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Abstract The maleated sulfur-prevulcanized natural rubber (M-SPNR) was pre-
pared from grafting maleic anhydride (MA) onto SPNR latex particle by using
benzoyl peroxide as an initiator. Natural rubber latex particle was vulcanized first,
and then it was maleated to M-SPNR. The average particle size of M-SPNR was
greater than that of SPNR possibly due to the formation of aggregate after addition
of MA. The symmetric (strong) and asymmetric (weak) carbonyl stretching vibra-
tions of succinic anhydride rings were confirmed by ATR-FTIR at 1,780-1,784 and
1,854 cm ™!, respectively. The swelling ratios of M-SPNR latex film decreased with
increasing MA contents. The tensile strength, modulus, hardness, and elongation at
break of SPNR latex film dramatically increased after grafting with MA. Due to the
reduction of double bond, the thermal stability of M-SPNR film was better than that
of SPNR. The environmental friendly M-SPNR would be further applied as a
compatibilizer between NR and biopolymer.

Keywords Natural rubber - Vulcanization - Grafting - Chemical modification -
Latex

Introduction

Natural rubber (NR), composing mainly of cis-1,4 polyisoprene, is a biomaterial

having good mechanical properties, i.e., green strength, tensile strength, and tear
strength. However, their oil resistance, ozone resistance, and weather resistance
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are poor. These inferior properties of NR can be improved by the chemical
modification, addition of additive, or blending with other polymers [1]. Besides the
epoxidation [2-5], cyclization [6-8], hydrogenation [9, 10], chlorination [11-13],
and grafting reactions [14, 15], the modification of NR with maleic anhydride (MA)
has been studied [16]. With the aim of using, e.g., as compatibilizer, in the polymer
reactive blending, NR in toluene was grafted with MA by using benzoyl peroxide
(BPO) as a free radical initiator [16]. It was founded that the degree of grafted MA
on NR chain (NR-g-MA) or maleated NR (MNR) was proportional to MA and
initiator concentrations. An increase in the reaction time and reaction temperature
caused an increase in the grafted MA content which, consequently, increased the
glass transition temperature () of MNR [17]. When adding the MNR in a polymer
composite of NR and cellulose from paper sludge, the interfacial interaction
between the two polymers was enhanced. The scorch time and cure time of the
composite decreased with increasing filler loading. However, their maximum
torque, viscous torque, and tan J tended to increase [18]. Increasing paper sludge
content also increased the modulus, whereas the tensile strength and elongation at
break slightly decreased due to the reduction of rubber—filler interactions. In the
case of NR/polyamide 6 blend, MA was added into NR prior to blending with
polyamide 6 and the graft copolymer was formed during processing confirmed by
rheology and thermal properties as well as dynamic mechanical analysis confirmed
the grafting [19]. The morphology also showed a significant reduction in size of
dispersed phase as MA was added into the rubber. It should be emphasized that the
MNR was previously prepared from MA and NR in solution form. So, the main
drawbacks of using organic solvent concerning environmental problem and high
cost were still encountered.

In order to solve these problems, a green process in which the grafting reaction of
MA onto NR in the latex form or water-based system was focused in this study.
Moreover, we studied the grafting of sulfur-prevulcanized (SP) NR latex, generally
used as a raw material in rubber manufacturing, with MA by using BPO which has
not yet been reported. The application of maleated SPNR (M-SPNR) as a
compatibilizer between NR and biopolymer was aimed to reduce the use of
synthetic polymer in the future. The physical properties, i.e., tensile properties,
dynamic properties, and thermogravimetric (TG) analysis, of M-SPNR were
studied. Their particle size, zeta potential, and morphology were also investigated.
The relationship between structure and properties of the M-SPNR was considered.

Experimental
Materials

High ammonia (HA)-NR (60 % dry rubber content (DRC) was supplied by Chalong
Latex Industry Co., Ltd (Songkhla, Thailand). Poly(vinyl alcohol) with 89 %
hydrolysis and vulcanizing agents, i.e., sulfur (S), zinc diethyldithiocarbamate
(ZDEC), and zinc oxide (ZnO), were purchased from Sonal Company (Songkhla,
Thailand). MA, BPO, and Butylated hydroxytoluene (BHT) or 2,6-bis(1,1-
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dimethylethyl)-4-methylphenol were supplied from Fluka (Seelze, Germany),
Merck Schuchardt OHG (Seelze, Germany), and Kitpiboon Chemical Ltd (Bang-
kok, Thailand), respectively. Teric 16, a non-ionic surfactant and potassium
persulphate (K,S,Og) were purchased from Lucky Four Company (Bangkok,
Thailand) and Rankem analytical company (New Delhi, India), respectively. All
chemicals were used as received.

Preparation of SPNR latex

The formulation used for preparation of SPNR latex is shown in Table 1. The
vulcanizing agents, i.e., S, ZDEC, and ZnO in the form of 50, 10, and 50 %
dispersion in water, respectively, were mixed with HA-NR latex. 10 % KOH and
25 % potassium laurate aqueous solution were then added into the mixture at 60 °C
under stirring for 5 h.

Preparation of M-SPNR latex

MA (1.8 g) was dissolved in 10 % Teric 16 aqueous solution (10 mL), while BHT
(0.0075 g) was dissolved in toluene (2 mL). Then, both MA solution (10 mL) and
1.5 % BHT solution (2 mL) were added in SPNR latex (50 mL; 30 % solid content)
at 80 °C under stirring for 3 h. The resulting M-SPNR latex was poured into a glass
plate (12 x 12 x 5 cm®) and allowed to dry at ambient temperature for 3 days.

Characterizations of SPNR and M-SPNR

Particle size and particle size distribution of the SPNR and M-SPNR latexes were
measured by using a Laser Diffraction Particle Size Analyzer (Beckman Coulter
laser LS" 13 320). The zeta potential of SPNR latex particle was determined by
using a microelectrophoresis apparatus (Zetasizer 4, Malvern) at 25 °C, pH 7. The
M-SPNR latex film was characterized by attenuated total reflection mode Fourier-
transform infrared spectrophotometer (ATR-FTIR) (Equimox 55, Bruker) for 100
times of scan. X-ray diffractometry (WI-RES-XRD-001, Philips X’Pert MPD) was
performed under the following conditions: Nickel filtered Cu Ko radiation
(4 = 0.15406 nm) at a current of 25 mA and a voltage of 35 kV. The scanning
rate was 4°/min in the angle range of 5°-90° (20).

Table 1 Formula of the

preparing prevulcanized NR Chemical (phr)
60 % DRC 100.00
10 % KOH 0.25
25 % Potassium laurate 0.26
50 % Sulfur 1.00
40 % ZDEC 0.40
50 % ZnO 0.50

@ Springer



638 Polym. Bull. (2012) 69:635-647

A known weight of M-SPNR film of specific dimensions (2.5 cm x 2.5 cm X
0.5 mm) was immersed in toluene for a period of 5 days at 32 °C. The sample was
dried in an oven at 50 °C for 24 h and then weighed until constant weight. The
swelling ratio was calculated from the Eq. (1) as follows:

Swelling ratio = (W, — W)/ W, (1)

where W, is the original weight of the sample, W, is the weight of the swollen
sample

For TG analysis (TGA7, Perkin Elmer), each sample (6—7 mg) was analyzed
under N, with a flow rate of 45 mL/min. The temperature was varied from 50 to
800 °C at a heating rate of 10 °C/min. Five dumbbell test pieces of both M-SPNR
and SPNR sheets from drying process were cut and the average thickness was
calculated, and then attached between the grips of a tensile strength. The tensile
strength and elongation at the break of both M-SPNR and SPNR sheets (Five
dumbbell test pieces) were measured according to ASTM D412-98 at a crosshead
speed of 500 mm/min with a load cell of 100 N. Modulus of the sample was also
determined according to JIS K6251 using the tensile tester (Strograph E-L,
TOYOSEIKI) at the same crosshead speed with the load cell of 500 N. The
influence of aging at 90 °C on the M-SPNR and SPNR sheets was estimated from
tensile strength.

Results and discussion
Particle size and zeta potential

SPNR latex was mixed with MA in the absence of Terric 16 and was then poured
into a glass plate. The photograph obtained from a digital camera in Fig. 1A clearly
showed the latex coagulation. It was explained that MA hydrolysed in water
producing maleic acid which partially neutralized the negative charges, derived
from indigenous non-rubbers (proteins and lipid), on SPNR particles [20, 21]. When
MA was dissolved in aqueous solution of Terric 16 prior to mixing with SPNR
latex, the stable colloid was observed as shown in Fig. 1B. It was reasonable that
MA dispersed in aqueous solution of Terric 16 in the form of micelle as
schematically presented in Fig. 2. The micelle having MA as core surrounding by
Terric 16 molecules was loosely expanded in aqueous medium. When the MA
occluded Terric 16 micelle collided with SPNR particle, MA could diffuse into
SPNR particle [22, 23]. Therefore, Terric 16 molecules not only protected the direct
contact between MA and aqueous medium or avoided the hydrolysis but also
stabilized the M-SPNR latex particles by the steric effect [24]. This was similar to
the stable epoxidized NR latex obtained at pH 4 from NR latex stabilized by a non-
ionic surfactant (fatty alcohol/ethylene oxide condensate type) [24]. Results also
showed that the latex stability depended on the DRC, surfactant concentration, and
pH. In addition, the grafting of MA should occur on the surface of SPNR particle as
shown in Fig. 2.
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Fig. 1 Photographs of SPNR in
the presence of MA A without
Terric 16 and B with Terric 16

(A)  (B)

L Sf

Non-ionic surfactant Micelle
SPNR

M-SPNR

Fig. 2 Proposed micelle structure of MA stabilized with Terric 16 which then collided with SPNR
particle

The data of particle size, particle size distribution, and zeta potential of the SPNR
and M-SPNR are displayed in Fig. 3. It was observed that the average particle size
of M-SPNR was greater than that of SPNR possibly due to the formation of
aggregate after addition of MA as previously mentioned. When MA stabilized with
Terric 16 was added into latex, the latex stability originally controlled by
electrostatic effect was governed by the steric effect [25]. The presence of long
chain non-ionic surfactant caused a slight increase in the hydrodynamic volume of
latex and enlarged the shear plane of particle [26]. This explanation correlated well
with the decrease of the absolute value of zeta potential of the M-SPNR latex.
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Fig. 3 Particle size and zeta potential of SPNR and M-SPNR latexes
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Fig. 4 Proposed mechanism of M-SPNR

FTIR and XRD

The possible chemical reaction between NR and MA is presented in Fig. 4. BPO
decomposed into free radicals which then reacted with carbon—carbon double bonds
of MA and NR molecules [16]. Besides the grafting of MA on cis-1,4-polyisoprene
of NR, the crosslink product from NR molecules through MA bridging could be also
obtained. Moreover, BPO radicals might break both SPNR and the M-SPNR
molecules into short chains during the modification of SPNR. In addition, oxygen
radical occurred from activation of oxygen with heat could react with double bond
of SPNR and M-SPNR molecules [16].

Figure 5 shows the IR spectra of SPNR and of M-SPNR at the wavenumber of
4,000-500 cm ™. The absence of unreacted MA was indicated by the disappearance
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Fig. 6 XRD patterns of SPNR, M-SPNR, and M-SPNR after heating at 90 °C for 12 h

of the characteristic band at 698 cm ™" (C=C bond of MA) [16]. A broad and intense
characteristic peak at 1,780-1,784 cm~ ! and a weak absorption peak at 1,854 cm™!
due to the symmetric (strong) and asymmetric (weak) C=0 stretching vibrations of
succinic anhydride rings, respectively, were observed in the M-SPNR which
supported the grafting of MA on SPNR [16]. The grafted MA was also deduced
from the absorbance ratio of IR peaks at 1,780-1,784 and 1,854-835 cm”! (-C-H
stretching on cis C=C bonds of cis-1,4-polyisoprene). The absence of any peak at
1,850 and 1,780 cm™! confirmed the absence of non-reacted MA.

The chemical reaction between SPNR and MA was also confirmed by XRD and
the XRD patterns of the SPNR and M-SPNR are presented in Fig. 6. The broad XRD
band indicated the amorphous state of SPNR. The hump at 20 = 19° was attributed to
the amorphous halo of SPNR at the same 20 XRD pattern position [4]. On contrary,
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Fig. 7 Swelling of M-SPNR in toluene as a function of MA contents

many crystallize patterns cited at 16°, 19.5°, 21°, 32°, 25°, 26°, 39°, and 40.5° were
observed in the M-SPNR. After aging at 90 °C for 12 h, the partial crystalline
patterns disappeared due to the loss of MA residue. From this evidence, it was
concluded that SPNR was successfully grafted with MA by using BPO as an initiator.

Swelling ratio

The swelling ratio of the M-SPNR film immersed in toluene at ambient temperature
for 5 days was used for confirmation of the chemical reaction between SPNR and
MA. The swelling ratios of M-SPNR plotted with MA contents are shown in Fig. 7.
It was found that the swelling ratio of the M-SPNR decreased from 3.7, 3.4, 3.3 to
3.2 when increasing MA content from 0, 3, 6 to 9 % w/w. It might be due to the
increase in polarity of M-SPNR and also the possibility of crosslink of rubber chains
through MA bridging as previously described.

Mechanical properties

The mechanical properties, i.e., hardness, tensile strength, modulus, and elongation
at break, of the M-SPNR were investigated and the data are presented in Fig. 8. In
Fig. 8A, it was clear that the hardness (shore A) of the M-SPNR was higher than
that of SPNR and increased as a function of the MA contents. This result indicated
the change of chemical structure of SPNR after addition of MA. Besides grafting of
MA on SPNR, the hard sample might be caused from the crosslinked rubber chains
through MA bridging. This explanation could be also used for the tensile strength of
the M-SPNR in Fig. 8B which increased from 18, 20, 22, and 23 MPa with
increasing MA contents from 0, 3, 6, and 9 % w/w. The modulus of the M-SPNR in
Fig. 8C also correlated to their tensile strength. In addition, Fig. 8D shows the good
elongation at break of the M-SPNR as compared with SPNR. However, the
elongation at break of SPNR was constant at 576 %, while the elongation at break
of M-SPNR in the presence of MA at 3, 6, and 9 wt% was 578.5, 579, and 579.5 %,
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Fig. 8 Mechanical properties of M-SPNR as a function of MA contents: A Hardness, B Tensile strength,
C Modulus, D Elongation at break

respectively. This might be because the presence of MA and crosslinked chains in
the M-SPNR played the major role.

Thermal properties

TGA thermograms of the SPNR and the M-SPNR are displayed in Fig. 9.

The data indicated that ~95 % of SPNR was decomposed at temperature
between ~ 350 and 500 °C. The short polymer chains were, therefore, formed as a
consequence of polymeric chain random scissions [27]. The weight loss from 450 to
500 °C of <10 % could be assigned to the thermal decomposition of the SPNR into
dipentene and different unsaturated volatile products [27]. It was previously
reported that a small peak observed in the DTG curve of NR at ~420 °C assigned
to the crosslinked and cyclized rubbers [17]. The maximum weight loss of the SPNR
curves was observed at 383 °C. In the case of M-SPNR, the thermal degradation
started at 130 °C but completed at 470 °C. From 150 to 350 °C, the loss of 30 % of
the M-SPNR might be due to the decomposition or chain scission of SPNR during
the chemical reaction. Similar to the SPNR, the large portion of the M-SPNR was
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Fig. 9 TGA thermograms of SPNR and M-SPNR

lost from ~ 350 to 500 °C and it was believed that the crosslinked chains during the
preparation of M-SPNR were destroyed [17]. As previously reported, the chemical
crosslinks between the MNR molecules occurred during Mooney test and the
resistance to flow of the molten MNR was found. The increase in chemical
interaction and intermolecular bonding or crosslinking by increasing MA concen-
tration caused the increase in the Mooney viscosity and the high weight loss of the
MNR confirmed with TGA analysis. Therefore, both chain scission and crosslinking
could be occurred during the grafting of SPNR latex with MA.

Aging property

The influence of aging on the tensile strength and elongation at break of the SPNR and
M-SPNR is, respectively, presented in Fig. 10A, B. It was observed that the tensile
strength of both rubbers decreased after exposing at 90 °C. However, the thermal
stability of the M-SPNR was higher than that of the SPNR and, hence, the slight change
in tensile strength of the former was observed. After aging at 90 °C for 6 h, the tensile
strength of M-SPNR decreased from the original value of 11 %, while 22 % was
detected in the case of SPNR. The results agreed well with the TGA thermogram and it
was implied that SPNR molecule reacted with MA. Figure 10A represents the influence
of aging time on the tensile strength of the M-SPNR. It was observed that their tensile
strength remarkably decreased as a function of aging time. The percent decrease of
tensile strength of M-SPNR from 28, 35, 48, 67, 70, and 74 % was observed after aging
at 90 °C for 6, 12, 24, 48, 72, and 96 h, respectively. This indicated the degradation of
the samples caused mainly by chain scission leading to decrease of crosslink density on
prolonged heating. The elongation at break of the SPNR and M-SPNR containing 6 %
w/w MA increased after aging for 16 h since some chain scissions of SPNR molecules
which occurred during preparing M-SPNR acted as plasticizer [28]. After that,
elongation at break dramatically decreased from 525 to 250 or estimated to be about
half of the initial value within 90 h of aging time as shown in Fig.10B. These results
also correlated well with their tensile strength which was explained that the degradation
of the samples led to the decrease of crosslink density.
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Conclusion

The stable M-SPNR in water-based system was successfully prepared from grafting
SPNR latex with MA in the presence of Terric 16 The particle size of the M-SPNR
latex was greater than that of SPNR due to partial coagulation. The chemical
reaction of MA and SPNR was confirmed by the appearance of a new band in ATR-
FTIR spectrum at 821 cm™', by many crystallize XRD patterns cited at 19.5° and
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40.5° and by the decrease of swelling ratio when increasing MA contents. Due to
reduction of unsaturation in SPNR, the M-SPNR showed good tensile strength,
hardness, and thermal stability and, hence, would be further applied as a
compatibilizer between NR and biopolymer.
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