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ABSTRACT: Maleated glycidyl 3-pentadecenyl phenyl ether (M-GPPE) was synthesized from glycidyl 3-pentadecenyl phenyl ether
(GPPE), a renewable derivative from cardanol, with maleic anhydride (MAH) by grafting copolymerization. The resulting M-GPPE
was used as a functionalized plasticizer for a styrene-butadiene rubber (SBR)/carbon black (CB)/silica composite. The effects of
M-GPPE on the development of the filler network, the extent of silica dispersion, the curing characteristics, and the mechanical per-
formance of the composites were studied. Meanwhile, a comparative study was performed between M-GPPE and aromatic oil, a tra-
ditional plasticizer used in SBR filler formulations. Gel permeation chromatography and IR and '"H-NMR analysis results confirmed
the occurrence of the grafting reaction between GPPE and MAH and the potential structure of M-GPPE. The thermostability of
GPPE was improved by grafting copolymerization with MAH, as shown by thermogravimetric analysis results. The presence of
M-GPPE resulted in a shorter curing time and better aging properties in the SBR composite compared with GPPE. The mechanical
properties, dynamic mechanical analysis, and transmission electron microscopy analysis showed that the maleate of GPPE could
enhance the compatibility between SBR and silica, improve the dispersion of silica in SBR, and partially replace the aromatic oil in

the SBR/CB/silica composite formulation. © 2014 Wiley Periodicals, Inc. J. Appl. Polym. Sci. 2014, 131, 40462.
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INTRODUCTION

Styrene-butadiene rubber (SBR)/carbon black (CB)/silica com-
posites are widely applied in rubber products. However, when
an increased filler content is accompanied by increased filler
activity, the incorporation of a higher concentration of fillers in
SBR rubber results in the occurrence of filler agglomeration and
the poor dispersion of filler, which is responsible for the poor
processability and inferior mechanical performances of the com-
posites. In general, to obtain a finer dispersion of filler and bet-
ter mechanical performances of the composites, the presence of
plasticizers and silica coupling agents in high-filler-loading com-
pounds is necessary. It has been reported that carboxylated
acrylonitrile-butadiene with a low molecular weight was used
as a functional plasticizer for SBR/CB/organoclay composites,' a
SBR/recycled acrylonitrile-butadiene rubber/CB/silica composite
plasticized and reinforced by bis(y-triethoxysilylpropyl) tetrasul-
fide showed a 12% tensile strength increase,” and SBR/silica
composites modified by (3-glycidyloxypropyl) trimethoxysilane
or N-phenyl-1,4-phenylenediamine showed a almost 36% tensile
strength increase.’

© 2014 Wiley Periodicals, Inc.
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Cashew nut shell liquid (CNSL) is a kind of renewable resource
and byproduct of the cashew industry. It is suitable for various
applications. The main ingredient of CNSL is cardanol, a phe-
nol derivative containing a C;s unsaturated hydrocarbon chain,
which is often used as a good polymer synthetic monomer for
the formation of unsaturated hydrocarbon phenol*™ and a plas-
ticizer in the plastic and rubber industry.” In recent years,
much attention has been paid to the further function of carda-
nol as a multifunctional additive, for example, as phosphoryl-
ated cardanol as a crosslinkable plasticizer for rubber,'’ as
synthesized cardanol-formaldehyde resins for the reinforcement
of NR,'" and in the esterification of the cardanol hydroxyl
group (cardanol acetate) or further epoxidation of side-chain
double bonds (epoxidized cardanol acetate) for good miscibility
with poly(vinyl chloride).'"> In particular, the epoxidation of
cardanol with epichlorohydrin to form glycidyl 3-pentadecenyl
phenyl ether (GPPE) has been successfully used to improve
the surface-coating properties of varnishes'’ and as a functional
monomer for ecofriendly vinyl ester resin systems, which
combine the best properties of epoxies and unsaturated
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polyesters.'*'> However, few researchers have used GPPE as a
plasticizer or as a coupling agent in rubber/polar filler compo-
sites. With the presence of an epoxy group in the end of the
GPPE chain, the application of GPPE in SBR/CB/silica compo-
sites as a functional plasticizer may improve the interaction
between SBR and silica.

However, the addition of GPPE directly to the SBR matrix may
cause inadequate sulfidity and a lower crosslinking density of
the composite, because there is a possibility of chemical reac-
tions between epoxy group and rubber chemicals like zinc
oxide, stearic acid, accelerator and sulphur.'®'” Hence, in this
study, maleic anhydride (MAH), which has been used as a dien-
ophile in the preparation of adducts with a variety of diene
compounds,'®' was introduced to react with GPPE by grafting
copolymerization to reduce the effect of epoxy groups on the
compound vulcanized processing and enhance the interaction
between SBR and silica. Also, GPPE, maleated glycidyl 3-
pentadecenyl phenyl ether (M-GPPE), and aromatic oil were
compared in SBR/CB/silica composite formulations.

EXPERIMENTAL

Materials

GPPE was donated by Cardolite Chemical Zhuhai Co., Ltd. (Zhu-
hai, China, concentration >99%, viscosity at 25°C = 50 cPs).
MAH and benzoyl peroxide were purchased from Aladdin Indus-
trial Corp. (Shanghai, China, concentration > 99.5%). SBR 1502
was supplied by Jilin Rubber Co., Ltd. (Jilin, China, styrene con-
tent = 23.5 wt %). Aromatic oil was obtained from Sendy Chemi-
cals Corp. (Shanghai, China, specific gravity = 0.98; viscosity
gravity constant = 0.96). Other rubber additives were industrial
grade and were used as received.

M-GPPE Synthesis

The dry MAH (22.5 wt %) was dissolved in GPPE (77.5 wt %)
at 60°C. After complete dissolution, the initiator (benzoyl
peroxide = 0.2% on basis of the weight of MAH and GPPE)
was incorporated into the GPPE and MAH mixture. The reac-
tion of GPPE grafting copolymerization with MAH was per-
formed in a three-necked flask at 80°C at a rotor speed of
40 rpm for 2 h in a nitrogen atmosphere. After the reaction fin-
ished, the resulting mixture (M-GPPE) was cooled to room
temperature and used directly.

The purification of M-GPPE was carried out for IR analysis.
The M-GPPE sample was purified thoroughly with hexane in
the separator funnel; then, it was dried in a vacuum oven at
60°C for 8 h to make sure that no free or physically bound
MAH unit or MAH copolymer was present by means of acid—
base titration.

Preparation of the SBR/CB/Silica Composites

We mixed the compounding formulations for the SBR/CB/silica
composite with its various ingredients in a two-roll mill at a fric-
tion ratio of 1:2 following standard mixing sequence at room tem-
perature. The composition [in parts per hundred parts of rubber
(phr)] was as follows: SBR = 100 phr, zinc oxide (ZnO) = 5.0 phr,
stearic acid = 1.5 phr, N-isopropyl-NO-phenyl-1,4-phenylenedi-
amine (4010NA)=1.5 phr, N-cyclohexyl-2-benzothiazole
sulfenamide = 1.5 phr, diphenyl guanidine (DPG) = 0.6 phr, CB
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(N330) = 50 phr, silica =20 phr, sulfur =2.5 phr, and variable
plasticizer. The plasticizer was incorporated in the last compound-
ing process. Various plasticizers, that is, aromatic oil, GPPE, and
M-GPPE with different contents (5.0, 10.0, and 15.0 phr), were
compared in the formulation. The curing characteristics of the
compound rubber were studied with the help of a UR-2030 vulca-
meter (U-CAN, Nantou, Taiwan) at 170°C. From the vulcaniza-
tion curve, the optimum curing time (fy,) was determined. At last,
the compounds were vulcanized at 170°C for fyy in a standard
mold to produce the SBR/CB/silica composites.

Characterization

The molecular weight and polydispersity (number-average
molecular weight/weight-average molecular weight) were deter-
mined by gel permeation chromatography on a 510 HPLC
equipped with three polystyrene gel columns (ultrastyragel lin-
ers 103, 500, and 100 A) with tetrahydrofuran as an eluent, a
flow rate of 1.0 mL/min, polystyrene calibration, and refractive
index detectors.

IR spectroscopy of GPPE and M-GPPE was studied with a Per-
kinElmer 843 spectrophotometer in the range 600-4000 cm ™.
GPPE and M-GPPE were dissolved in chloroform, and then, a
film was cast on the KBr disk. The solvent was evaporated with
the help of an IR lamp.

"H-NMR spectra were recorded on a Bruker 300-MHz spec-
trometer with the samples, which were swollen with deuterated
chloroform.

Thermogravimetric analysis (TGA) was carried out with a Q50
thermal analyzer from TA Instruments to study the effect of dif-
ferent contents of MAH on the thermostability of M-GPPE in
comparison with raw GPPE. All of the TGA experiments were
performed by the heating of the sample at a rate of 10°C/min
under a nitrogen atmosphere from room temperature to 600°C.

The mechanical characterization tests of the SBR composites
were done by means of a universal tensile testing machine
(SANS, CMT4104, Shenzhen, China) under ambient conditions
(25 = 2°C). The initial length of the specimens was 25 mm, and
the speed of the jaw separation was 500 mm/min. The compos-
ite aging was carried out at 120°C for 72 h.

The dynamic mechanical analysis was conducted with rectangu-
lar samples with dimensions of 12 X 6 X 2 mm’ on a dynamic
shear rheometer machine (Rheometrics model DSR5). The tests
were performed at a frequency of 1 Hz with temperature pro-
grams from —40 to 80°C at a heating rate of 5°C/min. Testing
was conducted in single torsion mode with mechanical stress.

Transmission electron microscopy (TEM) observations were
done on ultramicrotomed slices (~200 nm) with a Philips Tec-
nai 12 transmission electron microscope (Eindhoven, The Neth-
erlands) with an accelerating voltage of 30 kV.

RESULTS AND DISCUSSION

Polymer Properties

The M-GPPE synthesized from GPPE and MAH showed a red-
dish viscous liquid. The gel permeation chromatography result
of the M-GPPE presented a lower molecular weight (number-
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Figure 1. IR spectra of GPPE and M-GPPE.

average molecular weight =9335, weight-average molecular
weight of 12,975, and a polydispersity of 1.39).

The IR spectra of GPPE and the M-GPPE are shown in Figure 1.
Both GPPE and M-GPPE exhibited the same characteristic peaks
at 911, 1046, 1259, 1603, 2854, 2926, and 3008 cm™ ' as found
in other studies.">™ In addition to this, in the spectrum of
M-GPPE, some news additional peaks at 1732, 1774, and
1850 cm ™', which were attributed to the C=0 stretching vibra-
tions of MAH,'®" were present; this confirmed the grafting
copolymerization reaction between GPPE and MAH. The absence
of a peak at 3200-3500 cm™' in M-GPPE spectrum suggested
that the —OH group did not form on the M-GPPE molecular
chain during the grafting copolymerization reaction.”® Barton et
al?' reported that the non-catalyzed anhydride-epoxy curing
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reaction is less reactive and hence demands a high reaction tem-
perature to initiate the curing reaction. In addition, the presence
of a conjugated diene component on GPPE might provide a reac-
tion site to form functional products via a Diels—Alder reaction,?
but the lack of a characteristic peak of the cyclohexene group at
720 cm™ ' in the M-GPPE spectrum excluded the occurrence of
this kind of reaction between GPPE and MAH.

Therefore, a possible reaction mechanism reaction for M-GPPE
is proposed in Figure 2. Three type products were extremely
likely to be produced during the grafting copolymerization reac-
tion. In the first case, as shown in Figure 2(a), the free radicals
generated at the C=C bonds between the GPPE side chain and
MAH would end in the termination of the double-base cou-
pling. In the second case, allylic carbon atoms from the reaction
of the initiator was one of the reactive sites for the grafting
copolymerization reaction [Figure 2(b)]. These reaction mecha-
nisms were similar to NR grafting with cardanol®® and the
grafting reaction between MAH and NR.* In the third case, the
end of the GPPE side chain macroradical would attack the dou-
ble bonds of MAH via addition reaction to form a copolymer
[Figure 2(c)].

The '"H-NMR spectrum of M-GPPE shown in Figure 3 pre-
sented aromatic proton peaks in the J =6.5-7.2 ppm range.
The peaks in the range 6 =4.9-5.4 ppm pointed to vinyl unsa-
turation. The peaks in the range J = 0.5-2.8 ppm suggested the
presence of alkyl chain unsaturation. The peaks at § = 4.2, 3.4,
and 2.9 ppm were assigned to the glycidyl of M-GPPE. These
observations were similar to the reports of Bhunia et al.** and
Suresh.”® The peaks between J values 4.1 and 3.7 were due to
methylene protons, which came from the saturated cyclic five-
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Figure 2. Synthetic routine for M-GPPE.
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Figure 3. "H-NMR spectra of M-GPPE.

membered anhydride.”® All of these results show that the poten-
tial structure of M-GPPE in Figure 2(c) existed.

Comparative studies on the thermostability of GPPE and
M-GPPE are shown in Figure 4, and the results are summarized
in Table I. We observed that the first step in the degradation of
GPPE began at 191°C and continued up to 353°C; this corre-
sponded to the decomposition of GPPE long hydrocarbon chain
and the glycidyl group of GPPE.** The value of the weight loss
of this stage was reduced significantly by the copolymerization
of GPPE with MAH. The second stage of degradation com-
menced at 353°C and continued up to 600°C because of the
decomposition of the GPPE benzene ring.”**” A minor increase
in Th.x and a significant shift toward a lower weight loss of
M-GPPE could be explained by the grafting copolymerization
of GPPE with MAH., In addition, the first degradation stage of
M-GPPE occurred at 100-250°C; this may have been due to the
decomposition of unreacted MAH units or MAH copolymers.

Curing Characteristics of the SBR/CB/Silica Compounds

The variation of the curing characteristics of compounds with
different plasticizers contents is displayed in Table II. The maxi-
mum torque values (My) and the minimum torque (Mj) values
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Figure 4. Thermogram of M-GPPE and GPPE.
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of the plasticized compounds were lower than the case in the
SBR compound without plasticizers. Compared with aromatic
oil, the addition of GPPE resulted in a longer to, and lower
Mj;. Meanwhile, the GPPE plasticized the SBR compound
showed the lowest My — M values, which corresponded to an
insufficient crosslinking density of the rubber compounds.
However, it has been reported that CNSL plasticized in rubber
exhibited a decreasing o, and increasing Mp.”>'* It was sug-
gested that the epoxy group could easily receive sulfur under
the vulcanization accelerators of rubber;'” this would slow
down the curing speed and reduce the crosslinking density of
the compounds markedly. Furthermore, the M-GPPE-plasticized
SBR complex had a shorter scorch time and #y, than GPPE. The
phenomenon may have accounted for the occurrence of the
esterification reaction between the silica and anhydride group,”®
which produced an essential amount of heat** and supple-
mented the vulcanization reaction. On the other hand, during
the vulcanization process, it was probable that reactions between
the epoxy group and anhydride group of M-GPPE or MAH
units were carried out;’®’! this reduced the effect of epoxy
groups on the curing properties of the compounds.

Mechanical Properties of the Composites before and after
Aging

In polymer composite studies, the mechanical properties and
aging resistance are important parameters in characterization.
Table III shows the mechanical properties of the cured rubber
specimens before and after aging.

Before aging, the reduction of the hardness and tensile moduli
at 100 and 300% for all of the plasticized composites may have
been related to the lower degree of crosslinking density in the
composites when plasticizers were used. At the same plasticizer
loading, the composite plasticized with M-GPPE had higher
tensile strength and tear strength values compared with the
composites with GPPE and aromatic oil, respectively. The lowest
tensile strength and tear strength for the aromatic oil plasticized
composite was probably due to the nonpolar character of the
aromatic oil. The polarity of the SBR molecular chain was
increased by a reaction with GPPE during vulcanization proc-
essing; this may have limited reinforced interaction between the
SBR chains and silica caused by hydrogen bonding. Thus, the
values of the tensile strength and tear strength of the GPPE con-
taining composites were enhanced slightly. However, in the
presence of 15 phr of M-GPPE, the tensile strength and tear
strength increased by 26 and 23%, respectively. The reason was
likely that M-GPPE had a capacity for crosslinking with SBR*'°
and for esterification with the silanol group on silica.”® This led

Table I. DTG Analysis of GPPE and M-GPPE

Weight
Sample T; (°C) T¢ (°C) Trnax (°C) loss (%)
GPPE (first stage) 191 353 302 77
M-GPPE (second 236 344 311 15

stage)

T:: the onset temperature, Tg the terminal temperature, Tpax: the maxi-
mum decomposition rate temperature.
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Table II. Curing Characteristics of the Rubber Compounds
Aromatic oil GPPE M-GPPE
SBR 5.0 15 25 5.0 15 25 5.0 15 25
My (dN m) 14.86 12.75 10.21 6.23 11.24 8.93 5.76 13.68 11.04 10.11
My (AN m) 61.65 50.36 42.71 28.16 42.02 33.27 20.45 52.25 41.23 31.42
t10 (Min) 0:51 0:51 0:53 1:00 1:02 1:49 2:52 0:58 0:59 1:51
too (Min) 2:27 2:30 2:32 2:32 3:07 4:43 9:53 2:10 3:55 6:56
My =M, 46.79 37.61 32.5 21.93 30.78 24.34 14.69 38.57 30.19 21.31
Table III. Mechanical Properties of the Rubbers before and after Aging
Aromatic oil GPPE M-GPPE
SBR 5.0 15 25 5.0 15 25 5.0 15 25

Tensile strength (MPa) Before aging 16.8 16.0 148 141 176 189 155 187 211 174

After aging 153 144 125 119 165 176 141 183 204 178
Tearing strength (N/mm) Before aging 49.8 4838 453 397 5277 496 419 514 614 511

After aging 493 46.2 434 395 511 464 386 497 581 476
Elongation at break (%) Before aging 477 490 590 691 553 693 966 523 620 809

After aging 367 361 444 477 435 558 740 397 478 577
Modulus at 100% (MPa)  Before aging 2.8 2.5 2.2 1.8 2.2 1.7 1.0 2.6 2.3 1.6

After aging 41 3.6 3.6 3.5 4.0 3.7 3.3 3.9 4.1 3.3
Modulus at 300% (MPa)  Before aging 8.8 8.2 7.1 59 7.2 5.8 50 8.2 7.7 6.6

After aging 145 141 127 100 114 106 6.9 148 121 109

Hardness (Shore A) Before aging 78 75

After aging 83 81

68 60 72 64 55 76 72 65
79 74 77 73 70 84 82 78

to the enhanced interaction between silica and the rubber mole-
cule chain (Figure 5) and the improved dispersion of silica in
the rubber phase. A further increase in the M-GPPE content up
to 15 phr decreased both the tensile strength and tearing
strength of the composites. Excessive M-GPPE lessened the
degree of crosslinking density of the composites substantially
and, thus, led to poor mechanical properties, as substantiated
previously.

After aging, although the tensile strength and the elongation at
break of the composites plasticized with GPPE and M-GPPE
dropped markedly, the reduction was less than in the case of
aromatic oil, especially at higher plasticizer loadings. Whereas
the tensile strength retention and tear strength retention were
used to evaluate the anti-aging performance of these compo-
sites, the results of the composites with GPPE and M-GPPE
showed a high anti-oxidative ability that was equal to or better
than that in many early works.>”?>>> This may have been
related to the decrease in the number of unstructured bonds of
SBR through the reaction with GPPE and M-GPPE.

Morphology

To determine the dispersion of silica, TEM analysis of the sam-
ples was performed. Figure 6 shows the TEM photographs of
the SBR/CB/silica composites with or without plasticizers. Fig-
ure 6(a,b) demonstrates that there were a lot of agglomerates
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with large sizes of greater than 100 nm; this suggested the poor
dispersion of silica in rubber. On the other hand, it was clear
that the agglomerate size significantly decreased and the par-
ticles of silica were uniformly dispersed in the rubber matrix
with the introduction of GPPE [Figure 6(c)] and M-GPPE [Fig-
ure 6(d)], respectively. This confirmed that the increases in the
tensile strength and tear strength of the composite plasticized
with M-GPPE was caused by the decreasing size of the
agglomerate.

O-CH,—CH—CH.
2 N/ 2
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SBR chains <— @
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HO

Silica
—fCH CH,— CH CH—)—(-CH2 cHY
\ H-0
\ /C o} CiaHzz i Y
R 9 9 A
0—CH,—CH—CH,

|
Silica

Figure 5. Schematic interfacial structure between the silica and SBR
chains.
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Figure 6. TEM images of the composites with different plasticizers (15 phr) or without a plasticizer: (a) without a plasticizer, (b) aromatic oil,
(c) GPPE, and (d) M-GPPE.

Dynamic Performance of the Composites (a) 80
The addition of plasticizers had a substantial influence on the
static and dynamic behavior of the polymer. Figure 7 shows the
dynamic viscoelastic properties as a function of the temperature of
the SBR composites without or with 15 phr plasticizers. As shown 50 -
in Figure 7(a), the loss modulus (G”) of the composites decreased
with the addition of plasticizers in the temperature range of —5 to
80°C. It was suggested that the filler network could be weakened.

70+

60

40

G" /(MPa)

30
whitout plasticizer

and the energy loss from the friction of the SBR molecular chains 20
with filler particles was reduced in the presence of plasticizers, k M-GPPE
104 aromatic oil

which played the role as the lubricant in SBR. It could also can be GPPE
seen that the G’ of the composites containing GPPE was lower 0 T T A A i
than those of aromatic oil and M-GPPE because of the lowest i

Temperature/(°C)

crosslinking density of the former. Compared to aromatic oil,
M-GPPE resulted in a higher G’ value in the composites. The (b)°* 50°C i
potential reason for this result was that M-GPPE enhanced the ~. 42C
frictional losses between the silica and rubber matrix, and this led
to a higher G”, as in the study of Suphadon et al.** 06+

-32°Cc
-29°C

0.7

The glass-transition temperature of each composite corresponded 055

to the temperature, and this showed its maximum loss factor 0.4

value. The loss factor curves of the composites are shown in Fig- p—
ure 7(b). The composite plasticized with GPPE showed the lowest 2
glass-transition temperature followed by with M-GPPE, with aro- 2] aramaticail
matic oil, and without plasticizer from low to hight. This result 0.1
corresponded to the curing characteristics of the compounds with 0.0
tendencies of crosslinking density of the compounds of With ’ s
. . . . . . -0.14 * without plasticizer
GPPE < With M-GPPE < With aromatic oil < Without plasti- B —
cizer. Lower glass-transition temperature of the composites plasti- #0. B0 00 20 4 200 400 R0 A0
cized with M-GPPE was indicated that the cold resistance was Temperature /(°C)
better than the composite plasticized with aromatic oil. Figure 7. (a) G’ and (b) loss factor for composites with different plasticizers.
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Noticeably, the values of the loss factor at 60°C for SBR without
plasticizer, with aromatic oil, with GPPE, and with M-GPPE
were 0.24, 0.22, 0.30, and 0.25, respectively. The loss factor
value of the M-GPPE composite was lower than the GPPE com-
posite but slightly higher than those with aromatic oil and with-
out plasticizer, whereas the presence of M-GPPE provided a
better dispersion of silica with a higher mechanical strength
than the others. Three factors may have been responsible for
these results. First, the CB network in the composite was under-
mined by the addition of aromatic oil. Second, the silica-silica
interaction was weakened by the addition of GPPE and
M-GPPE, especially M-GPPE. Finally, interfacial interactions via
covalent bonding or noncovalent bonding, such as hydrogen
bonding, may have led to a higher hysteresis.”> Furthermore,
because the M-GPPE was a branchy copolymer, aggravated
interfacial chain motion may have led to higher loss around
60°C.>°

CONCLUSIONS

We drew the following conclusions from this study: the monomer
of GPPE were polymerized by free-radical polymerization with
MAH into a polymer of M-GPPE, and the thermostability of
GPPE was improved by grafting copolymerization with MAH. The
curing time for the compound did not change significantly with
the incorporation of M-GPPE, whereas it increased significantly
with GPPE. SBR/CB/silica composites plasticized with M-GPPE
exhibited better dynamic properties and mechanical properties,
including tensile strength and tearing strength, than the compo-
sites with GPPE. Compared to aromatic oil, M-GPPE had equiva-
lent values of curing characteristics and dynamic properties but
better mechanical properties and hot-air aging properties. TEM
analysis showed that M-GPPE improved the dispersion of silica in
the SBR rubber phases and enhanced the interaction between the
filler and rubber phases. M-GPPE can be considered a renewable
reactive plasticizer for SBR/polar filler composites with great
application potential.
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