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ABSTRACT: Graft copolymers of natural rubber and poly
(methyl methacrylate) (NR-g-PMMA) were prepared in a lab-
oratory scale, and then extended to a pilot scale production.
Reaction conditions were first assessed based on a prepara-
tion in the laboratory scale with a reactor capacity of 1.5 l. An
optimum grafting efficiency was obtained when cumene hy-
droperoxide/tetraethylenepentamine (CHP/TEPA) redox
initiator was used at the reaction temperature and time of
50�C and 3 h, respectively. MMA monomer was used with-
out purification in the polymerization process comparing
with the purified one by means of extraction. It was found
that only a slight decrease of grafting efficiency was observed
when the nonpurified monomer was used in the reaction.
The nonpurified monomer was therefore used to prepare the
NR-g-PMMA in a pilot scale production with a reactor

capacity of 260 L. Various weight ratios of NR/MMA at 50/
50, 60/40, 70/30, and 85/15 were studied. The resulting graft
copolymers were characterized by FTIR and 1H-NMR techni-
ques. It was found that increasing concentration of MMA
caused an increase of free PMMA (i.e., homopolymer) but a
decrease of free NR (i.e., ungrafted NR) and grafting effi-
ciency. Quantity of grafted PMMA on the NR backbone was
estimated using the integrated peak areas of 1H-NMR spectra
and quantitative analysis by extraction method. The results
were found to be in good agreement. VVC 2009 Wiley Periodicals,
Inc. J Appl Polym Sci 114: 587–597, 2009
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INTRODUCTION

Natural rubber (NR) is a renewable and sustainable
material, which gives various good properties, such
as high tensile strength, high elongation, and out-
standing resilience, lending itself to be used in vari-
ous applications. NR is an unsaturated rubber that
consists of mainly cis-1, 4-polyisoprene.1 It is there-
fore holding some drawbacks such as poor oil resist-
ance due to its nonpolar nature; high sensitivity to
heat, oxygen, and ozone due to its reactive double
bonds. A variety of synthetic counterparts are made
to meet some specific requirements such as for
high temperature applications or for oil-in contact
products. However, these synthetic rubbers are
mostly manufactured from nonrenewable oil-based
resource. Under an increasing awareness of environ-
mental issue and fuel shortage in the future, natural
rubber and other renewable and sustainable resour-
ces are undoubtedly back into play.

The nonpolar and highly unsaturated nature of
NR limits its use in some industries including adhe-
sives and sealants for polar substrates. To extend the
use of NR, a variety of modification methods can be
used to partly or completely alter the NR structure to
enhance its properties to meet some specific require-
ments.2 The modification of NR via graft copolymer-
ization is probably the most common method used
to prepare a product that has some better properties
than those of unmodified one. Graft copolymers of
NR with various types of vinyl monomers, e.g., sty-
rene,3–5 acrylonitrile,6 dimethylaminoethyl methacry-
late,7,8 and methyl methacrylate (MMA)9–21 have
been investigated. Graft copolymerization of MMA
onto NR molecule has been performed by free radi-
cal polymerization either in solution or in latex states
using various initiator systems including thermal ini-
tiators, such as benzoyl peroxide,10 potassium persul-
fate,13 and redox initiators,11,12,14,16–21 e.g. cumene
hydroperoxide/tetraethylene pentamine (CHP/
TEPA), tert-butyl hydro-peroxide/tetraethylene pen-
tamine (tert-BuHP/TEPA), or potassium persulfate/
sodium thiosulfate (K2S2O8/Na2S2O3). The CHP/
TEPA was found to be the most effective redox ini-
tiating system18 and has been widely applied to pre-
pare the graft copolymers of NR and MMA.16,19,21

The graft copolymer of NR and MMA exhibits the
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improved polarity, hardness, toughness, and oxida-
tion resistance.13,15,18 Therefore, it could be widely
applied for adhesives, binders, surface modified
agents, and hardness modifier. The NR-g-PMMA la-
tex blended with normal concentrated natural rubber
latex gives films with improved modulus, hardness,
and tear resistance.1

The investigations of NR-g-PMMA in various
aspects are normally carried out using the products
obtained from a laboratory scale production.9–21

Even though this material is commercialized, such
as by Akrochem (USA) and Regitex (Japan), the
open discussion on a pilot scale production is very
limited. Being the largest NR producer since 1991, a
value added to NR is very important to boost Thai-
land economics. Therefore, in this work, we are
interested to investigate the preparation of graft co-
polymer in a pilot scale in order to extend its use in
various industries. This work started from a labora-
tory scale production to screen for the most suitable
parameters, and hence extended to a pilot scale
preparation. The graft copolymer of NR and MMA
was prepared by a semibatch emulsion polymeriza-
tion technique using CHP/TEPA as a redox initiator.
A behavior of the mixtures with varying weight per-
centage ratios of NR to MMA during polymerization
in a pilot scale production was observed in terms of
temperature profiles. The resulting products were
characterized by FTIR and proton NMR techniques.
In addition, the characteristics of pilot scale pro-
duced graft copolymers were evaluated in compari-

son with those prepared in a common laboratory
scale.

EXPERIMENTAL

Materials

The natural rubber latex used for graft copolymer-
ization was high ammonia (HA) concentrated latex
containing 60.7% dried rubber content. It was manu-
factured and kindly supplied by the Rubber Estate
Organization (Nakorn Sri Thammarat, Thailand).
Methyl methacrylate (MMA) monomer with purity
> 99.8% and 15 ppm of 2, 4-dimethyl-6-tert-butyl-
phenol (Topanol A) inhibitor was produced by Thai
MMA Co., Ltd. (Thailand). Cumene hydroperoxide
(CHP) and tetraethylene pentamine (TEPA), manu-
factured by Fluka (Steinheim, Switzerland), were
used as redox initiator. The 37% potassium laurate
used to stabilize the latex was prepared from a reac-
tion of lauric acid (manufactured by S.O.C Co., Ltd,
Indonesia) and potassium hydroxide (manufactured
by Unid Co., Ltd., Korea). Purification of MMA
monomer was performed by washing with a 10%
aqueous solution of NaOH and then with deionized
water until neutral.

Polymerization reactors

The laboratory and pilot scale apparatus used for
the preparation of NR-g-PMMA are schematically
illustrated in Figures 1 and 2, respectively. The labo-
ratory scale reactor consists of a jacket glass reactor
of 1.5 L equipped with two-paddle impeller, con-
denser, thermometer, and nitrogen gas system. The
pilot scale reactor consists of a jacket polypropylene-

Figure 1 Laboratory scale apparatus used to prepare NR-
g-PMMA.

Figure 2 Pilot scale apparatus used to prepare NR-g-
PMMA.
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coated aluminum reactor of 260 liters equipped with
propeller typed impeller, condenser, thermometer,
and nitrogen gas system.

Dimensions of the main reactors in which the
polymerization takes place are summarized in Table
I. The flow regime for each polymerization system
was determined according to the Reynolds number
(Re), which was calculated from the following
equation22:

Re ¼ qNDa
2

g

where N is a stirring rate (rps), Da is an impeller di-
ameter (m), q is a density of latex (¼0.92 kg/dm3),
and g is a viscosity of latex (¼58 mPa s).

Calculated Reynolds numbers are reported in Ta-
ble I. Even though most of the emulsions should be
prepared under a turbulent flow regime (Re >
104),23 the graft copolymerization involving natural
rubber latex should keep the Re below 104 to retain
latex stability. The excessive shear force obtained
by mechanical stirring under a turbulent flow
could result in a coagulation of NR latex during
the polymerization. It was found that a use of the
same stirring rate in the pilot scale reactor as that
of the laboratory scale reactor (i.e., 120 rpm)
caused a flocculation of latex. Therefore, the stir-
ring rate in the pilot scale reactor was reduced to
60 rpm, as reported in Table I.

Preparation of NR-g-PMMA

The CHP/TEPA redox initiation system has been
reported to be the most efficient redox initiating
system for preparing the NR-g-PMMA,18 and
hence, they are selected for this study. The NR-g-
PMMA was prepared using a semibatch emulsion
polymerization technique in the laboratory and
pilot scale reactors following the formulations
given in Table II.

Laboratory scale preparation of NR-g-PMMA: effect
of reaction temperatures, reaction times, and purity
of monomer

To determine the reaction conditions for the pilot
scale preparation, the laboratory scale experiments
were first implemented by varying the reaction tem-
peratures and times. An amount of MMA monomer
used for this initial investigation was fixed at 20 phr,
i.e., a weight ratio of NR/MMA was equal to 83/17,
and the TSC was 50%. Other ingredients are as listed
in Table II. The reaction temperatures were first var-
ied at 50, 60, and 70�C (�5�C), whereas the reaction
time after the completion of monomer addition was
fixed at 3 h. Then, the reaction temperature was
fixed at 50�C, and the reaction times were varied
from 0 to 9 h. For both reaction temperature and
time studies, the purified monomer was used. After
that, the graft copolymerization was carried out
using nonpurified monomer under the suitable tem-
perature and time, in order to compare with the
purified one.
The HA latex, TEPA (85 wt %), potassium laurate

(37 wt %), and water were initially added into the
main reactor according the formulation shown in Ta-
ble II. The mixture was then thoroughly stirred
under a nitrogen atmosphere for 30 min at the
required temperature (�5 �C), which was controlled
by the temperature of water circulating through the
jacket glass reactor The monomer (MMA) and CHP
(80 wt %) were then incorporated into a feeding
tank and subsequently added drop-wise into the
main reactor. The monomer feeding for the labora-
tory scale reactor took approximately 0.5 h. The mix-
ture was then left to react for the required times. For
characterization purpose, the graft copolymers
obtained under different reaction conditions were
coagulated with a 10% aqueous solution of calcium
chloride (CaCl2), washed with deionized water, and
finally dried at 40�C for 24 h.

TABLE II
Formulation Used in Grafting Reaction at Various

Weight Percentage Ratios of NR and MMA

Chemical Laboratory scale Pilot scale

Chemicals in a main reactor
HA latex 100 phr (83 g) 50, 60, 70,

and 85 (g)
TEPA 1.0 phr 1.0 phr
Potassium laurate 1.5 phr 1.5 phr

Water To adjust TSC equaling to 50%

Chemicals in a feeding tank
MMA 20 phr (17 g) 50, 40, 30

and 15 (g)
CHP 1.0 phr 1.0 phr

TABLE I
Dimensions and Agitation Conditions of the

Laboratory and Pilot Scale Reactor Systems Used to
Prepare NR-g-PMMA

Dimension and agitation condition Lab scale Pilot scale

Reactor capacity (L) 1.5 260
Reactor internal diameter (m) 0.10 0.71
Reactor height (m) 0.23 0.86
Reaction mixture height (m) 0.08 0.43
Volume of reaction mixture (L) 0.5 100
Impeller diameter (m) 0.08 0.66
Impeller type Paddle Propeller
Stirring rate (rpm) 120 60
Reynolds number (�10�4) 0.02 0.75
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Comparison of the laboratory and pilot scale
production of NR-g-PMMA

The graft copolymers were prepared using a weight
ratio of NR/MMA equal to 60/40. The reaction mix-
ture volumes in the laboratory and pilot scale reac-
tors were 0.5 and 100 L, respectively. The reaction
temperature was 50�C � 5�C, and the reaction time
after the end of monomer charging was 3 h. The
reaction was carried out following the same proce-
dures as described previously for the laboratory
scale preparation using the nonpurified monomer.
For the pilot scale reactor, the addition of MMA
monomer into the reactor was started when the tem-
perature reached 40�C, and this step took approxi-
mately 2.5 h. After the completion of grafting
reaction, small amount of graft copolymer latex was
coagulated with a 10% aqueous solution of CaCl2,
washed with deionized water, and finally dried at
40�C for 24 h before analysis.

Pilot scale production of NR-g-PMMA at various
weight ratios of NR to MMA

Under the suitable conditions determined from the
laboratory scale preparation, a series of NR-g-
PMMA were produced in a pilot scale reactor using
different weight ratios of NR/MMA, i.e., 50/50, 60/
40, 70/30, and 85/15, as formulations given in Table
II. The grafting reaction was carried out at 50�C �
5�C for 3 h after the completion of monomer charg-
ing, using nonpurified monomer. The procedures for
grafting reaction and product work-up are as previ-
ously described.

Determination of conversion, free NR, free PMMA,
and grafting efficiency of the graft copolymer

Conversion

A known weight of graft copolymer latex was dried
to a constant weight at 80�C for approximately 24 h.
The dried weight was then used to calculate a per-
centage of monomer conversion into polymer using
the following equation:

Conversion ðCV;%Þ ¼ M2 �M1

M0
� 100 (1)

where M0 is the mass of initial monomer (g), M1

is the mass of solid NR plus other chemicals exclud-
ing monomer (g), and M2 is the mass of dried
sample (g).

Free NR, free PMMA, and grafting efficiency

The solid samples of graft copolymers for the analy-
sis of free homopolymers (free NR and free PMMA)
and grafting efficiently were obtained by coagulating

the graft copolymer latex with 10% CaCl2, washing
with deionized water until neutral, and finally dry-
ing in a hot air oven at 40�C for 24 h. Soxhlet extrac-
tion method, which has been widely applied to
determine the ungrafted NR and PMMA,11,18,21 was
used in this work. The Soxhlet extraction of pure
NR, which was coagulated from the concentrated
NR latex before being used for graft copolymeriza-
tion, by using light petroleum ether revealed that
the NR molecules were completely soluble, i.e., no
residue left after the extraction. Acetone is also
known as a good solvent for PMMA and can com-
pletely dissolve PMMA. In this work, the free NR
was first extracted in a Soxhlet extractor by light pe-
troleum ether for 24 h. The residue was dried to a
constant weight in an oven at 40�C. The free PMMA
was later extracted by acetone for 24 h and then
dried at 40�C. The free NR and free PMMA were
then calculated based on a weight difference before
and after each extraction interval, as shown in eqs.
(2) and (3). The weight difference between the initial
weight and the final weight of sample after extract-
ing both free NR and free PMMA was then used to
calculate grafting efficiency (GE) according to eq. (4).
The analyses were repeated two times for each sam-
ple and average values were reported in this work.

Free NR ð%Þ ¼ ðM3 �M4Þ
M3

� 100 (2)

Free PMMA ð%Þ ¼ ðM4 �M5Þ
M4

� 100 (3)

Grafting efficiency ðGE;%Þ

¼ Weight of grafted copolymer

Weight of polymer formed
� 100 ð4Þ

where M3 is the mass of sample before extraction
(g), M4 is the mass of residue after extraction by
light petroleum ether (g), and M5 is the mass of resi-
due after extraction by acetone (g).

FTIR and 1H-NMR characterization

After extracting the homopolymers (free NR and
free PMMA), the resulting graft copolymers were
analyzed by using FTIR and 1H-NMR techniques.
For the FTIR analysis, the graft copolymers were dis-
solved in a mixed solvent of toluene and methyl
ethyl ketone (50/50 wt/wt), and later cast on KBr
cell. The infrared spectra were acquired by using the
Omnic ESP Magna-IR 560 spectrophotometer in a
range of 4000– 400 cm�1. For the 1H-NMR character-
ization, the graft copolymers were dissolved in
CDCl3 and then characterized by the 500 MHz NMR
spectrometer (Varian, Germany). The mole and
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weight percentages of grafted PMMA on NR mole-
cules were calculated using the integrated peak
areas assigned to methoxy protons (AOCH3) of
grafted PMMA and olefinic proton (¼¼CHA) of NR,
using the following relationships16:

% mole of PMMA in the copolymer

¼ I3:5=3

ðI3:5=3Þ þ ðI5:1Þ
� 100 (5)

% weight of PMMA in the copolymer

¼ CPMMA �MPMMA

ðCPMMA �MPMMAÞ þ ðCNR �MNRÞ
� 100 (6)

where I3.5 ¼ integrated peak area of the methoxy
proton of PMMA at 3.5 ppm; I5.1 ¼ integrated peak
area of the olefinic proton of NR at 5.1 ppm; CPMMA

¼ % mole of PMMA in the copolymer; MPMMA ¼
molecular mass of repeating unit in PMMA; CNR ¼
% mole of NR in the copolymer; MNR ¼ molecular
mass of repeating unit in NR.

Testing of NR-g-PMMA latices

The NR-g-PMMA latices containing different levels of
grafted PMMA from the pilot scale production were
tested for their total solid content (TSC), alkalinity in
NH3 form, pH, viscosity, mechanical stability time
(MST), and surface tension according to American So-
ciety for Testing Materials (ASTM) D 1076-02. Deter-
mination of pH was done using pH meter Delta
Model 320 (Mettler-Toledo, England). The viscosity
was measured using Brookfield viscometer model
DV-11 (Brookfield Engineering Lab, USA). The MST
was tested at the speed of 14,000 rpm using Klaxon
MST machine (Klaxon, England), and the surface ten-
sion was measured using Du Nouy surface tension
apparatus (Du Nouy, USA). All measurements were
performed at room temperature.

RESULTS AND DISCUSSION

Laboratory scale preparation of NR-g-PMMA:
effects of reaction temperatures, reaction times,
and purity of monomer

This preliminary parameter screening process was
executed using the laboratory scale reactor, and the

graft copolymer was prepared using a weight ratio
of NR/MMA at 83/17, i.e., the amount of MMA
monomer was equal to 20 phr. For the temperature
investigation, the reaction time was fixed at 3 h, and
the reaction temperatures were varied at 50, 60, and
70�C. On the other hand, for the time assessment,
the reaction temperature was fixed at 50�C, and the
reaction times after a completion of monomer feed-
ing were varied from 0 to 9 h. The results of con-
version, %free NR, %free PMMA, and grafting
efficiency are summarized in Tables III and IV.
The effect of reaction temperatures on the grafting

reaction is shown in Table III. The %conversion and
grafting efficiently were found to be more or less
constant at about 95%. This indicates that the use of
redox initiators at which the initiation reaction can
occur at low temperature could readily give the re-
active radicals under the range of temperatures stud-
ied. However, the highest grafting efficiency was
observed at a reaction temperature of 50�C. This is
in agreement with the previous work15 based on the
use of deprotenized natural rubber (DPNR) and HA
latices. Kochthongrasamee et al.18 also suggested the
reaction temperature in a range of 30–60�C, and
found that the raise of reaction temperature beyond
60�C resulted in a decrease of grafting efficiently.
In Table IV, it is seen that as the reaction time af-

ter the monomer addition increased from 0 to 3 h,
there was a slight increase of the % conversion.
However, there was no further increase when the
reaction time exceeded 3 h. Therefore, the high con-
version was readily obtained after a completion of
monomer feeding, indicating that the reaction
occurred simultaneously while adding the monomer
and CHP initiator. However, the increase of reaction
time from 0 to 3 h showed an increase of grafting ef-
ficiency to a maximum value. A further increase of
reaction time caused a slight decrease of the grafting
efficiency. This behavior was also observed in the
previous works.13,15 At a long reaction time, there
were no new generated active sites on the rubber
molecules, and the PMMA homopolymer was
formed more readily than the graft copolymer. The
reaction temperature of 50 �C and the reaction time
of 3 h were therefore selected as the appropriate

TABLE III
Effect of Reaction Temperature on the Graft copolymer

Reaction
temperature

(�C)
Conversion

(%)

Free
NR
(%)

Free
PMMA
(%)

Grafting
efficiency

(%)

50 95.5 1.3 2.6 96.1
60 95.7 2.7 2.7 94.7
70 95.9 2.9 2.2 95.0

TABLE IV
Effect of Reaction Time on the Graft copolymer

Reaction
timea (h)

Conversion
(%)

Free
NR (%)

Free
PMMA (%)

Grafting
efficiency (%)

0 93.4 4.2 5.2 90.8
1 94.5 2.1 4.1 93.1
3 95.5 1.3 2.6 96.4
5 95.5 1.1 2.6 96.1
9 95.6 2.4 3.6 94.1

a Reaction time after a completion of monomer addition.
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conditions for the preparation of the graft copolymer
in the pilot scale.

For storage stability, inhibitors are generally
added to vinyl monomers. It is a norm procedure
for polymerization process that these inhibitors are
to be removed before being used for polymerization.
Purification can be done by using either liquid or
solid extraction media. This purification process
increases both time and cost. For a pilot scale pro-
duction that involves a large quantity of monomer,
nonpurified monomer is therefore a preferred
choice. To investigate an effect of monomer purity,
the graft copolymerization of NR/MMA at the
weight ratio of 83/17 (i.e., MMA ¼ 20 phr) was car-
ried out using a reaction temperature at 50�C and
reaction time of 3 h, using both purified and non-
purified monomers. The purified monomer was
obtained after extraction by using 10% NaOH. The
results showed that the graft copolymer obtaining
from the nonpurified monomer exhibited a slight
increase of free homopolymer and hence a slight
decrease of grafting efficiency, as shown in Table V.
It is seen that the use of both purified and nonpuri-
fied monomers gave similar results. Even though a
presence of the inhibitors should hinder active free
radicals and active sites on the NR molecules, and
hence, less grafting sites are available, the effect of
inhibitor was not significantly observed in this work.
This is possible due to a high concentration of inhib-
itor (1.0 phr or � 10�2 6.6 � 10�2 mmol/1 g of rub-
ber). Arayapranee and Rempel21 reported an
increase in GE with increasing the amount of initia-
tor from � 10�2 1.7 � 10�2 to � 10�2 5.0 � 10�2

mmol/1 g of rubber. The increase of initiator
amount over � 10�2 5.0 � 10�2 mmol/1 g of rubber
resulted in a decrease of GE. Kochthongrasamee et
al.18 was also observed the highest GE at the concen-
tration of CHP/TEPA of 0.5 phr. In this work, the
small amount of inhibitor (15 ppm) was therefore
consumed by the excessive amount of initiator, so
that, the nonpurified monomer could be used with-
out a significant deterioration in conversion and GE.

Comparison of the laboratory and pilot scale
production of NR-g-PMMA

The graft copolymers were prepared using NR/
MMA at a weight ratio of 60/40 in both laboratory

and pilot scale reactors. The reaction mixture vol-
umes in the laboratory and pilot reactors were 0.5
and 100 L, respectively. The temperatures of the la-
tex during and after monomer feeding were moni-
tored, and the temperature profiles are shown in
Figure 3. It is clear that the reaction mixtures in both
laboratory and pilot scale reactors displayed similar
pattern during the graft copolymerization, despite
the reactor vessels are made of different materials.
As depicted in Figure 3, the temperatures increased
gradually while adding the MMA monomer due to
an exothermic reaction of polymerization. Because
the redox initiators were used, so the polymerization
could immediately take place when the monomer
and redox initiator were presented in the system.
For this graft copolymerization, the monomer was
slowly added into the latex to maintain the latex sta-
bility. Because a pH of the MMA monomer is in a
range of 3–5, too fast addition of MMA into NR la-
tex could therefore lead to a latex coagulation. It
was found that the reaction temperatures increased
upon the addition of monomer and reached the
maximum values at 55 and 59�C for the laboratory
and pilot scale preparation, respectively. The tem-
perature differences between the initial and maxi-
mum temperatures in the laboratory and pilot scale
reactors were found to be 12 and 18�C, respectively,
as shown in Figure 4. The higher temperature
increase in the large reactor is simply attributed to a
slower heat transfer in the larger volume of latex.
However, the temperature differences in the two
very different production scales were found to be
not that much difference. It is clearly demonstrated
that the pilot scale preparation of the graft copoly-
mer could be carried out without a need of extensive
cooling system.
The graft copolymer products obtained from the

laboratory and pilot scale production were investi-
gated by the extraction method in order to

TABLE V
Effect of the Purified and Nonpurified Monomers on the

Graft Copolymer

Monomer
type

Conversion
(%)

Free
NR (%)

Free
PMMA
(%)

Grafting
efficiency

(%)

Purified 95.0 1.3 2.1 96.6
Nonpurified 95.6 2.7 3.1 94.3

Figure 3 Temperature profiles of the reaction mixtures
during graft copolymerization in the laboratory and pilot
scale reactors.
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determine the grafting efficiency. The NR-g-PMMA
was also analyzed using the 1H-NMR method. The
percentages of conversion, free NR, free PMMA,
grafting efficiency, and grafted PMMA are summar-
ized in Table VI. The pilot scale production gave
lower monomer conversion when compared with
the small scale production. However, the final prod-
ucts displayed similar weight percentages of grafted
PMMA on the NR molecules. In addition, the graft-
ing efficiency of the copolymer prepared in large
volume was slightly higher than that of the copoly-
mer prepared in the small reactor. It has been clearly
demonstrated in this work that the NR-g-PMMA can
be prepared to have similar grafted PMMA content,
providing that the formulation used is the same
even though the reactor sizes used are different.

Pilot scale production of NR-g-PMMA at various
weight ratios of NR to MMA

The pilot scale production of NR-g-PMMA was pre-
pared using various weight percentage ratios of NR
to MMA. The reaction mixture volume was 100 L.
The temperature profiles of the latex during the graft
copolymerization reaction were observed and shown
in Figure 5. We started to add monomer at 40�C and
the monomer addition took 2.5 h. The temperature
gradually increased as soon as the monomer was
added and reached a maximum at more or less the

same time at the finish of monomer addition. After
that the temperature gradually decreased to equilib-
rium at the set temperature of 50 � 5�C within 3 h.
All the graft copolymers prepared using different
weight percentage ratios of NR to MMA displayed
similar pattern, and the maximum temperatures
were found to increase with increasing the amount
of MMA added. The higher the concentration of the
monomer the higher the rate of polymerization, and
hence, more heat was generated. The maximum tem-
peratures observed during the polymerization, and
the differences of temperatures at the maximum and
the beginning of monomer feeding are illustrated in
Figure 6.
The graft copolymers with varying wt % ratios of

NR to MMA, which were prepared in the pilot scale
reactor were first analyzed for the percentages of
monomer conversion, free NR, free PMMA, and
grafting efficiency. The grafting efficiency was calcu-
lated from the weight ratio of extracted graft copoly-
mer and unextracted sample. The unextracted
sample composed of free NR, free PMMA, and NR-
g-PMMA. The Soxhlet extraction of ungrafted NR
and PMMA using light petroleum ether and acetone,
respectively, resulted in the sole NR-g-PMMA. The
results are summarized in Table VII. By using the
same reaction time, an increase of the monomer con-
centration resulted in a decrease of conversion and
grafting efficiency. In addition, quantities of free NR
and free PMMA presented in the products produced

TABLE VI
Comparison of Conversion, Free NR, Free PMMA, Grafting Efficiency and Grafted
PMMA of the Copolymers Obtained from the Laboratory and Pilot Scale Production

Production
scale

Conversion
(%)

Free NR
(%)

Free PMMA
(%)

Grafting
efficiency

(%)

Grafted
PMMA
(wt %)

Lab scale 98.2 4.6 10.9 85.3 34.0
Pilot scale 92.4 3.9 8.5 87.6 32.9

Figure 5 Temperature profiles during polymerization of
the reaction mixtures containing different weight ratios of
NR to MMA.

Figure 4 Maximum and delta temperatures during poly-
merization in the laboratory and large scale production.

PRODUCTION OF NATURAL RUBBER GRAFTED WITH PMMA 593

Journal of Applied Polymer Science DOI 10.1002/app



using different wt % ratios of NR/MMA are shown
in Figure 7. It can be clearly seen that the ungrafted
NR molecules decreased, whereas the PMMA homo-
polymer increased with increasing concentration of
MMA in the reaction. The reduction of initiator con-
centration with an increase of monomer content
resulted in a decrease of active radicals and hence a
decrease of reaction sites on the NR molecules. In
addition, the graft copolymer occurs on the surface
of the latex particles and the grafting mechanism
involves a surface-controlled process.13,21 Once the
PMMA shell was formed to a certain thickness, the
graft copolymerization was more difficult to occur.

It is well known that the grafting of MMA onto
NR particles occurs mainly at the interface and the
particle sizes of NR increase after grafting.16,21,24 The
investigation of NR-g-PMMA particles by transmis-
sion electron microscopy (TEM) and scanning electron
microscopy (SEM) clearly showed a core-shell struc-
ture, where NR was the core and PMMA was the
shell.19,21 The recent observation of NR-g-PMMA
using scanning transmission electron microscopy also
showed small nodules of PMMA grafted inside NR
particles with an average size of these nodules about
25–30 nm, and the amount of nodules in the particles
was found to increase with the monomer content.25

Therefore, an increase in monomer concentration and

hence a decrease of initiator concentration in combi-
nation with a surface-controlled grafting mechanism
resulted in a reduction of conversion and grafting effi-
ciency but a substantial increase of PMMA homopoly-
mer. From the results obtained, it indicated that
homopolymerization is more pronounced at higher
monomer concentrations. Furthermore, the cis-1, 4
configuration of NR should also play a role because
the grafting sites on the cis positions might not be
available after a certain percentage of grafting had
taken place. The grafted chains sterically hindered the
initiator and the newly arriving monomers to react on
the NR molecular chains. Homopolymerization was
then favored at high monomer concentrations. The
decrease of grafting efficiently with increasing mono-
mer contents was also reported by George et al.19 and
Arayapranee and Rempel.21

Characterization of NR-g-PMMA obtained from
the pilot scale production

The functional groups of NR-g-PMMA, which had
been prepared using various weight percentage
ratios of NR and MMA were characterized by FTIR
technique. The spectra, as shown in Figure 8, dem-
onstrated the absorption peaks at the wave numbers
of 1732 and 1140 cm�1 in the graft copolymer. This
indicates the presence of C¼¼O and CAO stretching
in the graft copolymer molecules, respectively. The
higher concentration of MMA monomer added into
the reaction, the stronger the characteristic absorp-
tion peaks of grafted PMMA was observed. To com-
pare the levels of grafted PMMA on the NR
molecules, the absorbance ratios of peaks at 1732
cm�1 to 835 cm�1 were calculated, and the results
are shown in Figure 9. The 1732 cm�1 peak corre-
sponds to the C¼¼O stretching of grafted PMMA,
whereas the 835 cm�1 peak arises from the ¼¼CAH
out of plane bending of cis-1, 4 polyisoprene. The
result clearly shows an increase of levels of grafted
PMMA with increasing quantities of MMA in the
grafting reaction.

TABLE VII
Conversion, Free NR, Free PMMA, and Grafting

Efficiency of the Graft Copolymerization at Various
NR/MMA Weight Ratios

NR/MMA
(by wt)

Properties (%)

Conversion
Free
NR

Free
PMMA

Grafting
efficiency

50/50 88.2 2.9 9.3 87.8
60/40 92.4 3.9 8.5 87.6
70/30 93.5 3.8 4.4 91.9
85/15 94.8 5.7 3.3 91.1

Figure 7 Percentages of free NR and free PMMA in the
graft copolymers at various loading levels of MMA
monomer.

Figure 6 Maximum and delta temperatures during poly-
merization at various weight ratios of NR to MMA.
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The graft copolymers were also characterized by
1H-NMR spectroscopy, and the NMR spectra are
shown in Figure 10. The absorption bands at the
chemical shifts of 3.5 and 5.1 ppm, which indicate
the signals of AOCH3 proton of PMMA and ¼¼CH
proton of polyisoprene, respectively, were clearly
observed. This confirms the occurrence of grafted
PMMA on the NR structure in the graft copolymers
which were prepared in the pilot scale reactor.

To quantify the amount of PMMA grafted onto
the NR molecules in terms of weight and mole per-
centages, the integrated peak areas of methoxy- and
olefinic protons of PMMA and NR in the 1H-NMR
spectra were used for calculation according to the
eqs. (5) and (6). The calculated results from 1H-NMR
spectra are presented in Table VIII, in comparison
with the weight percentages of grafted PMMA,
which were estimated by extraction method. From
the extraction technique, the amount of grafted
PMMA was calculated by relating the percentage of
grafting efficiency obtained to the initial monomer
content employed.

Even though the 1H-NMR technique should pro-
vide more accurate results than the extraction tech-
nique, we found that both techniques gave similar
results in terms of wt % of grafted PMMA onto NR,
as exhibited in Table VIII. The grafted PMMA
increased with increasing MMA contents used for
the graft copolymerization. However, because of the
incomplete conversion and occurrence of homopoly-
mer, the amount of final grafted PMMA was then
less than the amount of initial monomer used.
The characterization results from both FTIR and

1H-NMR techniques agreed well, and it is clearly
demonstrated that the graft copolymers with various
grafted PMMA contents were successfully prepared
using our pilot scale reactor. The suitable conditions

Figure 9 Absorbance ratios of FTIR peaks at 1732 and
835 cm�1 of NR-g-PMMA at various weight ratios of NR
and MMA.

Figure 10 1H-NMR spectra of the graft copolymers pre-
pared using various weight percentage ratios of NR and
MMA.

Figure 8 FTIR spectra of the graft copolymers prepared using various weight percentage ratios of NR and MMA.
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from laboratory scale production could be easily
extended to the pilot scale production. The NR-g-
PMMA product can then be wider applied in indus-
try level for various applications either in the latex
state or in the solid state.

Properties of NR-g-PMMA latices

The graft copolymers are intended to use initially
for adhesive applications, so the latex properties are
important. The graft copolymers were prepared at
the volume of 100 L in the 260 L reactor, and the la-
tex was tested without any further purification. This
means that the graft copolymer latex contains both
grafted and ungrafted PMMA, including the
unreacted MMA monomer. The initial total solid
content (TSC) calculated was 50%. The results, as
summarized in Table IX, showed that the final TSC
of the latex was lower than the initial TSC, and
increasing of MMA contents decreased the TSC of
the final product. This is in agreement with the per-
centages of monomer conversions reported in Table
V; the higher monomer concentration, the lower the
conversion, and hence, the lower TSC of the graft co-
polymer latex. The alkalinity and pH of the latex
were also reduced with the increase of MMA con-
tent due to the acidic nature of MMA and a loss of
NH3 during the reaction. The latex viscosity
decreased with increasing the MMA content because

the portion of natural rubber, which has higher vis-
cosity was reduced. The resulting graft copolymer
showed very high stability toward a high shear, as
the mechanical stability time (MST) was very much
higher than that of the NR latex. The lower surface
tension of this graft copolymer when compared with
the NR latex shall also enhance a wetting ability to-
ward substrates. According to the test results, the
properties of the NR-g-PMMA latex indicate a bene-
ficial influence on the adhesion property.

CONCLUSION

Graft copolymers of natural rubber and poly (methyl
methacrylate) (i.e., NR-g-PMMA) with different lev-
els of grafted PMMA were successfully prepared in
a pilot scale production, utilizing the suitable condi-
tions found for the laboratory scale reactor. The pilot
scale production gives lower conversion but similar
grafting efficiency and percentage of grafted PMMA,
when compared with the laboratory scale prepara-
tion. The NR-g-PMMA prepared using different wt
% ratios of NR/MMA; 50/50, 60/40, 70/30, and 85/
15, exhibited similar temperature profiles of the reac-
tion mixtures during the polymerization, but the
temperature rise increased with increasing the MMA
concentrations. It was found that the percentages of
conversion and grafting efficiency decreased with
increasing concentrations of MMA. The structure of
NR-g-PMMA prepared on the pilot scale production
was confirmed by FTIR and 1H-NMR techniques.
The FTIR spectra showed the characteristic absorp-
tion peak of AC¼¼O stretching of grafted PMMA at
1732 cm�1, whereas the 1H-NMR spectra exhibited
the peak associated with the resonance of methoxy
protons in the grafted PMMA at 3.5 ppm. The wt %
of grafted PMMA calculated from the NMR spectra
is in good agreement with the value calculated
based on the extraction method. The grafted PMMA
increased with the increasing of MMA concentration.
In addition, the properties of the graft copolymer

TABLE IX
Properties of the Graft Copolymer Latices at Various Weight Percentage

Ratios of NR to MMA

Properties NR

NR/MMA (by wt)

50/50 60/40 70/30 85/15

Grafted PMMA (wt %) – 43.0 32.9 25.8 11.7
TSC (%) 61.4 47.7 49.7 48.8 50.0
Alkalinity (in NH3 form), % 0.6 0.2 0.3 0.3 0.4
pH 10.3 9.5 9.9 10.1 10.1
Viscosity (centipoises) 57.7 20.1 22.1 28.5 36.5
Spindle no. 1 at 60 rpm
MST (s) 826 >1800 >1800 >1800 >1800
Surface tension (dyne/cm) 38 35 35 34 33

TABLE VIII
Comparison of Percentages of Grafted PMMA Analyzed

by Extraction and 1H-NMR Methods

NR/MMA
(by wt)

Initial
MMA
(wt %)

Percentage of grafted PMMA

Extraction
method 1H-NMR method

wt % mol % wt %

50/50 50.0 43.9 33.9 43.0
60/40 40.0 35.0 25.0 32.9
70/30 30.0 27.6 19.1 25.8
85/15 15.0 13.7 8.3 11.7
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latices were tested, and the results are beneficial to
the use for adhesive applications.
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