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Introduction

Natural rubber (NR) is one of the renewable resources 
obtained from the rubber tree Hevea brasiliensis and used 
for a variety of applications due to its attractiveness in 
flexibility and fatigue resistance [1]. Despite its excellent 
properties, NR is susceptible to degradation upon exposure 
to sunlight, oxygen, heat and ozone. Its susceptibility to 
deterioration is due to the presence of double bonds in the 
main chain of cis-polyisoprene, the main polymeric mate-
rial of the NR [2, 3]. Upon exposure to ambient conditions, 
several undesirable reactions such as crosslinking or chain 
scission occur on the unsaturated backbones of polyiso-
prene [4]. Hence, a means to improve the stability of NR 
will add value to this renewable resource and can expand 
its range of applications.

Several chemical-based methods have been used to 
improve the stability of NR. One of the common meth-
ods is based on addition reactions such as hydrogenation 
[5, 6], chlorination [7, 8], bromination [9, 10], sulfona-
tion [11, 12], and grafting [13, 14]. It has been found that 
these modified NRs possess enhanced thermal and physical 
properties and chemical resistance, which are attractive for 
applications that require strong and durable materials. For 
example, the thermal, oxidative, and weather resistance of 
the hydrogenated NR is enhanced compared to the unmodi-
fied NR [15–17]. The chlorination and bromination of NR 
led to reduction of tackiness, frictional resistance, and adhe-
sion, but an increase in the glass transition temperature [7, 
9]. The presence of carbon-halogen bonds also increases the 
hydrophilicity of the rubber surface and therefore improves 
the oil swelling resistance [18, 19]. Sulfonation leads to the 
addition of ionic groups to cis-polyisoprene such that it can 
be potentially used as an ion conductor in many electronic 
applications, and an ionic exchange membrane for water 
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purification [20, 21]. In previous studies, some examples of 
monomers that have been grafted onto NR are methyl meth-
acrylate [13, 22, 23], styrene [14, 24, 25], 2-hydroxyethyl 
methacrylate [26], and maleic anhydride [27]. The grafted 
NRs are typically used as compatibilizers or modifiers 
for various blend systems [28, 29]. For example, styrene-
grafted NR has been used to increase the tensile and impact 
strengths and the thermal resistance of acrylonitrile–butadi-
ene–styrene (ABS) blends [30]. These chemical modifica-
tions are thus an effective means to enhance the properties 
of NR as well as to introduce new functionalities that are 
not usually associated with the pristine NR.

The main objectives of this research were to improve 
the stability of natural rubber and to demonstrate that nat-
ural rubber latex can be consecutively modified by multi-
ple reactions in a single reaction vessel. For this purpose, 
a one-pot method combining the grafting and hydrogena-
tion reactions to modify the natural rubber was developed. 
The grafting reaction was carried out using free radical 
polymerization in the presence of cumene hydroperox-
ide/tetra-ethylene pentamine as an initiator. Methyl meth-
acrylate was chosen for grafting onto the NR. The grafting 
efficiency of methyl methacrylate was studied as a function 
of initiator concentration, monomer concentration, reaction 
temperature, and reaction time. The hydrogenation reaction 
was carried out using diimide reduction, and the hydrogen-
ation efficiency was studied as a function of grafting effi-
ciency, hydrazine hydrate and hydrogen peroxide concen-
tration, dropping rate, reaction temperature, and reaction 
time. The thermal, mechanical, ozone ageing, and solvent 
resistance properties of the grafted-hydrogenated NR were 
examined and compared with the unmodified NR. In order 
to test the versatility of this one-pot method, styrene was 
also used for grafting with the NR. This knowledge of syn-
thetic strategies could make beneficial contributions to the 
natural rubber modifications and applications.

Experimental

All chemicals were purchased from Sigma-Aldrich. NR 
latex (60 % dry rubber content) was purchased from Yang 
Thong Latex Limited, Thailand. Methyl methacrylate 
(MMA) and styrene (ST) were purified by passing through 
silica gel columns.

Preparation of grafted‑hydrogenated NR

The NR latex (10 g) was placed into a round-bottom flask. 
A solution of potassium hydroxide (0.1 g) and sodium lau-
ryl sulfate (0.1  g) as an emulsifier was then added to the 
flask while stirring at 300  rpm. Subsequently, i-propanol 
(1 g) as a stabilizer was added to the reaction mixture. The 

monomer (40–175 phr with respect to dry rubber content) 
was then added continuously and the reaction mixture was 
stirred for an additional hour. The mixture was heated to 
a predetermined temperature (40–90  °C) and cumene 
hydroperoxide (CHP) (0.5–2.0 phr with respect to dry 
rubber content) was added. A solution of tetra-ethylene 
pentamine (TEPA) in distilled water (0.5 wt %) was then 
added. A ratio of CHP:TEPA of 1:1 was used. The reaction 
mixture was allowed to react for a specified length of time 
(0–48 h). Cupric sulfate pentahydrate (20 mg, 0.008 mmol) 
and hydrazine hydrate (1–7 mol ratio with respect to iso-
prene units) were then added to the reaction mixture. After 
that hydrogen peroxide (0.5–4.0  mol ratio with respect 
to N2H4) was added dropwise (at a rate of 0.03–0.15 
mL min−1). The NR latex was then stirred for a specified 
amount of time (1–36  h). The mixture was then dropped 
into a 5 wt  % formic acid solution and the modified NR 
precipitates out. The precipitated polymer was then filtered 
by vacuum filtration, washed with plenty of distilled water, 
and dried at 60 °C overnight. The polymer was purified by 
soxhlet extraction in acetone for 24 h to remove any con-
taminants and dried at 60 °C for 48 h.

The grafting efficiency was determined from 1H NMR 
spectra using the following equation:

where I3.6 is the integrated signal area of the methoxy pro-
ton of MMA unit and I5.2 is the integrated signal area of the 
unsaturated methine proton of cis-polyisoprene.

The hydrogenation efficiency was calculated from 1H 
NMR spectra using the following equation:

where I0.8 is the integrated signal area of the saturated–CH3 
of cis-polyisoprene and I5.2 is the integrated signal area of 
the unsaturated methine proton.

Preparation of rubber vulcanizates

The vulcanized rubber was prepared via conventional 
vulcanization using a two-roll mixing mill. First, the rub-
ber was masticated for 3  min at 70  °C followed by an 
addition of stearic acid (2 phr), zinc oxide (1 phr), and 
N-cyclohexyl-2-benzothiazole sulfonamide (1 phr) and 
stirred for 3  min. Then, sulfur (1.5 phr) was added and 
the mixture was stirred for three additional minutes. Prior 
to the processing step, the adequate curing time (T90) was 
determined on the basis of the results of curing character-
istics from a moving die rheometer (TECHPRO, rheotech 
MD+) following ASTM D5289 using a temperature of 
150  °C. The rubber compound was compression molded 

Grafting efficiency (%) =
I3.6/3

I5.2 + I3.6/3
× 100

Hydrogenation efficiency (%) =
I0.8/3

I5.2 + I0.8/3
× 100
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into a sheet of 2 mm thickness at 150  °C with a force of 
1,800 psi using a hydraulic press and a cure time of T90. 
The rubber vulcanizates were conditioned for 24 h before 
testing.

Characterization

1H (400 MHz) NMR spectra were obtained on an AVANCE 
Bruker NMR Spectrometer using chloroform-d as solvent. 
The FTIR spectra were obtained using a Perkin Elmer 
FTIR (Spectrum 2000 model) and NaCl salt windows. The 
thermogravimetric analysis (TGA) of the polymers was 
carried out with a Perkin Elmer TGA7 analyzer. The sam-
ples were heated at a rate of 10 °C min−1 from 25 to 600 °C 
under a nitrogen atmosphere.

 The tensile properties of unmodified and modified NR 
samples were investigated. The specimens were cut into a 
dumbbell shape using a die C according to ASTM D412. 
The tensile properties of all vulcanized rubber samples 
were determined on a universal testing machine (INSTRON 
3366). The average of three specimens was used as the rep-
resentative value. Hardness measurement of samples was 
investigated according to ASTM D2240 (Shore A) using a 
hardness tester (WALLACE). Solvent resistance of all vul-
canized samples was measured in toluene following ASTM 
D471. The test specimens were immersed in toluene at 
25 °C for 48 h. The test specimens were then removed from 
the toluene and wiped with tissue paper to remove excess 
toluene from the surfaces. The percentage change in mass 
of the specimen after solvent immersion was used to deter-
mine the solvent resistance of the samples. Ozone ageing 
of all vulcanized samples was performed according to ISO 
1461-1 (A) using an ozone ageing tester (TOYOSEIKI). 
The rubber specimens were subjected to a deformation of 
20  % under stress using a specimen holder and exposed 
to an ozone concentration of 50 parts per hundred million 

(pphm) at 40  °C for 24  h. The results were recorded by 
photograph with magnification of 9×.

Results and discussion

Synthesis of MMA grafted‑hydrogenated NR

In this work, the one-pot synthesis of MMA grafted-hydro-
genated NR is described. The grafting reaction was carried 
out using free radical polymerization in the presence of 
CHP/TEPA as initiator whereas hydrogenation was carried 
out using the diimide reduction in the presence of hydra-
zine hydrate and hydrogen peroxide. Methyl methacrylate 
was chosen because it is a common monomer for grafting 
onto NR. Since the NR source comes in the form of latex, 
emulsion polymerization is a suitable method for modify-
ing cis-polyisoprene as it provides several advantages, for 
example, low viscosity, good heat transfer, and fast rates 
of polymerization. A mixture of potassium hydroxide and 
sodium lauryl sulfate was used as the emulsifier.

Grafting and hydrogenation reactions could not be per-
formed simultaneously due to the interference of the rea-
gents. Therefore, the grafting and hydrogenation were car-
ried out sequentially by two routes: route A, where grafting 
was carried out prior to hydrogenation, and route B, where 
the sequence was reversed (Fig. 1). It was found that only 
route A successfully yielded the grafted-hydrogenated NR. 
From route B, the NR was hydrogenated, but not grafted 
unless very large amounts of CHP and TEPA were added. 
This is possibly because the presence of hydrazine/H2O2 in 
the reaction mixture destroyed the CHP and TEPA. There-
fore, route A was used for all latter experiments described 
in this work.

The FTIR spectra of the grafted-hydrogenated NR 
(GHNR) were obtained and compared with those of the 

Fig. 1   Two possible routes 
for the preparation of grafted-
hydrogenated NR
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unmodified NR (UNR), the grafted NR (GNR), and the 
hydrogenated NR (HNR) (Fig. 2). The FTIR spectra of the 
GHNR and GNR showed C=O stretching and C–O stretch-
ing peaks at 1,732 and 1,149 cm−1, respectively. This con-
firmed the presence of MMA in the polymer chains as these 
two signals are not present in the spectra of the UNR and 
HNR. The reduction of signal intensity of C=C stretching 
peak at 1,664 cm−1 of the HNR and GHNR spectra, com-
pared to the UNR, indicated that the hydrogenation took 
place at the double bonds of cis-polyisoprene. In addition, 

the increase in the band at 749  cm−1 attributed to the –
CH2– groups confirms that the double bonds in cis-polyiso-
prene were hydrogenated [15].

The 1H NMR spectra of the UNR, GNR, HNR, and 
GHNR were obtained (Fig.  3). The 1H NMR spectra of 
UNR show signals at 1.7, 2.1, and 5.2 ppm which are attrib-
uted to –CH3, –CH2–, and olefinic protons, respectively. 
The 1H NMR of GNR shows signals at 1.7, 2.1, 5.2 and 
3.6 ppm which are respectively attributed to –CH3, –CH2–, 
olefinic proton, and –OCH3. It can be seen that in the NMR 
spectrum of GHNR, the signal at 5.2  ppm decreases and 
new signals appear at 0.8 and 1.2  ppm. This is attributed 
to –CH3, –CH2–, and –CH, confirming that carbon–carbon 
double bonds in the GNR were hydrogenated to carbon–
carbon single bonds.

The grafting and hydrogenation efficiencies of the one-
pot synthesis as a function of reaction conditions were 
studied as follows.

Effects of initiator concentration on grafting efficiency

The effect of initiator concentration on grafting efficiency 
was investigated. In this study, the concentration of CHP/
TEPA mixture was varied from 0.5 to 2.5 phr. The other 
reaction conditions used were as follows: temperature at 
50 °C, [MMA] of 100 phr, and reaction time of 24 h. It was 

Fig. 2   FTIR spectra of unmodified NR (UNR), grafted NR (GNR), 
hydrogenated NR (HNR), and grafted-hydrogenated NR (GHNR)

Fig. 3   1H-NMR spectra of UNR, GNR, HNR, and GHNR
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found that as the initiator concentration was increased from 
0.5 to 2.0 phr, the grafting efficiency increased from 15 to 
20 % (Fig. 4a). However, when the initiator concentration 
was increased to 2.5 phr, the grafting efficiency decreased 
from 20 to 9 %. The excessive free polymer radicals react 
with each other to form free copolymers, rather than graft-
ing to the natural rubber. This result indicates that initiator 
concentration of 2.0 phr leads to higher grafting efficiency. 
This result is consistent with previous studies where CHP 
is used as the initiator [16].

Effects of monomer concentration on grafting efficiency

The effect of MMA concentration on grafting efficiency 
was studied. The MMA concentration was varied from 
40 to 175 phr. The reaction was set at 50 °C using a reac-
tion time of 24 h and [CHP/TEPA] of 1.5 phr. It was found 
that as the monomer concentration increased from 40 to 
175 phr, the grafting efficiency increased from 21 to 31 % 
(Fig. 4b). This result indicates that a high concentration of 
monomer is necessary for high grafting efficiency.

Effects of reaction temperature on grafting efficiency

The effect of reaction temperature on grafting efficiency 
was investigated. In this study, the reaction temperature 
was varied from 40 to 70 °C. The other reaction conditions 
used were as follows: [CHP/TEPA] of 1.5 phr, [MMA] of 
100 phr, and reaction time of 24  h. It was found that the 
grafting efficiency increased from 16 to 26 % as the reac-
tion temperature increased from 40 to 60 °C and then pla-
teaued when the temperature was further increased to 90 °C 
(Fig.  5a). This result is consistent with previous studies 
where CHP is used as the initiator [31, 32].

Effects of reaction time on grafting efficiency

The effect of reaction time on grafting efficiency was inves-
tigated. In this study, the reaction time was varied from 
15 min to 48 h and the other reaction conditions used were 
as follows: temperature at 50 °C, [CHP/TEPA] of 1.5 phr, 
and [MMA] of 100 phr. It was found that the grafting effi-
ciency was 19 % when the reaction time was 15 min and 

Fig. 4   Grafting efficiency 
as a function of a initiator 
concentration and b monomer 
concentration

Fig. 5   Grafting efficiency as a 
function of a reaction tempera-
ture and b reaction time
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increased further to 20 % when the reaction time was 2 h 
(Fig. 5b). After that, the grafting efficiency did not increase 
further. This result suggests that a reaction time of 15 min 
is sufficient for the grafting process to complete.

Effects of grafting efficiency on hydrogenation efficiency

From the FTIR and NMR results, it was found that both 
grafting and hydrogenation reactions exclusively occurred 
at the double bonds of cis-polyisoprene. Since the grafting 
reaction was conducted prior to the hydrogenation, the num-
ber of remaining double bonds after the grafting reaction 
would influence the efficiency of hydrogenation reaction. In 
addition, the presence of grafted MMA on the polyisoprene 
chains could impose some steric effects on the hydrogena-
tion reaction. Therefore, the effect of grafting efficiency 
on hydrogenation efficiency was studied. In this study, 
unmodified NR latex was directly employed for hydrogena-
tion reaction, and is denoted as 0 % grafting efficiency. The 
other two NR latex samples with different grafting efficien-
cies were prepared by monomer concentrations at 60 and 
120 phr while other grafting conditions were held constant 
as follows: [CHP/TEPA] of 1.5 phr, reaction temperature of 
60 °C, and reaction time of 24 h. From the NMR characteri-
zation, these two samples possessed grafting efficiencies of 
18 and 28 %. Then all three NR latex samples were used to 
carry out the hydrogenation reaction using reaction condi-
tions as follows: mole ratio of N2H4: H2O2 of 1:2, ratio of 
N2H4:isoprene unit of 5:1, reaction temperature of 60  °C, 
H2O2 dropping rate of 0.08  mL  min−1, and stirring time 
after adding H2O2 of 1 h. It was found that, as expected, the 
hydrogenation efficiency was inversely proportional to the 
grafting efficiency (Fig. 6a). The sample with lowest graft-
ing efficiency gave the highest hydrogenation efficiency and 
vice versa. These results indicate that the grafting efficiency, 
or the amount of MMA on the cis-polyisoprene, influences 
the hydrogenation reaction of diimide.

Effects of reaction temperature on hydrogenation efficiency

In this study, the effect of reaction temperature on hydro-
genation efficiency was investigated. From the previ-
ous experiment, it was known that the grafting efficiency 
affected the hydrogenation efficiency. Therefore, to study 
the effects of reaction conditions on hydrogenation effi-
ciency, the grafting condition was fixed as follows: [CHP/
TEPA] of 1.5 phr, [MMA] of 60 phr, reaction temperature 
of 60 °C, and reaction time of 24 h. The average grafting 
efficiency for all samples using this grafting condition was 
found to be 16 ± 2 %. The hydrogenation reaction temper-
ature was varied from 40 to 70  °C and the other reaction 
conditions were set as follows: mole ratio of N2H4:isoprene 
unit of 5:1, mole ratio of N2H4:H2O2 of 1:2, H2O2 drop-
ping rate 0.08 of mL min−1, and stirring time after adding 
H2O2 of 1 h. It was found that, as the reaction temperature 
increased from 40 to 70  °C, the hydrogenation efficiency 
increased from 9 to 19 % (Fig. 6b). However, as the tem-
perature was increased further, the hydrogenation effi-
ciency decreased. This was probably because the diimide 
molecules tend to self-react at higher temperature (reaction 
scheme 1).

This result is consistent with previous studies where the 
hydrogenation reaction was carried out using hydrazine 
hydrate/hydrogen peroxide [15].

Effects of hydrazine hydrate concentration 
on hydrogenation efficiency

Since the diimide is generated from the reaction between 
hydrazine and hydrogen peroxide, the amount of hydra-
zine hydrate could affect the hydrogenation efficiency. In 
this study, the effect of hydrazine hydrate concentration 
on hydrogenation efficiency was examined. The amount 

(1)2NH = NH → N2H4 + N2

Fig. 6   Hydrogenation effi-
ciency (H efficiency) as a func-
tion of a grafting efficiency and 
b reaction temperature
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of N2H4 was varied from 1:1 to 7:1 mol ratio with respect 
to the isoprene units in cis-polyisoprene. The number of 
moles of isoprene units in cis-polyisoprene was calculated 
from the ratio between weight of dry rubber in grams and 
the molecular weight of isoprene. Other reaction condi-
tions used were as follows: mole ratio of N2H4:H2O2 of 
1:2, reaction temperature of 60 °C, H2O2 dropping rate of 
0.08 mL min−1, and stirring time after adding H2O2 of 1 h. 
It was found that the hydrogenation efficiency increased 
with increasing N2H4/H2O2 concentration (Fig.  7a). This 
result can be simply explained using the hydrogenation 
mechanism.

The diimide hydrogenation reaction consists of two steps: 
the reaction between hydrazine hydrate and hydrogen per-
oxide to form the diimide (reaction scheme 2) and the reac-
tion between the diimide and carbon–carbon double bonds 
(reaction scheme 3). Hence, increasing the N2H4/H2O2 con-
centration leads to a higher amount of diimide, and conse-
quently higher hydrogenation efficiency.

Effects of hydrogen peroxide concentration 
on hydrogenation efficiency

Both hydrazine hydrate and hydrogen peroxide are required 
for diimide formation. In this study, the effect of hydra-
zine hydrate on hydrogenation efficiency was investigated. 
The relative mole ratios between H2O2:N2H4 were 0.5:1–
4:1. Other reaction conditions used were as follows: mole 
ratio of N2H4:isoprene unit of 5:1, reaction temperature of 
60 °C, H2O2 dropping rate of 0.08 mL min−1, and stirring 
time after adding H2O2 1 h. It was found that the hydrogen-
ation efficiency increased with increasing hydrogen perox-
ide, indicating that a large amount of hydrogen peroxide 

(2)NH2NH2 + H2O2 → NH = NH + 2H2O

(3)NH = NH + RCH = CHR′
→ N2 + RCH2−CH2R′

was necessary for efficient hydrogenation (Fig.  7b). It is 
well known that hydrogen peroxide is thermally unstable, 
so it was necessary to have an excess of hydrogen peroxide 
in the reaction.

Effects of hydrogen peroxide dropping rate 
on hydrogenation efficiency

Upon adding the hydrogen peroxide into the reaction mix-
ture, it was observed that the hydrogenation reaction was 
vigorous. Therefore, it was predicted that the dropping rate 
of hydrogen peroxide solution would affect the yield of 
diimide and consequently the hydrogenation efficiency. In 
this study, the hydrogen peroxide dropping rate was varied 
from 0.03 to 0.15 mL min−1. The other reaction conditions 
were set as follows: a mole ratio of N2H4:isoprene unit of 
5:1, mole ratio of N2H4:H2O2 of 1:2, reaction temperature 
of 60 °C, and stirring time after adding H2O2 of 1 h. It was 
found that as the H2O2 dropping rate was increased, the 
hydrogenation efficiency decreased (Fig. 8a). This is possi-
bly due to the fact that a fast rate of H2O2 addition resulted 
in the rapid formation of a large amount of diimide, leading 
to a side reaction (Eq. 1). Hence, a slow formation of the 
diimide from a slow dropping rate leads to a more effec-
tive hydrogenation as the diimide must diffuse into the NR 
latex particles to react with the polymer’s double bonds.

Effects of stirring time after adding hydrogen peroxide 
on hydrogenation efficiency

In this experiment, the effect of stirring time after adding 
hydrogen peroxide on hydrogenation efficiency was stud-
ied. The stirring time after adding H2O2 was varied from 
1 to 38 h. The other reaction conditions used were as fol-
lows: mole ratio of N2H4:isoprene unit of 5:1, mole ratio 
of N2H4:H2O2 of 1:2, reaction temperature of 60  °C, and 
dropping rate of 0.08  mL  min−1. It was found that the 

Fig. 7   Hydrogenation 
efficiency (H efficiency) as a 
function of a hydrazine hydrate 
concentration and b H2O2-to-
N2H4 mol ratio
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stirring time after adding H2O2 did not significantly affect 
the hydrogenation efficiency (Fig. 8b). This result suggests 
that most of the hydrogenation reaction occurred during the 
addition of H2O2 and therefore prolonged stirring time did 
not further increase the hydrogenation efficiency.

Mechanical properties

The mechanical properties of the vulcanized rubber sam-
ples were measured (Table  1). It was found that the ten-
sile strength of the polymers can be ranked as follows: 
UNR  >  GNR  >  HNR  >  GHNR. These results show that 
both grafting and hydrogenation decreased the tensile 
strength of the polymers, possibly due to a decrease in 
crystallinity [16]. The modulus at 100 % and hardness of 
the unmodified and modified NR samples agree well and 
can be ranked as follows: GNR > GHNR > UNR > HNR. 
MMA grafting increased the stiffness of the rubber, pos-
sibly due to the increased polar interaction in the polymer 
chains overcoming the negative effect from the reduced 
crystallinity. In contrast, hydrogenation decreased the mod-
ulus and hardness of the NR compared to the unmodified 
NR, as the saturation of the polymer backbones reduces the 
crystallinity of the polymer.

Reverse of the modulus and hardness values, the elon-
gation at break of the polymers can be ranked as follows: 

HNR > UNR > GHNR > GNR. Hydrogenation increased 
the elasticity of the rubber whereas the presence of MMA 
did the opposite. This result is consistent with the modulus 
and hardness results as a sample with high elasticity usu-
ally possesses low modulus and hardness.

Solvent resistance

Solvent resistance of the vulcanized rubber samples was 
investigated. Toluene was used as the solvent and the 
mass change percentages of the samples were recorded 
and shown in Table  2. High mass change percentage 
value equals poor resistance against solvent. It was found 

Fig. 8   Hydrogenation effi-
ciency (H efficiency) as a func-
tion of a H2O2 dropping rate 
and b stirring time after adding 
hydrogen peroxide

Table 1   Mechanical properties of UNR, GNR, HNR, and GHNR

a  6 % grafting efficiency
b  11 % hydrogenation efficiency
c  6 % grafting and 11 % hydrogenation efficiencies

Sample Tensile strength (MPa) Modulus at 100 % (MPa) Hardness (shore A) Elongation at break (%)

UNR 22.6 ± 1.1 0.61 ± 0.02 38.5 ± 0.0 796 ± 23

GNRa 20.9 ± 2.3 0.87 ± 0.02 43.8 ± 0.3 649 ± 22

HNRb 18.9 ± 1.0 0.55 ± 0.05 35.8 ± 0.3 873 ± 28

GHNRc 17.2 ± 1.7 0.76 ± 0.03 43.2 ± 0.3 717 ± 6

Table 2   Mass change of UNR, GNR, HNR, and GHNR upon solvent 
immersion in toluene

a  6 % grafting efficiency
b  11 % hydrogenation efficiency
c  6 % grafting and 11 % hydrogenation efficiencies

Sample Mass change (%)

UNR 434.9 ± 3.2

GNRa 397.5 ± 1.6

HNRb 483.5 ± 2.0

GHNRc 428.4 ± 1.6
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that the solvent resistance of the polymers can be ranked 
as follows: GNR  >  GHNR  >  UNR  >  HNR. The solvent 
resistance of GNR is the highest, possibly because of the 
presence of mildly hydrophilic MMA moiety in the rub-
ber. HNR showed the lowest solvent resistance, possibly 
because the saturation of the double bonds increases the 
hydrophobicity of the polymer. GHNR is similar to UNR 
in terms of solvent swelling resistance due to the cancel-
ling effect between the grafted MMA and hydrogenated 
backbones.

Ozone ageing

As mentioned above, cis-polyisoprene has unsaturated 
backbones that can easily degrade when exposed to ozone. 
In this study, the ozone ageing of the vulcanized rubber 
samples was investigated. The surface topography images 
of the UNR, GNR, HNR, and GHNR after ozone treatment 
are shown (Fig. 9). It was found that the UNR, GNR, and 
GHNR samples developed a large number of small cracks, 
while the HNR sample developed cracks, but in smaller 
numbers. It can be clearly seen that the cracks in the GHNR 
sample are not as deep as those in the other samples. This 
result indicates that both grafting and hydrogenation pro-
cesses lead to an improved ozone resistance.

Thermal properties of modified NRs

Thermal properties of unmodified and modified NR sam-
ples were investigated using thermogravimetric analysis 
(TGA). From the thermograms (Fig.  10), the decomposi-
tion temperatures of the polymers, which were determined 
from the intersection of two tangents at the onset of the 

decomposition temperature, were obtained. It was found 
that the decomposition temperatures of the polymers can 
be ranked as follows: GHNR  >  HNR  >  GNR  >  UNR. 
This suggests that the saturation of the cis-polyisoprene 
backbone by both grafting and hydrogenation reactions 
improves the thermal stability of the material.

Synthesis of styrene‑grafted, hydrogenated NR

To test the versatility of this one-pot method, styrene 
was chosen for grafting with the NR. The reaction condi-
tions for grafting were set as follows: potassium hydrox-
ide 0.1 g, sodium lauryl sulfate 0.106 g, i-propanol 0.6 g, 
[styrene] of 100 phr, [CHP/TEPA] of 2.0 phr, reaction 
temperature of 50 °C, reaction time of 24 h. The reaction 

Fig. 9   Optical micro-
graphs (×9 magnification) 
of ozone-exposed a UNR, b 
GNR(6 % grafting efficiency), 
c HNR(11 % hydrogenation 
efficiency), and d GHNR(6 % 
grafting and 11 % hydrogena-
tion efficiencies)

Fig. 10   Thermograms of NR, GNR (16 % grafting efficiency), HNR 
(22 % hydrogenation efficiency) and GHNR (16 % grafting and 22 % 
hydrogenation efficiencies). Numbers in parentheses are the decom-
position temperatures
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conditions for hydrogenation were: CuSO4 0.002  g, mole 
ratio of N2H4:isoprene unit of 5:1, mole ratio of N2H4:H2O2 
of 1:2, reaction temperature of 60  °C, dropping rate of 
0.08 mL min−1, and stirring time after adding H2O2 of 1 h.

The 1H-NMR spectrum of styrene-grafted, hydrogenated 
NR showed signals at 0.8, 1.2, and 6.5–7.5 ppm which are 
attributed to –CH3, –CH2–, and –aryl protons, respectively 
(Fig. 11). This result confirms that NR can be grafted with 
styrene and hydrogenated in a one-pot fashion. From the 
NMR characterization, the styrene-grafted, hydrogenated 
NR possessed grafting and hydrogenation efficiencies of 13 
and 24 %, respectively. This result demonstrates the versa-
tility of the one-pot method developed in this work.

Conclusions

In this work, a one-pot method for the synthesis of grafted-
hydrogenated NR was developed. It was found that both 
grafting and hydrogenation efficiencies depend on the reac-
tion conditions and one reaction affects the efficiency of the 
other. Under optimized conditions, the grafting and hydro-
genation efficiencies exceeded 30 and 20 %, respectively. 
The one-pot strategy is an attractive strategy for modifying 
the polymers because it affords a synthetic method with 
a reduction of synthetic steps and reaction work-up time 
without the purification step of the intermediate product. 
The reduced amount of reagents used and toxic wastes pro-
duced make this a greener chemical method. This simple 
means to improving the stability and adding new function-
alities using an environmentally friendly approach will add 
value to NR.
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