the NR domi-
nates the graft site initiation. A similar result has also been observed
in grafting various types of vinyl monomers onto NR using CHPO/
TEPA initiator (MMA and dimethylaminoethyl methacrylate by
Oliveira et al. [8] and styrene by Kongparakul et al. [58]).

Fig. 3(a) illustrates the morphology of NR latex particles exhib-
iting a smooth spherical surface. After graft copolymerization, the
heterogeneous core-shell structure with a nodular surface of grafted
NR is observed as shown in Fig. 3(b). The dull domains represent
NR particles as the core, whereas the brighter domains represent
poly(MMA) as the shell. Clearly; the NR particle is completely encap-
sulated with poly(MMA) particles. The shell thickness is less than
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40 nm.
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A particle size distribution of NR and grafted NR was observed.
Fig. 4(a) shows a unimodal particle size distribution of NR parti-
cles with an average radius (r.) of 66 nm. Typically, the size distri-
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bution of NR particles maintained with ammonia is in the radius
range of 50 nm to 1 micron, depending on the age of the NR tree
[59]. After the grafting process, the distribution peak of the grafted
particles has shifted to the right-hand side of NR particles, as illus-
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Fig. 6. Comparison of experimental results (symbols) and model predictions (lines) for variations of the GE (—, @) and percentage of
monomer in the graft copolymer (- —, [1), in the free polymer (-, <), and in the gross polymer (-, A) with conversion.
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Fig. 7. The predicted number of radicals in core and shell phase: (a) effect of initiator, (b) effect of M/R, and (c) effect of temperature.

trated in Figs. 4(b)-(d). By increasing GE from 49 to 64%, the aver-
age radius of grafted NR (r;) increases from 99 to 117 nm, indicating
an increase in shell thickness of grafted NR from 33 to 51 nm.
3. Kinetics Study for Graft Copolymerization

The graft copolymerization of MMA onto NR is carried out under
various experimental conditions to study the effect of the mono-
mer-rubber weight ratio, initiator concentration, and reaction tem-
perature. The monomer conversion, grafting efficiency; and % MMA
composition in the free polymer and graft copolymer are meas-
ured at a particular time and presented in Figs. 5 and 6. The results,
which have a similar trend for all experiments, show an increase of
conversion with time up to 180 minutes before reaching a plateau.
During the increase in conversion, the % MMA composition in the
free polymer and graft copolymer and the GE also rise. Obviously;
the % MMA composition in the free polymer is greater than that
in the graft copolymer, indicating the formation of free poly(MMA)
radicals upon grafted poly(MMA) radicals during this interval.
Nevertheless, after approaching a plateau level of conversion, the
consumption of free polymer in the system is apparently detected,
whereas the formation of graft copolymer continuously increases,
resulting in a steep increase in GE. This phenomenon indicates
that most of the MMA monomer likely polymerized to form free
poly(MMA) radicals during the early course of polymerization.
Afterward, those poly(MMA) radicals are combined with polyiso-
prene radicals by a transfer reaction or by a termination reaction,
yielding graft copolymer.
4. Parameter Estimation

The experimental GE-x data were fit with the model (Eq. (14))
to estimate the grafting rate constants (k, and k) using a least squares
approach. The data used in the estimation were taken from exper-
iments G4 and G8 operated at 40 and 60 °C, respectively. The best
fit yields the grafting rate constants at a particular temperature, as
reported in Table 4. According to the magnitude of k;, it can be
concluded that the initiation reaction of cumyloxy radicals to NR
chains has a significant effect on graft site initiation.
5. Model Validation

The estimated values of k, and k;, at 40 and 60 °C were used to
verify the model for conditions G1-3 and G5-7, respectively. Fig. 6
shows a comparison of the model predictions for GE, %MMA com-
position in free polymer and graft copolymer to the experimental
data under various conditions. The simulated results agree well with
the experimental results, indicating good performance of the pro-

posed model. Therefore, the kinetic parameters obtained from the
parameter estimation and homopolymerization experiments can be
used with confidence for prediction of the graft copolymer properties.

In addition, the proposed model is able to describe the influ-
ence of grafting variables, as expected. The observation shows that
GE is predicted to increase when the amount of initiator is increased.
An increase in initiator amount promotes the generation of MMA
radical number. Therefore, the probability of radicals transfer to
rubber to form graft site is raised, causing a larger of GE. The oc-
currence of more MMA radicals can be confirmed by the predicted
total number of radicals in the core and shell phases. As can be seen
in Fig. 7(a), 11, for 2 phr of initiator is more than that of 1 phr, even
if 71, for both initiator concentrations is almost the same. An in-
creased number of radicals in the core phase encourages the for-
mation of graft site, thus giving a higher of GE.

With an increase in the monomer-rubber weight ratio from 0.25
to 0.75, the decrease of GE is apparent. In the presence of a low
monomer concentration, nearly all of the monomer reacts with
excess NR molecules due to a surface-controlled process of graft
copolymerization. The contact area between the NR and mono-
mer is large. Hence, it is easy for the monomer to diffuse and react
with the NR chains. The GE then increases. In addition, an increase
in the monomer-rubber weight ratio yields more MMA radicals,
as can be seen in Fig. 7(b), in that both 11, and 11, increase. The greater
number of radicals leads to the higher amount of polymer produced
for both graft copolymer and free polymer, as shown in Fig. 6. For
example, on comparing experiment G1 and G3 at highest conver-
sion, % MMA in gross polymer, in graft copolymer, and in free
polymer increases with increasing the monomer-rubber weight ratio.
For G1 the % MMA in graft copolymer is larger than that of in
free polymer, whereas the reverse trend is observed for G3. As a
result, the GE of G3, which has higher monomer-rubber weight
ratio, is lower.

An increase in the reaction temperature from 40 to 60 °C pro-
vides a higher GE. Polymerization under higher temperature induces
a faster initiator decomposition rate, yielding a larger number of
growing radicals in the system. This is confirmed by Fig. 7(c), where
both 1, and 1, increase with increasing temperature. In addition,
increasing the temperature also enhances the mobility of the molecu-
lar chains and decreases the viscosity of the system. Hence, those
growing radicals can easily penetrate through the NR chain to form
graft copolymer, resulting in a greater GE at higher temperatures.

Korean J. Chem. Eng.(Vol. 32, No. 5)
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Fig. 8. The sensitivity of the model prediction to changes in k, ((a) and (d)), ((b) and (e)), and ((c) and (f)).

According to the grafting mechanism, there are three graft site
initiation steps (Egs. (3), (7), (9)). Egs. (7) and (8) are considered
to be the same reaction, which involves the same poly(MMA) radi-
cals. To estimate the relative importance of each graft site initia-
tion step, a sensitivity analysis was performed for each temperature
studied (40 and 60 °C), as shown in Fig. 8. The value of each graft-
ing rate constant is varied by increasing it two-times for each incre-
ment, keeping the others constant at their optimal values. The de-
pendence of the GE-x profiles on an increase of each grafting rate
constant was observed. The model predictions are clearly sensitive
to the change of ki, >k >k, for 40 °C and k,>k>k; for 60°C. An
increase in ky, k,, and k;, of two-times induces an increase of approxi-
mately 57%, 37%, and 0.25% in the GE, respectively. This indicates
that the initiation of cumyloxy radicals to the NR and the reaction
of chain transfer to NR by poly(MMA) radicals play a major role
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in graft site initiation over the reaction of chain transfer to NR by
MMA radicals.

CONCLUSIONS

A graft copolymerization model for using CHPO/TEPA as a redox
initiator was successfully developed to describe grafting MMA onto
NR latex as a core-shell particle. The model was developed by con-
sidering the characteristics of this redox initiator. Since it contains
one hydrophobic and one hydrophilic component, the model has
more complexity than using conventional persulfate as an initiator.
As grafting takes place on the NR particle surface, a population
event of radicals in the core/shell phases is also taken into account
in the model development. The proposed model provides an esti-
mation of the GE, %MMA composition in the graft copolymer
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and free polymer, which are the key factors for controlling the graft
copolymer properties. The model prediction can be applied through-
out the period of the 8 hour experiment. The proposed model is
also able to represent the influence of the grafting parameters well.
In addition, a sensitivity analysis reveals that the initiation of cumy-
loxy radicals to the NR and the reaction of chain transfer to NR
from poly(MMA) radicals play a major role in the graft site initia-
tion. Therefore, this proposed model can be helpful for the pro-
duction of the NR grafting process in choosing the suitable condition
for the desired properties of the graft product by adjusting reac-
tant amount and time required.

ACKNOWLEDGEMENTS

We gratefully acknowledge the financial support of Thailand
Research Fund through the Royal Golden Jubilee Ph.D. Program
grant # PHD/0098/2551, and appreciate the financial support of
the Natural Sciences and Engineering Research Council of Can-
ada (NSERC) and the Chemical Engineering Department, Faculty
of Engineering, Kasetsart University and the Chemical Engineer-
ing Department of the University of Waterloo.

NOMENCLATURE

A, B, C, D: constant obtained from curve fitting

[CHPO)] : concentration of cumene hydroperoxide [mol-L™,,.]

E,, :fraction of MMA" in the monomer-swollen particle

E, :fraction of PMMA' which is free and grafted chains in the
monomer-swollen particle

k; K, k,, Ky, K, : rate constant for initiator decomposition, initia-
tion, propagation, chain transfer, and termination reactions,
respectively [L-mol '-min ']

k;  :first-order rate coefficient for loss of free radicals that leave
the particle [min™']

k;, k,, k: grafting rate constant for cumyloxy radicals attacking
NR and for transfer to NR by PMMA'™ and MMA', respec-
tively [L-mol "-min"']

n  :total number of radicals per monomer-swollen particle

n,, 1, : total number of radicals in core and shell phases

N :number of NR particles [L",,..]

N, :Avogadros number [mol ']

[NR], : carbon-carbon double bond concentration per NR particle
[mol- L]

NR, :initial mass of dry NR [g]

M, :initial mass of MMA [g]

MW, : molecular weight of isoprene [g-mol ']

MW,,: molecular weight of MMA [g-mol ']

[MMA] |, : monomer concentration in monomer-swollen particle
[mol- L]

P,  :the probability that any given radical is terminated by an
initiator end-group

r : radius of reference particle [nm]

1, 1, :radii of the NR and graft copolymer particles [nm]

[TEPA] : concentration of tetraethylenepentamine [mol-L™",;.]

v, : volume of monomer-swollen particle [L]

»
v,  :volume of NR particle [cm’]

np

v,,  :initial volume of water [L]
X :fractional conversion
Z  :normalized distance from particle surface to center

Greek Letters
o :fate parameter representing the fraction of exited radicals
that reenter a particle

p  :first-order rate coefficient for absorption of any radicals into
a monomer-swollen particle [min ']

£, :first-order rate coefficient for cumyloxy radicals entering a
monomer-swollen particle [min™']

P :density of MMA [g-cm’]

o :density of dry NR [g-cm’]

p(z) :profile of radical distribution in the monomer-swollen particle

@.  :the volume fraction of the core (NR) phase
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