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Abstract
In this study, a multifunction polymeric adhesion promoter and anti-aging compound based on the triethanolamine salt of 
acrylamide acrylic acid copolymer (COS) was prepared and characterized using Fourier-transform infrared spectroscopy 
(FTIR). The impact of different COS contents on the tensile, adhesion, and thermal properties of NBR composite and NBR/
PET sandwich was evaluated. The NBR composites containing COS displayed good retention of their mechanical proper-
ties with increasing thermal ageing time, while the composite without COS showed a decrease in its mechanical properties. 
The highest tensile strength (17.5 MPa with a retention value of 0.6%) after 7 days of thermal aging was recorded for NBR 
composite, which contains 5 phr (parts per hundred parts of rubber) of COS (COS 5), compared to NBR composite without 
COS (COS 0), which recorded 15.1 MPa with a retention value of -27.4%. In addition, the COS 5 composite displayed an 
improvement in peel strength of 16.4% compared to the COS 0. The results of the thermogarvemetric analysis (TGA) sup-
ported the anti-thermal ageing effect of COS, where the initial decomposition temperature (Ti) value increased by 11.7 and 
9.3 °C, after addition of 5 and 10 phr of COS to NBR composite, respectively. In addition, the other thermogravemetric 
parameters investigated displayed a significant increase in their values, which confirms the improvement in thermal stability 
of NBR composite in the presence of COS. Also, the air permeability of the PET/NBR sandwich decreased by 80% after 
the addition of 7.5 phr of COS.
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Introduction

Rubberized fabric can be created by coating textile fabric 
with impregnation, surface coating, or lamination. The most 
popular method of surface coating is the spreading of a vis-
cous fluid made of rubber mix (dough) [1]. The improvement 
of adhesion between fabric or fibers and polymer matrix is 
usually achieved through physical or chemical modification 
of the fabric surface or the addition of adhesion promoters 
[2]. Several efforts have been made to enhance the adhesion 
between textile fabric and rubber. Doganci [3] investigated 
the influence of glycidyl polyhedral oligomeric silsesquiox-
ane (GPOSS) on the adhesion properties between PET cord 
and rubber( natural rubber styrene butadiene rubber blend). 

It was found that, the tensile strength wasn’t significantly 
changed while the adhesion strength was improved with the 
highest adhesion strength obtained at 1% of GPOSS. Zhang 
et al. [4] improved the adhesion of poly(m-aramide) fab-
ric to fluorosilicone rubber using a combination of silane 
coupling agent and N2 plasma surface treatment. The silane 
compound acted as a bonding agent between fabric, and 
rubber via grafting reaction on both surfaces. Subramanian 
and Nando [5] used the dry bonding system, which includes 
resorcinol, silica, and hexamethylenetetramine to improve 
the adhesion between polychloroprene rubber and polyvi-
nyl alcohol cords and woven fabric. The change in amount 
of each component had a significant effect on the adhesion 
between rubber and cords or fabrics. Acrylonitrile butadi-
ene rubber (NBR) belongs to the unsaturated rubber family. 
NBR is produced from the copolymerization of acrylonitrile 
and butadiene monomers. NBR has wide applications in the 
automotive industry, such as oil and fuel resistance seals, 
tanks, hoses, grommets, etc. As the acrylonitrile content 
increases, the fuel and oil resistance of NBR increases [6]. 
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PET fabric, a component of the composites under investiga-
tion, has poor compatibility due to its inert surface chemi-
cal structure and need to further surface modification or the 
addition of an adhesion promoter to improve its adhesion 
with different polymeric compounds [7]. Polyethylene tere-
phthalate (PET) was used as a reinforcing agent for natural 
rubber [8] and styrene butadiene rubber [9] where it exhib-
ited poor adhesion with them in the absence of adhesion 
promoter or further modifications. The adhesion between 
NBR and polar fabrics, including PET, is weak [2, 7, 10, 
11]. Many efforts have been made to improve the adhesion 
of NBR to PET fibre or fabric based on the chemical reac-
tion with NBR's -C = C- [2]. Jincheng et al. [7] investigated 
the effect of two different adhesion promoting systems to 
improve the adhesion between NBR and PET cords. Where 
the hydrated silica-resorcinol-hexamethoxymethyl-melamin 
(HRH) treated system showed more improvement in adhe-
sion between NBR and PET cords than the resorcinol–for-
maldehyde-latex (RFL) treated system. Razavizadeh and 
Jamshidi [2] improved the adhesion between NBR and PET 
fibers via carboxylation of PET fabric surface using ultra 
violet (UV) irradiation. It was found that the improvement 
in bonding between NBR and PET is due to the formation of 
covalent bonds at the rubber/ fabric interface. Han et al. [12] 
used titanate to improve the adhesion properties between sil-
icone rubber and polyester fabric. The hardness and tensile 
strength of the silicone rubber composite decreased gradu-
ally as the titanate content increased, whereas the peel force 
increased up to a titanate concentration of 0.2%.

The presence of unsaturation within the rubber matrix 
causes instability and subsequent degradation when sub-
jected to thermal or oxidative aging which leads to cleavage 
of rubber chains and thr formation of oxygen containing 
groups or additional crosslinks within the rubber matrix 
[13].This degradation will cause a dramatic drop in the 
physical, chemical, and mechanical properties of rubber 
composite which is negatively reflected on its service life 
[14, 15]. To delay the unsaturated rubber degradation pro-
cess, chemical antioxidants, such as amide compounds are 
incorporated to enhance the thermal stability of the rub-
ber [16]. As we mentioned above, NBR is one member of 
the unsaturated rubber family, and thus, an anti-aging agent 
should be added to its formulas to retard the degradation 
process and increase the service life.

Jovanović et al. [17] studied the influence of different 
anti-aging agents on NBR /iron oxide/zinc dimethacrylate 
composites and found that all anti-aging agents had nega-
tive effect on the crosslink density and the mechanical 
properties of the NBR composite. The best protective effect 
at 100  °C was provided by diaryl-p-phenylene diamine 
(DAPD) where the best antioxidant at 120 °C was diphe-
nylamine (DPA)  Zhong et al. [18] modified the graphene .‏
oxide (GO) by anti-aging agent p-phenylenediamine (PPD) 

and used it to improve the themal stability of NBR. The 
results showed that, the thermo-oxidative stability of rubber 
matrix increased obviously after introducing GO–PPD. The 
small antiaging compounds can be lost through diffusion to 
the surface of the composite, followed by evaporation or 
dissolution in an appropriate solvent. To avoid the loss of 
antiaging molecules, macromolecular or polymeric antiag-
ing molecules were used [19].

In this study, a multifunction polymeric adhesion pro-
moter and anti-aging compound based on the triethanola-
mine salt of acrylamide acrylic acid copolymer (COS) was 
prepared and characterized using Fourier-transform infrared 
spectroscopy (FTIR). The effect of COS on the adhesion 
between NBR and PET fabric and the tensile properties of 
NBR composite were investigated. In addition, COS was 
used to improve the thermo-oxidative stability of NBR com-
posite. The effect of thermal aging on the tensile of NBR 
composite and adhesion properties of PET/NBR sandwich 
which contain different contents of COS, was evaluated. 
Also, thermogravimetric analysis (TGA) and air perme-
ability were investigated.

Experimental

Materials

Acrylonitrile butadiene rubber (NBR) under trade name 
KRYNAC® 2850 F was purchased from, Zeon Advanced 
Polymix, Thailand, where the acrylonitrile content is 27.5 
wt.%, density of 0.97 g/cm3 and Mooney viscosity ML 
(1 + 4) 100 °C 48. Acrylamide (AAm), acrylic acid (AA) 
monomers with purity 99%, ammonium persulfate (APS), 
98% and triethanolamine (TEA), 98% were obtained 
from Merck company, Germany. The polyester fabric was 
obtained from Misr Helwan for textile, Egypt. Carbon black 
(N220) with External surface area (STSA), m2/g 106 m2/g 
was provided by Alexandria Carbon Black, Egypt. Hexam-
ethylenetetramine (HMT) with purity 99% was purchased 
from Alfa Aesar, Germany. Other chemicals were provided 
by El-Gomhouria For Trading Chemicals, Egypt.

Preparation of COS

In a 500 mL three-necked flask with a condenser, glass ther-
mometer, and a N2 gas input, COS was prepared. The flask 
was filled with 90 g of distilled water and set to a tempera-
ture of 90 °C. The stirring rate was adjusted at 250 rpm. 
30 g of AAm were dissolved in 30 g distilled water, and 
mixed with 30 g of AA. The initiator solution was prepared 
by dissolving 1.2 g APS in 18.8 g distilled water, which 
was added simultaneously over 3 h with monomer solution 
after purging by nitrogen gas to remove dissolved oxygen. 
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To achieve full monomer conversion, the flask contents were 
maintained at 90 °C for two hours. After cooling to ambient 
temperature, the flask contents were completely neutralized 
by triethanolamine up to pH 7. The product was dried at 
105 °C for 24 h to remove all water, yielding a high viscos-
ity material. The structure of the COS was confirmed using 
Fourier-transform infrared spectroscopy (FTIR) Nicolet 380 
spectrophotometer, Thermo Scientific, Waltham USA.

Rubber mixing and fabric‑rubber  
sandwich preparation

On a laboratory two roll mill (152 mm-330 mm) with a friction 
ratio of 1:1.4, the NBR and other ingredients are blended at 
room temperature. Prior to adding the filler and other compo-
nents listed in Table 1, the NBR was masticated for 10 min. The 
carbon black was added within 4 min while the other ingredi-
ents were added almost within 5 min. The total mix, after the 
complete addition of all ingredients, underwent further masti-
cation for 3 min. The different rheometric parameters namely, 
curing time (t90), scorch time (ts2), minimum torque (ML), and 
maximum torque(MH), were determined using the Rheometer 
MDR 2000, Alpha Technologies, UK. The delta torque (ΔM) 
was calculated by subtracting the ML from MH. The dough was 
prepared by immersing of small pieces of each mix in toluene 
(the ratio was 1 part rubber mix: 1.5 parts toluene and then 
allowing it to swell for 72 h. The swollen rubber was stirred 
manually every 24 h. The fabric rubber sandwich of thickness 
0.7 ± 0.1 mm was obtained by spreading a layer of dough on 
the fabric using a film applicator. The rubber-coated fabric was 
folded to form a fabric-rubber sandwich, then rolled around 
metal drum, and covered with cotton clothes to prevent warp-
ing during vulcanization process. The curing process occurred 
in an air circulating oven set to 155 °C. The vulcanized sheets 
were prepared by compression molding in an electrically heated 
press at 155 °C under a pressure of 150 kg/cm2.

Mechanical measurements

The tensile properties were measured according to ASTM 
D412-16. Five dumb-bell shaped samples of each sample 
were measured using universal tensile testing machine (Zwick 
Z010, Germany) at crosshead speed of 500 mm/min. The 
adhesion strength was measured as per ASTM D 413–17 at 
crosshead speed 50 mm/min using the universal tensile testing 
machine. Five plane strips having width, length and thickness 
of 25 + 3, − 0 mm, 12 ± 0.5 cm and 0.7 ± 0.1 mm, respectively. 
The parts of one end of the samples were separated by hand to 
sufficient distance to permit attachment of the separated ends to 
the grips of the tensile testing machine. The separation of sample 
layers was done at an angle of approximately 180°.

The thermal aging was performed, according to ASTM 
D573-19, in an oven at temperature of 70 °C for 7 days. At 
different times of aging (1, 3 and 7 days) five samples was 
taken and tested. The retention in the property can be cal-
culated as follows:

where Pa and Pb are the property measured after and before 
aging, respectively.

Thermogravimetric Analysis (TGA)

The effect of COS on the thermal stability of NBR composite 
was performed with TGA-60 Shimadzu Company, Japan. 5 mg 
of all samples were heated from ambient temperature to 600 °C 
at a rate of 10 °C/min under N2 gas with flow rate 30 ml/min.

Air permeability measurements

The air permeability through the coated fabric of dimension 
50*50*0.7 mm was measured using Electronic Air Perme-
ability Tester (SDL 021A). The air permeability values were 
expressed in cm3/s/cm2. The test was conducted at pressure 
of 999 Pa. Air permeability measurement was carried out 
according ASTM D737. The results reported here are the 
average of five measurements for each sample.

Results and discussion

Characterization of poly (AAc‑co‑AAm)/TEA (COS)

It is well understood that polyacrylic (PAA) has carboxylic acid 
groups, which could develop different intermolecular interactions 
like electrostatic interactions, hydrogen bonds, and dipole-ion 

(1)Retention (%) = 100 ×
(Pa − Pb)

Pb

Table 1   Formulations of different mixesa

a The values of all ingredients are in phr

Sample Code COS 0 COS 2.5 COS 5 COS 7.5 COS 10

NBR 100
Carbon Black (N550) 25
Zinc Oxide 5
Stearic 2
CBS 1.2
MBT 0.8
HMTA 5
Resorcinol 5
Hi-Silica 5
Sulfur
COS 0 2.5 5 7.5 10
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interactions with other polymers and surfactants. Many investiga-
tions have shown that there are strong interactions of PAA with 
other polymers and surfactants in aqueous solutions. There is a 
great potential for utilizing these interactions in different poly-
meric industrial applications. Intermolecular interactions affect 
the vibration of groups on polymer segments, this information 
can be obtained by FTIR analysis. Figure 1 shows the FTIR spec-
tra of poly (AA-co-AAm) and poly (AA-co-AAm)/TEA (COS). 
The FTIR spectrum of poly (AA-co-AAm) confirms the forma-
tion of co-polymer of acrylic acid and acrylamide as are evident 
from bands that appeared at 3160 and 3310 cm−1 which indicates 
the N–H stretching of acrylamide unit and O–H stretching of 
acrylate unit respectively. Asymmetrical and symmetrical stretch-
ing of C–H are found at 2980 and 2820 cm1, respectively. Car-
bonyl stretching vibration gives a peaks at 1660 and 1690 cm−1, 
and no characteristic stretch vibration peak of C = C is found 
[20]. The reaction of TEA with poly (AA-co-AAm) is con-
firmed in FTIR spectrum of COS, whereas band that appeared 
at 3410 cm−1 indicates the O–H stretching. Asymmetrical and 
symmetrical stretching of C–H are found at 2980 and 2820 cm1, 
respectively. The characteristic peaks of C = O stretching appear 
at 1590 and 1690 cm−1. Symmetric and asymmetric stretching 
of COO− are found at 1380 cm1 and 1410 cm−1, respectively 
in poly(AA-co-AAm) spectrum and at 1360 and 1420 cm-1 in 
COS spectrum. These results indicate that the carboxylic groups 
of PAA form hydrogen bonds with NH2 in acrylamide unit of 
the copolymer and it dissociated into COO −, which complexes 
with the TEA [21, 22].

Rheometric properties and crosslink density

Table 2 shows the effect of different COS contents on the 
rheometric properties of NBR composites. It can be clearly 

seen that, the difference between minimum torque (ML) and 
maximum torque (MH), which is expressed by ∆M, decreased 
gradually with the increase of COS within the NBR compos-
ite. This indicates that the stiffness of the rubber composite 
decreased as the COS content increased. The value of ∆M 
depends directly on the crosslinking reaction, where the ∆M 
value increases with the increase in crosslink density [23]. The 
decrease of ∆M with the increase of COS concentration within 
the composite is attributed to the crosslink density of the com-
posite decreased gradually with the increase of COS content, 
where it decreased from 71.89*10 −5 g−1.mol for COS0 to 
57.47*10 −5 g−1.mol for COS10, as indicated in Table 3 [24]. 
In addition, Table 2 displayed that, the addition of COS to 
NBR composite accelerated the vulcanization process as indi-
cated by the decreasing of scorch time (ts2), optimum curing 
time (t90) and cure rate index [CRI = 100/(t90-ts2)]. Naka-
son et al. [25] found that the addition of fillers that contain 
hydroxyl groups in their structure to the rubber composite can 
accelerate the vulcanization process. In our case, we had a 
similar result, where the acceleration action of COS can be 
attributed to the presence of many hydroxyl groups in its struc-
ture. Table 3 displayed that, the crosslink density of the NBR 

Fig. 1   FTIR spectra of Poly 
(AAc-co-AAm) and Poly (AAc-
co-AAm)/TEOA
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Table 2   Rheometric properties of the different formulations

Sample Code COS 0 COS 2.5 COS 5 COS 7.5 COS 10

ML (kg-cm) 0.33 0.4 0.56 0.59 0.37
MH (kg-cm) 15.1 14.8 14.4 13.85 13.54
∆M 14.77 14.4 13.84 13.26 13.17
ts2 0.52 0.48 0.42 0.4 0.39
t90 3.05 3.11 3.08 3.37 3.43
CRI 39.53 38.02 37.59 33.67 32.89
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composite decreased from 71.89 *10 −5 g−1.mol for composite 
COS 0 to 63.5310 −5 g−1.mol after the addition of 2.5 phr of 
COS. The decrease in crosslink density continued to decrease 
with the increase in COS content within the NBR composite. 
In addition, NBR is unsaturated, and so, it is particularly sus-
ceptible to the degradation process when exposed to thermo-
oxidative aging which leads to the breaking of polymer chains. 
The breaking of polymer chains occurs via free radical chain 
reactions that produce oxygen-containing groups such as car-
boxylic acids, ketones, aldehydes, and epoxides [13]. This 
degradation process deteriorates the physico-mechanical 
properties of the rubber composite. Chemical antioxidants are 
frequently added to diene elastomers to capture free radicals 
and slow down the ageing process. These anti-oxidants can 
greatly increase rubber's thermo-oxidative stability [26, 27]. 
The small antiaging compounds can be lost through diffusion 
to the surface of the composite, followed by evaporation. For a 
soluble antioxidant, it may be dissolved in appropriate solvent 
when the composite comes into contact with it [28]. To avoid 
the loss of antiaging molecules, macromolecular or polymeric 
antiaging molecules were used [19]. Many acrylamide based 
polymeric antiaging compounds were used to improve the 
aging properties of different polymers [29, 30]. The antiaging 

efficiency can be evaluated via retention in the mechanical 
properties of the composite containing the antiaging com-
pound [31]. Table 3 also showed the anti-thermal aging action 
of COS, where the crosslink density within COS 0 compos-
ite decreased dramatically with the increase in aging time, 
whereas the COS containing composites displayed a good 
resistance to thermal aging as indicated from the increase of 
crosslink density with the increase in aging time. The crosslink 
density dropped from 71.89*10 −5 g−1.mol for COS 0 to 54.10 
*10 −5 g−1.mol with retention value of -24.74% after aging 
at 70 °C for 7 days as indicated from. The COS 7.5 gave the 
highest crosslink density value of 72.80 *10 −5 g−1.mol with 
retention value of 22.93%. The retention in crosslink density 
value increases with the increase in COS content up to 7.5 phr 
then decreased where it recorded a retention value of 13.14% 
for COS 10 after 7 days of aging as indicated in Fig. 2.

Tensile properties

The tensile properties of NBR composites including differ-
ent COS contents are represented in Fig. 3. It can be seen 
that, the tensile strength of NBR composite decreased gradu-
ally with the increase of COS content. The tensile strength 
decreased by 11.1% after addition of 2.5 phr of COS and 
reached to 18.8% after the addition of 10 phr, compared 
to COS 0. The decrease in tensile strength may be attrib-
uted the decrease in crosslink density with increasing COS 
within the composite. The direct effect of crosslink density 
within a polymeric composite on its mechanical proper-
ties has been extensively discussed in previous literature, 
where mechanical properties such as tensile strength, elas-
tic modulus, and hardness properties increase while elon-
gation at break decreases with increasing crosslink density 
[32–35]. Similar results were obtained here, where tensile 
strength decreased as crosslink density of NBR composite 

Table 3   The effect of aging time and COS content on the crosslink 
density of NBR composite

Crosslink density (g−1.mol) × 10 5

Aging time 0 day 1 day 3 days 7 days

COS 0 71.89 59.17 55.48 54.10
COS 2.5 63.53 67.64 68.72 71.55
COS 5 60.44 67.93 68.10 69.86
COS 7.5 59.22 67.30 69.20 72.80
COS 10 57.47 62.83 65.02 65.02

Fig. 2   Effect of COS content 
and aging time on the crosslink 
density value of NBR composite

-30

-20

-10

0

10

20

30

0 2.5 5 7.5 10

Re
te

ns
io

n 
cr

os
sli

nk
 d

en
sit

y  
(%

)

COS (phr)

1 Day 3 Days 7 Days

Page 5 of 13    119Journal of Polymer Research (2023) 30:119



1 3

Fig. 3   Effect of COS and 
thermal aging on the: A Tensile 
strength; B Elongation at break; 
C Elastic modulus of NBR 
composite
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decreased. An accelerated thermo-oxidative aging test was 
carried out to evaluate the thermo-oxidative aging resist-
ance of NBR composites with and without COS. In addi-
tion, with the increase of aging time the crosslink density 
within COS 0 decreased as a result of thermal degradation, 
and consequently, the tensile strength of COS 0 decreased 
sharply with the extension of aging time. The thermal oxi-
dative aging resistance of COS may be due to the ability 
of amide and hydroxyl groups to supply its proton to react 
with the oxygen and hydrocarbon radicals and consequently 
delay the thermal degradation of NBR composite [36, 37]. 
It can be clearly seen that, the retention values of tensile 
strength for COS 0 were -7.2, -12.5 and -27.4 after exposure 
to aging for 1, 3 and 7 days, respectively, as indicated in 
Fig. 3A. The NBR composites containing COS exhibited 
more resistance to aging process. In addition, the retention 
value in tensile strength increased with increasing the COS 
content in the NBR composite, where the retention values 
in tensile strength of COS 2.5, COS 5, COS 7.5 and COS 
10 after 7 days of aging were -8.6%, -1.7%, 0.6% and 1.2%, 
respectively. After 7 days of accelerated aging, the values of 
tensile strength of NBR containing composites were higher 
than that of COS 0, where the tensile strength values were 
15.1, 16.9, 17.1,16.8 and 17.1 MPa for COS 0, COS 2.5, 
COS 5, COS 7.5 and COS 10, respectively. The effect of 
COS content and ageing time on NBR composite elonga-
tion at break is shown in Fig. 3B. It can be clearly seen, the 
elongation at break slightly decreased as the COS content 
increased within the NBR composite. Furthermore, the COS 
0 composite showed a significant decrease in elongation at 
break value with increasing ageing time, with a decrease of 
32.4% compared to the unaged COS 0 composite. The values 
of elongation at break after 7 days of aging for COS 0, COS 
2.5, COS 5, COS 7.5 and COS 10 were 425.9,515.1, 515.2, 
530.3 and 535.1% with retention values of -32.4, -17.2, 
-16.6, -13.8 and -10.8%, respectively. The elastic modulus 

increases as the rigidity and crosslink density within the 
composite increase [38, 39]. As indicated from Fig. 3C, 
the elastic modulus of COS 0 decreased as the aging time 
increased where the loss in elastic modulus of COS0 was 
4.9, -9.0 and -14.6% after aging time of 1, 3 and 7 days. This 
could be attributed to the thermal degradation of polymer 
chains caused by thermal aging, which had a negative impact 
on crosslink density and thus on elastic modulus [33, 35]. 
The retention in elastic modulus for NBR composites con-
taining COS as anti-aging agent was higher than that of COS 
0 composite. The NBR composites which contain COS had 
a higher retention value in all tensile properties after aging 
and displayed higher tensile properties compared to COS 0 
after aging for 7 days which confirms the high efficiency of 
COS as anti-thermal aging.

Adhesion mechanism

Scheme  1 shows the preparation of acrylamide/acrylic 
acid copolymer (COA), and its triethanolamin (TEA) salt 
(COS). The copolymerization was performed at temperature 
of 85 °C using the solution polymerization technique, fol-
lowed by neutralization by triethanolamine at ambient tem-
perature as indicated in Scheme 1. The Scheme 2 shows the 
preparation of the three dimensional resorcinol formalde-
hyde resin which is formed as a product of reaction between 
dry adhesion system components. The reaction began with 
the hydrothermal decomposition of hexamine to ammonia 
and formaldehyde. The liberated formaldehyde undergoes a 
condensation reaction with resorcinol molecules to give res-
orcinol formaldehyde resin (RF). The further condensation 
between RF molecules will form three dimensional RF resin 
(TRF) [40]. The synergist effect of dry adhesion system and 
COS on the adhesion between NBR and PET is indicated 
in Scheme 3. The hydroxyl groups of TEA attached to COS 
can condense with the hydroxyl groups of TRF compound 

Scheme 1   Preparation of 
triethanolamine salt of acryla-
mide/acrylic acid (COS)
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during vulcanization to form the TRF-COS adduct, which 
contains hydroxyl and amide groups. TRF-COS molecules 
bind to NBR via hydroxyl groups (-OH) added to the nitrile 
groups of NBR and to polyester (PET) fabric via hydrogen 
bonding and ester formation between free carboxylic groups 
of PET and hydroxyl groups of TRF-COS [7].

Adhesion properties

The addition of the adhesion promoter to the rubber formu-
lation resulting in an improvement in the interfacial adhe-
sion between rubber and substrates such as fabric. One of 
the methods that can be used to measure the improvement 
in the interfacial adhesion between rubber and fabric is the 

peel test, which involves determining the amount of force 
needed to separate two layers of PET fabric bonded to a 
layer of rubber. The 180° peel test was used to evaluate the 
influence of adhesion promoter ( COS) on the peel strength 
of NBR sandwiched between two layers of PET fabric [41]. 
Figure 4 represents the effect of the COS amount on the peel 
strength. It can be seen that, the peel strength increased with 
the increase in COS amount up to 5 phr, then decreased. 
For unaged samples, the optimum dose of COS was 5 phr, 
which caused an improvement in peel strength of 16.4% in 
comparison with that of the COS 0 sample. TRF-COS mol-
ecules are rich in hydroxyl groups imparted by triethanola-
mine neutralization, which can interact with nitrile rubber 
through addition on the nitrile group and interact with PET 

Scheme 2   Preparation of three 
dimensional resorcinol formal-
dehyde resin

Scheme 3   Synergist effect of 
dry adhesion system and COS 
on the adhesion between NBR 
and PET
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through hydrogen bonding and ester formation between free 
carboxylic groups of PET and hydroxyl groups of TRF-COS 
[7]. For aged samples, it can be clearly seen that the addi-
tion of COS improved the retention in peel strength with 
days of aging. The COS 0 sample showed a decrease in peel 
strength with time after exposure to heat for 7 days by 12.5% 
compared to the unaged sample. All samples that contain 
COS exhibited an increase in peel strength with increas-
ing aging time (Days). The improvement in peel strength 
may be attributed to the reactions that assist the adhesion 
between PET and NBR, which may be activated by aging. 
Also It may be attributed to the crosslink cleavage in case 
of sample COS 0 increased with increasing the aging time, 
while the crosslink formation increased with the increasing 
the aging time for samples that contain COS as indicated in 
Table 3. The hydrogen atoms in COS can be liberated from 
the hydroxyl and amide groups and deactivate the peroxide 
radicals formed by ageing [36, 37]. The CO5 sample showed 
the highest peel strength within all intervals of aging, as 
indicated in Fig. 4.

Thermal properties

The thermal stability of different materials can be investi-
gated using Thermogravimetric analysis (TGA). Also, TGA 
gives guidance on the temperature at which the material 
can be used without being subjected to thermal degrada-
tion. Figure 5A and B represents the TGA thermograms and 
their first derivative (DTGA) thermograms of NBR com-
posites containing different COS contents. Table 4 shows 
the different thermogravimetric parameters such as the 
initial decomposition temperature (Ti), the temperature at 
which the rate of degradation becomes maximum (Tmax), 

the temperatures at which 30% (T30) and 60% (T60) weight 
loss take place, and the residue at 600 °C. It can be seen 
that from Fig. 5A and Table 4, the Ti value was shifted to 
a higher value after the addition of 5 and 10 phr of COS, 
where the Ti value of the NBR composite increased by 11.7 
and 9.3 oC, respectively. This indicates that, the addition of 
COS to NBR composite shifted the service temperature to a 
higher value and delayed the thermo-oxidative degradation 
of NBR composite [42, 43]. In addition, the T30 and T60 
increased with the increase of COS within the NBR com-
posite. The residue at 600 °C wasn’t significantly changed 
by addition of COS to NBR composite. Figure 5B depicts 
the thermal degradation of an NBR composite containing 
varying levels of COS in a single step. Also, the Tmax was 
shifted to a higher value with increasing COS content in 
the NBR composite where it increased by 16.2 and 26.3 °C, 
compared with that of COS 0, after addition of 5 and 10 phr 
of COS, respectively. The results obtained from thermal 
analysis displayed that the addition of COS improved the 
thermal stability of NBR composite and confirmed the anti-
thermal aging effect of COS. In addition, the improvement 
of thermal stability of NBR composite containing COS at 
higher temperature can be attributed to the higher values 
of crosslink density of COS 5 and COS 10 at higher tem-
peratures [38, 44].

Air permeability

Figure 6 shows the effect of different concentrations of 
COS on the air permeability through the NBR coated PET 
fabric. The air permeability of rubberized fabric without 
COS showed the highest air premeability (2.7 m3/m2/min) 
compared to the other rubberized fabrics that contain COS. 

Fig. 4   Effect of COS and 
thermal aging on the adhesion 
between NBR and PET
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he air permeability decreases dermatically as the COS con-
centration in the rubber mix increases. The air permeability 
decreased by 39.6% for COS 2.5 compared to that of COS 0, 

where it recorded 1.63 m3/m2/min. The air permeabilty con-
tinued to decrease with the increase of COS content within 
the rubber mix up to COS 7.5 then increased again with the 
increase of COS. The minimum values of the air permeabil-
ity observed were 0.7 and 0.54 m3/m2/min recorded for COS 
5 and COS 7.5, where the air permeability decreased by 74.1 
and 80%, respectively. The decrease in air permeability of 
the coated fabric is related to the good adhesion between the 
different layers of rubber and fabric. The greater the adhe-
sion between different fabric layers, the more compact the 
component and the greater its ability to slow the flow of 
gases within it. It is clear that the rubberized PET fabric 
containing COS has lower air permaeability and higher peel 
strength [45].

Fig. 5   The thermal properties 
of NBR composite containing 
different contents of COS: A 
TGA; B DTGA​
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Table 4   The thermogravimetric parameters of NBR composite con-
taining different contents of COS

Sample code Ti T30 T60 Tmax Residue 
at 600 °C 
(%)

COS 0 382.5 433.9 473.6 460.1 30.3
COS 5 394.2 455.3 497.5 476.3 30.5
COS 10 391.8 460.3 505.4 486.4 29.5
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Conclusion

In this study, the structure of the prepared COS was confirmed 
using FTIR. The effect of different levels of COS on the mechani-
cal properties, including the tensile properties of NBR composite 
and the adhesion between NBR composite and PET, was inves-
tigated. Furthermore, the thermal oxidative aging resistance of 
COS was evaluated. Tensile properties of NBR composites con-
taining COS showed higher values after 7 days of ageing and a 
higher retention percentage than COS 0. The adhesion strength 
between NBR composite and PET improved by 16.4 % in com-
parison with that of COS 0 sample after addition of COS up to 5 
phr to NBR composite. Almost all NBR composites containing 
COS showed an increase in tensile properties and peel strength 
as ageing time increased. The COS displayed good thermal oxi-
dative aging resistance, whereas all NBR composites contain-
ing COS showed a good retention in all mechanical properties 
investigated after exposure to accelerated aging. The addition of 
COS improved the thermal stability of NBR composite where 
the Ti, T30, T60, and Tmax of NBR composite increased after 
the addition of COS. The improvement in thermal stability of 
NBR confirms the anti-aging properties of COS. The air perme-
ability of the PET/NBR sandwich was improved in the presence 
of COS. Based on this study, the PET/NBR sandwich can be 
applied in many applications, such as: fuel pump diaphragms, 
belts, aircraft hoses, seals, gas tanks, and gaskets.
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