
RSC Advances

PAPER

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 0

9 
O

ct
ob

er
 2

01
9.

 D
ow

nl
oa

de
d 

on
 1

0/
19

/2
02

5 
2:

35
:0

7 
A

M
. 

 T
hi

s 
ar

tic
le

 is
 li

ce
ns

ed
 u

nd
er

 a
 C

re
at

iv
e 

C
om

m
on

s 
A

ttr
ib

ut
io

n-
N

on
C

om
m

er
ci

al
 3

.0
 U

np
or

te
d 

L
ic

en
ce

.

View Article Online
View Journal  | View Issue
Branched EHNBR
aAECC Beijing Institute of Aeronautical Mat
bBeijing University of Chemical Technology,

mail.buct.edu.cn

Cite this: RSC Adv., 2019, 9, 32130

Received 15th May 2019
Accepted 15th September 2019

DOI: 10.1039/c9ra03656c

rsc.li/rsc-advances

32130 | RSC Adv., 2019, 9, 32130–3213
and its properties with enhanced
low-temperature performance and oil resistance

Lu Liang, a Jianjun Dongab and Dongmei Yue*b

Epoxide nitrile butadiene rubber (ENBR) was prepared via in situ epoxidation from nitrile butadiene rubber

(NBR) with acetic acid and hydrogen peroxide. ENBR had been selectively hydrogenated in the presence of

a homogeneous Wilkinson catalyst. The hydrogenated epoxide nitrile butadiene rubber (EHNBR) and ENBR

were characterized by infra-red and proton nuclear magnetic resonance. No change was noted in the

epoxy content of the polymer after the reaction. The catalyst is highly selective in reducing carbon–

carbon double bonds in the presence of epoxy groups. DSC analysis reveals the Tg of ENBR varied

linearly with molar epoxide content and the Tg value increased by 0.82 �C per mol%. It also found that

the introduction of epoxy groups can effectively reduce the extent of crystallization by impairing the

regularity of the molecular chain, but crystalline structure was difficult to completely eliminate.

Therefore, anhydrides were selected as ring-opening reagents to react with epoxy groups in EHNBR. The

products, branched EHNBR, were characterized by infra-red and proton nuclear magnetic resonance.

The conversion rate of the epoxide group was calculated by 1H NMR. The glass transition temperature of

EHNBR-g-heptyl group was �34.1 �C, and its DSC curve demonstrated no crystal structure. The

coefficient of cold resistance under compression of EHNBR grafted propyl ester was 0.36, which

represented a superior low-temperature performance. Furthermore, residual epoxy groups and ester

groups extremely enhanced the oil resistance of HNBR.
Introduction

Hydrogenated nitrile butadiene rubber (HNBR) is saturated by
hydrogenation of acrylonitrile-butadiene rubber (NBR).1–3 Most
butadiene chain segments (about 95% to 99%) are hydroge-
nated, save only a few (about 1% to 5%) for crosslinking.4 HNBR
not only retains the advantages of original NBR, such as oil
resistance and solvent resistance, but also exhibits additional
characteristics such as aging resistance and high temperature
resistance.5 Although HNBR has a very high application value,
its vital disadvantage is the lack of low temperature perfor-
mance aer hydrogenation. Aer hydrogenation, the poly-
butadiene sequence in the molecule chain turns into
a tetramethylene sequence, which is liable to crystallization.
Therefore, the HNBR molecule chain can easily form crystalline
structure in a low temperature environment, hardening the
whole molecule chain and raising its glass transition tempera-
ture.6 These disadvantages limit the applications of HNBR in
low temperature environments.7

Crystalline rubber's applicable temperature shall not be
lower than its crystallization temperature. When the ambient
temperature goes lower than the crystallization temperature,
erial, 100095, Beijing, China
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the molecular chain facilitates crystallization, which leads to
rigid materials. The key to improve the low temperature
performance of HNBR is to reduce its glass transition temper-
ature (Tg) and hinder its crystallization. Consequently,
enhancing the exibility of the molecular chain and decreasing
the molecular regularity are general methods to obtain HNBR
with low-temperature performance.8

So far, there are three main ways to improve the low
temperature performance of HNBR in literatures: (a) adopting
a third monomer in the molecular structure of HNBR through
graing reaction or copolymerization, as a exible side group to
improve rubber molecular exibility and sabotage the molec-
ular regularity;9,10 (b) adding a plasticizer and adjusting the
curing agent, reinforcing the agent of rubber mixing system in
the vulcanization of rubber modied process;11–14 (c) blending
with other rubbers by physical or chemical blending methods,
such as silicone rubber, uorine rubber, and ethylene-
propylene rubber, combining merits of these rubber to
improve the low temperature performance of HNBR.15–17

Epoxidation is the common and effective methods to
improve the properties of non-polar rubber,18–21 but few studies
report epoxidation of polar rubber.22,23 Epoxide natural rubber
(NR) has been widely studied24,25 and realized industrialization.
Introducing an epoxy group endows ENR with air permeability
and oil resistance.26,27 Besides that, the presence of epoxy group
provides a potential gateway to abundant secondary
This journal is © The Royal Society of Chemistry 2019
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modications.28–31 A few articles studied the hydrogenation of
epoxied rubber,32–34 such as different hydrogenated catalysts'
effect on the epoxy group. Phan Trung Nghia et al.31 prepared
noncrystallizable hydrogenated NR by the introduction of epoxy
group to disturb the stereo-regular alternative ethylene–
propylene units. Jia-rui Xu et al.34 revealed that oxirane unit's
random distribution in rubber's molecular chain signicantly
impair its crystal structure. In this article, we prepared a series
of epoxide hydrogenated nitrile butadiene rubber (EHNBR) in
different level of epoxidation. Though crystal structure is
impaired with the increase of epoxide content, continual
increase of epoxy group enhances the chemical polarity of its
molecular chain, which will decrease its Tg.35 Therefore, we
adopted the way of anhydride reacting with epoxy group to
introduce ester group in HNBR so that crystallization is further
destroyed. In addition, ester group as a exible side group can
decrease the glass transition temperature. It's worth
mentioning that residual epoxy group and ester group signi-
cantly enhance the oil resistance of HNBR.

Experimental
Materials

Nitrile rubber (NANCAR1965) was obtained from Taiwan NAN-
TEX with nitrile content in 19%; anhydrous ethanol and xylene
were analytically pure; acetic acid (99%) and hydrogen peroxide
(30%w/w) used were commercial grade, purchased from Beijing
Chemical Plant; propionic anhydride, valeric anhydride and
pentanoic anhydride were purchased from TGI; triphenyl-
phosphine and deuterated chloroform were obtained from
National Chemical Reagent Co.; Wilkinson catalyst was made in
our laboratory.

Epoxidation of NBR

24 g NBR was dissolved in 321 mL xylene in a 1 L three-necked
glass ask equipped with a mechanical stirrer. Upon increasing
the temperature to 65 �C, 21.6 g acetic acid were added to the
polymer solution, and the hydrogen peroxide was then added
drop by drop. Aer completion of the reaction, the reaction
mixture was neutralized with 5% sodium carbonate solution.
The polymer was coagulated in ethanol and washed three times.
The samples were dried at 60 �C to a constant weight. Fig. 1
illustrates the process.
Fig. 1 Schematic illustration of the epoxidation of NBR.

This journal is © The Royal Society of Chemistry 2019
Hydrogenation of ENBR

All the hydrogenation experiments were carried out in 500 mL
autoclave reactor. Epoxide nitrile butadiene rubber (ENBR) (10
g) in xylene (232 mL) was added to autoclave, and stirred
vigorously under hydrogen for a couple of minutes, followed by
venting. This process was repeated ve times to ensure that
oxygen was completely removed. Then the required catalyst was
transferred into the reactor. The autoclave was slowly heated to
110 �C and maintained at this temperature for 8 h. Aer reac-
tion the autoclave was allowed to cool to room temperature.
Fig. 2 illustrates the process.
Anhydride reacted with epoxy group in EHNBR

Ring-opening reaction was carried out in nitrogen atmosphere.
Anhydride and tetrabutylammonium chloride were added in
EHNBR solution (8% w/w in xylene). The three-necked glass
ask was slowly heated to 110 �C and reacted in different times.
Characterization

The changes in the structure of polymer were determined by
Fourier transform infrared spectroscopy (FTIR) and proton
nuclear magnetic resonance (NMR). FTIR spectra were obtained
by a Bruker Tensor 27 spectrophotometer in the wave-number
range of 400 to 4000 cm�1. NMR measurements were ob-
tained from an AC600 spectrophotometer (Bruker Optik GmbH,
Germany), with CDCl3 solution as solvent. Transition temper-
ature of ENR samples was determined by differential scanning
calorimetry (DSC). The sample was heated from 25 to 100 �C at
a rate of 10 �Cmin�1 and cooled from 100 �C to�100 �C at a rate
of 10 �C min�1 under a nitrogen purge. The glass transition
temperature was determined from the heating curve from
�100 �C to 100 �C at a rate of 10 �C min�1.
Results and discussion
FTIR and 1H NMR characterization of epoxied nitrile
butadiene rubber (ENBR)

Fig. 3 contains the FTIR spectra of the ENBR with different
degree of epoxidation. The broad absorptions at 2920 and
2850 cm�1 are attributed to the stretching vibration of –CH2 in
the nitrile butadiene rubber, and the absorption at 1450 cm�1

corresponds to the bending vibration of –CH2. The absorption
Fig. 2 Schematic illustration of the hydrogenation of ENBR.
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Fig. 3 FTIR absorption spectrum of NBR and ENBR.
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at 2237 cm�1 corresponds to the stretching vibration of –CN in
the acrylonitrile units. The absorption at 967 cm�1 and
915 cm�1 correspond to the bending vibration of ]C–H in the
butadiene units. An absorbance band at 887 cm�1 associated
with weak peak at 1239 cm�1 appears from the C–O–C ring
vibration of epoxide groups, which means NBR successfully
epoxied.22

In Fig. 4, to the NBR as an example, the peaks above 4.5 ppm
indicate olenic protons of 3,4-addition butadiene (4.8 to 5.2
ppm) and 1,4-addition butadiene (5.2 to 5.8 ppm). The peaks on
2.52 ppm indicate the protons of –CN.

In the 1H-NMR spectrum of ENBR, two new peaks appear at
d ¼ 2.76 ppm and d ¼ 2.92 ppm. The peaks at d ¼ 2.76 ppm and
d¼ 2.92 ppm correspond to the methane resonance of the epoxy
groups, in trans and cis position respectively.36 As the reaction
progresses, there is an increase in the epoxidation content,
resulting in an increase in the signals at 2.76 ppm and 2.92 ppm
Fig. 4 1H NMR spectrum of NBR and ENBR.

32132 | RSC Adv., 2019, 9, 32130–32136
(trans and cis epoxy) and a decrease in the peak at 5.2 ppm
(unsaturated 1,4-polybutadiene protons). And the peak at
4.9 ppm (vinyl group) remains practically constant for low and
medium degrees of epoxidation. This peak decreased at
4.9 ppm only for high degrees of epoxidation. For all the rubbers
studied, the behaviour was similar. These ndings indicated
that the reactivity of trans and cis 1,4 units is higher than that of
vinyl 1,2 units. The peak at approximately 2.52 ppm in the NBR
corresponds to the protons of –CN that remains constant during
the epoxidation. Its area can be calculated from the area of the
nitrile content. Taking this into account, the degree of epoxi-
dation, E%, for all the ENBR rubbers has been calculated using
eqn (1):

E% ¼
�

A2:47�3:07 � ACN

ðA2:47�3:07 � ACNÞ þ A1;2 þ A1;4

�
� 100% (1)

where A2.47–3.07 is the normalized proton area intensities for the
epoxide peaks at 2.76 ppm and 2.92 ppm and the nitrile peaks at
2.52 ppm, ACN is the normalized area intensities for methine
bonded to the nitrile group, A1,4 and A1,2 is the normalized area
for the unsaturated 1,4 polybutadiene peak at 5.2 ppm, and
unsaturated 1,2 polybutadiene peak at 4.9 ppm. The normalized
proton intensity is dened as the integrated area of the peak
divided by the number of hydrogens associated with that
isomeric structure.

According to 1H-NMR and FTIR results, NBR rubber had
been successfully epoxied. We prepared a series of ENBR in
different level of epoxidation by controlling of react time.
NMR characterization of hydrogenated epoxied nitrile rubber
(EHNBR)

As shown in Fig. 5, the degree of hydrogenation was determined
by 1H-NMR. In comparison with NBR, the peaks at 4.8 ppm to
5.8 ppm in HNBR and HENBR indicate olenic protons of 3,4-
addition butadiene (4.8–5.2 ppm) and 1,4-addition butadiene
Fig. 5 1H NMR spectra of NBR, HNBR and HENBR with different
degree of epoxidation.

This journal is © The Royal Society of Chemistry 2019
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(5.2–5.8 ppm) almost completely disappeared.37 However, no
change of signal intensity is detectable at 2.76 ppm and
2.92 ppm, due to the epoxy methane proton for EHNBR. It
turned out that Wilkinson catalyst owned highly selective
hydrogenation of –C]C– and had no reactive activity with epoxy
group.
Fig. 7 1H NMR spectra of HNBR, EHNBR and branched HENBR.
FTIR and NMR characterization of branched EHNBR

Fig. 6 contains the FTIR spectra of branched EHNBR with
different ester group. In contrast with original EHNBR, the peak
at 889 cm�1 in the EHNBR graed with ester group has sharply
weakened. Also, two new peaks appear in the branched EHNBR.
The intense C]O vibration peak at 1735 cm�1 is associated
with the formation of ester bonds, and the peak at 1179 cm�1

representing the asymmetric vibration of C–O–C indicate that
anhydride has been successfully reacted with epoxy group. The
results from FTIR spectra are qualitatively analyzed, so the
detailed structure of the branched EHNBR, in particular the
graing ratio, should be quantied by 1H-NMR.

As shown in Fig. 7, the graing rate of ester group was
determined by 1H-NMR. In the 1H-NMR spectrum of ENBR, the
peaks at 2.35 ppm in branched EHNBR indicate protons of
–COOCH2–, whose appearance represents the introduction of
ester group in EHNBR. Accompanied with appearance of peak at
2.35 ppm, the peaks at d¼ 2.76 and d¼ 2.92 ppm correspond to
the methane resonance of the epoxy groups are obviously
decreased. Then, the graing rate, G%, can be calculated by eqn
(2):

G% ¼ A2:35

Aepoxy � A2:35

� 100% (2)

where Aepoxy is the normalized proton area intensities for the
epoxide peaks at 2.76 and 2.92 ppm, A2.35 the normalized area
intensities for methylene bonded to –COOCH2–. The normal-
ized proton intensity is dened as the integrated area of the
peak divided by the number of hydrogens associated with that
isomeric structure.
Fig. 6 FTIR absorption spectrum of EHNBR and branched EHNBR.

This journal is © The Royal Society of Chemistry 2019
DSC analysis of ENBR, EHNBR and branched EHNBR

Glass-transition temperatures of ENBR samples obtained from
DSC are shown in Fig. 8 and are tting curve with degree of
epoxidation in Fig. 9. It is similar to ENR that Tg of ENBR varies
linearly with molar epoxide content and the Tg value increases
by 0.82 �C per mol%. The difference of the trend of ENBR and
ENR lies in the increase of Tg with molar epoxide content. The
nonpolar molecular structure of NR maybe responsible for the
more sensitive Tg with epoxide content.

DSC curves (Fig. 10) show the different condition of crystal-
lization in EHNBRs with different epoxide content. The curve of
HNBR presents a huge defect from �30 �C to 70 �C, rather than
platform of glass transition, which serves as crystal-melting
areas could impact the low-temperature properties of HNBR.
HNBR forms the crystalline structure caused by highly regular
structure of methylene, particularly by tetramethylene
sequences. Takush Kobatake found that the length of
Fig. 8 DSC thermograms of ENBR with different epoxide content.

RSC Adv., 2019, 9, 32130–32136 | 32133
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Fig. 9 The relation of the degree of epoxidation and Tg of ENBR.

Fig. 10 DSC thermograms of EHNBR with different epoxide content.

Fig. 11 DSC thermograms of EHNBR with different ester side group.
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tetramethylene sequences in a polymer chain is the key factor
for improving the low-temperature exibility. As a consequence,
the introduction of epoxy group can effectively reduce extent of
crystallization by shortening the length of tetramethylene
sequences. As shown in Fig. 10, the defects represented crystal-
melting areas narrow down with the increase of epoxide
content. ENBR with epoxide content up to 32% largely impairs
the trend of crystallization, however, it does not completely
eliminate crystallization yet.

Although EHNBR with epoxide content in 32% does not
successfully collapse the crystal structure, its ring-opened
products represent typical platform of glass transition, as
shown in Fig. 11. The graing rates of EHNBR graed propyl
ester, pentyl ester and propyl ester are 47%, 48% and 46%
respectively. One epoxy transforms into two ester group aer
EHNBR reacted with anhydride, which further hinders the
crystallization of methylene sequences along the polymer
backbone. Furthermore, exibility of ester group is excellent,
and the exibility increases with the length of molecular chain.9
32134 | RSC Adv., 2019, 9, 32130–32136
The glass transition temperature of EHNBR-g-heptyl group is
�34.1 �C, and its DSC curve demonstrates typical platform of
glass transition and has no endothermic melting peak, which
indicate rubber in amorphous state.

We also determine the coefficient of cold resistance under
compression of HNBR, EHNBR graed propyl ester, pentyl ester
and propyl ester, which is 0.21, 0.22, 0.29 and 0.36 respectively.
It's well-known that the coefficient of cold resistance under
compression is key indicator of mechanical properties of
materials at low service temperatures. Therefore, the introduc-
tion of ester side groups improves the low temperature perfor-
mance of HNBR.
Oil resistance of vulcanized branched EHNBR

Vulcanized rubbers were weighed and immersed in ASTM no. 3
oil (IRM903) and aviation hydraulic oil no. 15 at 150 �C for 48 h.
These samples were removed from the oils and wiped out excess
oil from surface. Changes in the weight of test specimens are
shown in Fig. 11. The oil resistance was determined as a change
in weight calculated as follows:

Change in weight ð%Þ ¼ Wt �W0

W0

� 100%

where Wt is the weight aer immersion in oils and W0 is the
original weight.

Column diagram of Fig. 12 in black is representative for
samples in no. 3 oil, column diagram in red for samples in no.
15 oil. Weights change rate in no. 3 oil are all larger than no. 15
oil, which is attributable to difference of polar. A large number
of polar groups, epoxy group and ester group, was introduced in
HNBR, resulting in improvement of oil resistance of HNBR,
especially for HNBR with low content of nitrile group. Take
EHNBR-g-heptyl ester as example, its oil resistance in no. 3 oil
increase three times than unmodied HNBR, eight times in no.
15 oil. It means that the method of introduction of epoxy group,
and thus reacted with anhydride, is not only effectively
This journal is © The Royal Society of Chemistry 2019
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Fig. 12 Column chart of oil resistance of branched EHNBR in no. 3 and
no. 15 oil.
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improvement of low-temperature performance of HNBR but
also enhancement of its oil resistance.
Conclusions

In method of in situ epoxidation, we prepared ENBR with
controllable epoxide content by control the reacted time. The
DSC analysis reveals that Tg of ENBR varies linearly with molar
epoxide content and the Tg value increases by 0.82 �C per mol%.

ENBR has been selectively hydrogenated in the presence of
Wilkinson catalyst. FTIR and 1H NMR characterization of HNBR
reveals that the epoxy content has no change aer hydrogenated
reaction. The presence of epoxy group can effectively impair
crystal structure, proved by DSC characterization of EHNBR.

The ring-opened product has been characterized by infra-red
and nuclear magnetic resonance spectroscopies, which indi-
cates ester group graed EHNBR successfully in presence of
Bu4NCl catalyst. The results of DSC testify that ester side group
completely hindered the crystallization of methylene sequences
along the polymer backbone. Moreover, Tg of branched HNBR
decreased with the length of carbon chain of ester group.
EHNBR-g-heptyl ester group has superior low-temperature
performance, because its Tg is up to �34.1 �C and in amor-
phous state. Low temperature test measured the coefficient of
cold resistance under compression of EHNBR-g-heptyl ester
group is 3.6.

The branched EHNBR has well-performance in no. 3 oil and
no. 15 oil, whose oil resistance increases with the decrease of
carbon chain of ester group.

Therefore, considering other reports on HNBR, the present
study offers a simple and cost-effective preparation technique to
obtain branched EHNBR with superior low-temperature
performance and excellent oil resistance.
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