
1. Introduction
Natural rubber (NR) is a renewable resource collect-
ed from the tree Hevea brasiliensis with the chemi-
cal structure of cis-1,4- polyisoprene [1, 2]. NR is an
important elastomeric material used to produce rub-
ber articles such as tires, automotive parts, gloves,
condoms, medical devices, and so on [2, 3]. Various
outstanding properties of NR including elasticity,
strength, elongation at break, and resilience make the

material suitable for many flexible engineering ap-
plications. However, NR consists of a small amount
of non-rubber components such as proteins, lipids,
carotenoids etc. [4, 5]. Polyphenol is the most impor-
tant component that causes discoloration of NR [6,
7]. It is due to the presence of polyphenols that ortho-
quinones are generated by oxidation. These quinones
react with the non-rubber constituents such as pro-
tein present in the NR latex that, changes the color
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of NR products into yellowish [6, 7]. Therefore, the
discoloration of NR is a major disadvantage of NR
products and it should be minimized.
The vulcanization process is one of the very impor-
tant processes for rubber to enhance its stability and
properties. There are many vulcanization techniques
widely used such as sulfur, peroxide and phenolic
resin curing. However, these curing systems need
high temperatures with various chemicals [8]. Re-
cently, a system for curing rubber including a bifunc-
tional aldehyde reagent was reported [9]. A bifunc-
tional aldehyde reagent is a crosslinking agent that
consists of long carbon main chains connecting the
two reactive end-groups [10]. These aldehyde end-
groups could be crosslinked to the NR molecules
[10]. Furthermore, this aldehyde reagent has the abil-
ity to vulcanize NR molecules easily at low temper-
ature and it is a cost-effective vulcanization method
[8]. Currently, vulcanization of NR latex using a bi-
functional aldehyde reagent has been proposed by
various researchers [8, 9, 11–13]. In 2012, Johns et al.
[9] have initially reported the low-temperature vul-
canization of NR using glutaraldehyde (GA) as a
curing agent. It was observed that NR can be vulcan-
ized using GA at 50°C without any specific activa-
tors and accelerators. Vulcanization of this system
can be divided into two steps. Firstly, GA reacts with
ammonia present in NR latex to generate pentane-
1,5-diylidenediamine. Secondly, NR molecular chains
were crosslinked via ‘ene’ reaction by pentane-1,5-
diylidenediamine. Crosslinking of NR molecules in
the presence of GA ammonia was confirmed by FT-
IR spectra. In addition, Promsung et al. [12] reported
that the curing agent (GA) has not only reacted with
the ammonia present in NR latex but also reacted
with the amino groups of protein molecules. There-
fore, the interaction between GA and protein might
prevent the discoloration of NR latex by inhibiting
the reaction between quinones and protein [12].
However, there are no reports available on the low-
temperature vulcanization of NR latex using other
bifunctional aldehydes as curing agents.
The present work is aimed to prepare NR vulcan-
izates using three bifunctional aldehydes with differ-
ent number of carbon atoms in the chemical structure
as curing agents including glyoxal (GX) with 2 car-
bon atoms, glutaraldehyde (GA) with 5 carbon
atoms and phthaldialdehyde (PA) with 8 carbon
atoms. Curing of NR with three types of bifunctional
aldehyde was confirmed from the ATR-FTIR spectra

and the crosslinking density was determined by using
the temperature scanning stress relaxation (TSSR)
technique. Mechanical, thermal and optical proper-
ties of the resulting NR vulcanizates were also inves-
tigated from the tensile test, dynamic mechanical
thermal analysis (DMTA), thermogravimetric ana-
lyzer (TGA), TSSR and color spectrophotometer.

2. Experimental
2.1. Materials
Natural rubber (NR) in the form of commercial high
ammonia latex (HA latex) with 60% dry rubber con-
tent (DRC) was purchased from Chalong Latex In-
dustry (Songkhla, Thailand). Glyoxal (GX) was sup-
plied by Boss Optical Limited Partnership, Songkhla,
Thailand. Glutaraldehyde (GA) curing agent was pur-
chased from Wing Great Industry Co., Ltd, (Bangkok,
Thailand). Phthaldialdehyde (PA) reagent was pur-
chased from Sigma-Aldrich (Missouri, USA).

2.2. Preparation of latex vulcanizates using
bifunctional aldehydes

12.5 % solutions of GX, GA and PA were prepared
by diluting in distilled water. The solution was slow-
ly added to the latex, where the ammonia content
was already adjusted according to ASTM D-1076-02.
The mixture was continuously stirred for approxi-
mately 1 min at room temperature. A molar ratio of
2:1 (ammonia:aldehyde) was maintained during the
entire course of the investigation. The latex com-
pound was then transferred into a glass plate of
130×130×2 mm3 and dried in a hot air oven at 50°C
for at least 24 hours to attain a constant weight [12,
13]. The latex vulcanizates were finally removed and
kept in a desiccator for another 24 h before perform-
ing the characterizations.

3. Characterization
3.1. Attenuated total reflectance-Fourier

transform infrared (ATR-FTIR) analysis
The ATR-FTIR spectra were used to clarify the cross -
linking of NR molecular chains using a Bruker FTIR
spectrometer (Model Vertex 70, Ettlingen, Germany).
The spectra were recorded on transmittance mode in
the range of 4000–400 cm–1 with 32 scans at a reso-
lution of 4 cm–1.

3.2. Mechanical testing
Tensile testing of the vulcanizates was performed ac-
cording to the ASTM D412 using a universal testing
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machine (Model H10KS, Hounsfield, England). The
samples were cut into dumbbell-shaped specimens
and the test was carried out with a crosshead speed
of 500 mm/min at room temperature. Tensile prop-
erties in terms of modulus, tensile strength and elon-
gation at break were obtained from the stress-strain
plot. In case of the hardness of the samples, the tests
were performed using a Shore A durometer (Frank
GmbH, Hamburg, Germany) according to the ASTM
D2240.

3.3. Dynamic mechanical thermal analysis
(DMTA)

Dynamic mechanical thermal analysis (DMTA) was
performed using dynamic mechanical analyzer
DMA 1 (Mettler Toledo, Greifensee, Switzerland).
The experiment was conducted in a dual cantilever
bending mode at a frequency of 1 Hz and strain mag-
nitude of 0.1% with a heating rate of 5 K/min over
the range of temperature of –100 to 80°C/min.

3.4. Thermal testing
A thermogravimetric analyzer (TGA) (Mettler Tole-
do AG, Greifensee, Switzerland) was adopted to
evaluate the thermal stability of cured-NR vulcan-
izates. To perform the measurement, 10 mg of the
sample was taken in the crucible and kept in the
TGA chamber. The test was conducted in the tem-
perature range of 40–600 °C at a heating rate of
10°C/min under a nitrogen atmosphere. During the
test, the sample was held at 600°C for 10 min and the
atmosphere was switched to the oxygen atmosphere
before continuing the test to 800°C at the same heat-
ing rate.

3.5. Thermo-mechanical testing
Thermo-mechanical properties and estimated cross -
link density of the cured-NR samples were analyzed
using an advanced technique, namely temperature
scanning stress relaxation (TSSR) (Brabender GmbH
Duisburg, Germany). The vulcanizates were prepared
as dumbbell-shaped specimens following the ISO527
type 5A. Then, the specimen was placed in the elec-
trically heated test chamber and pre-conditioned at
100% strain at room temperature for 2 h. Further, the
non-isothermal test was performed by raising the
temperature with a constant rate of 2°C/min until the
sample gets ruptured. The initial forces from TSSR
results were obtained from the force at the beginning
of the non-isothermal test. Then, the normalized

force curve was plotted as a function of temperature.
It is noted that the Tx indicates the temperature at
which force has been reduced by about  x% from the
initial force. T10, T50 and T90 are the temperatures at
which the force has been decreased about 10, 50 and
90%, respectively. T90 describes the thermal resist-
ance of the material [14].

3.6. Color analysis
Color measurement was performed by using a
HunterLab UltraScan pro spectrophotometer (Hunter-
Lab, Virginia, USA). The color of cured NRs with
different bifunctional aldehyde was measured under
Reflectance Specular Included (RSIN) mode. The
test provides the color parameter, including L*, a*

and b* values.

4. Results and discussion
4.1. Crosslinking of NR molecules
Attenuated total reflectance-Fourier transform
infrared (ATR-FTIR)
The ATR-FTIR spectra of pure and cured NR are
shown in Figure 1. The curing of NR with different
bifunctional aldehydes has been confirmed by com-
paring the spectra of uncured-NR. Also, Table 1
summarizes the characteristic absorption peaks ob-
tained in the spectra. Peaks at 2924, 1659, 1446 and
839 cm–1 are assigned to –C–H stretching vibrations, 
–C=C stretching vibrations, –C–H bending vibra-
tions and ‒C–H out of plane bending vibrations of
NR, respectively. After vulcanization, a new peak
appears at 1589 cm–1, corresponding to –N–H bend-
ing vibration of secondary amine originated from
ene reaction [9, 12]. Moreover, an additional peak
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Figure 1. The ATR-FTIR spectra of uncured NR and cured
NR with different bifunctional aldehyde curing
agents.



appears at 1090–1020 cm–1 due to the –C–N stretch-
ing vibrations of secondary amine. It clearly con-
firms the formation of crosslinks between NR mol-
ecules with pentane-1,5-diylidenediamine by ene
reaction [9]. In the case of PA cured NR, the absorp-
tion peak at 1615 cm–1 of –C=C aromatic secondary
stretching is vanished/overlapped with a new peak
at 1659 cm–1corresponds to –C=C stretching vibra-
tion of NR. The PA cured NR also shows a peak at
1045 cm–1 corresponding to –C–H in-plane bending
vibrations of the aromatic ring [15].

Crosslink density
Crosslink density is one of the most important param-
eters of rubber vulcanizates. Most of the mechanical
properties depend on the crosslink density of cured
rubber [14]. The crosslink density of cured-NR with
different bifunctional aldehydes has been determined
by using TSSR measurement. In order to calculate the
crosslink density, the initial slope of the normalized
force-temperature curve is to be evaluated. According
to the theory of rubber elasticity, the temperature co-
efficient (κ) can be derived from Equation (1) [14].
Also, the crosslink density (ν) of rubber vulcanizates
can be determined from Equation (2) [14]:

(1)

with (2)

where ρ is the mass density, λ is l/l0, l is the final
length and l0 is the initial length of the sample, R is
the universal gas constant and Mc is defined as the
average molar mass of the elastically active network
chains.
Figure 2 shows the crosslink density of NR cured
with different bifunctional aldehydes obtained from

the TSSR measurement. It can be seen that the GA
cured-NR exhibited the superior crosslink density
among the cured NR samples. This might be due to
the presence of five linear carbon atoms in GA mol-
ecule, which has a great opportunity to generate
crosslinking between molecular rubber chains. On
the other hand, GX and PA cured-NRs show lower
crosslink density due to the short-chain in its struc-
ture that reduces the chance to generate crosslinking
between the rubber molecules. Moreover, PA cured-
NR with an aromatic ring in its structure might be
prevented from generating crosslinking of PA
through the rubber chains. The proposed model of
vulcanization with different aldehydes is shown in
Figure 3.

4.2. Properties of NR vulcanizates
Mechanical properties
The tensile properties of materials can be determined
from their respective stress-strain curves. Figure 4
shows the stress-strain curves of cured-NR samples
with different bifunctional aldehydes. Also, Table 2
summarizes the overall mechanical properties in
terms of modulus, tensile strength, elongation at break
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Table 1. The absorption peaks of uncured NR and cured NR with different bifunctional aldehyde curing agents.

Wavenumber
[cm–1] Assignments

NR types with different curing agents.
Uncured GX GA PA

0839 ‒C–H out of plane bending vibrations of NR    

1090–1020 –C–N stretching vibrations of secondary amine –   

1045 –C–H in-plane bending vibrations of aromatic ring – – – 

1446 ‒C‒H bending vibrations of NR    

1589 –N–H bending vibrations of secondary amine –   

1615 –C=C stretching vibrations of aromatic ring – – – 

1659 ‒C=C stretching vibrations of NR    

2924 ‒C‒H stretching vibrations of NR    

Figure 2. Crosslink density of cured-NRs obtained from
TSSR measurement.



and hardness. The nature of the curve or elastic de-
formation of GA cured NR is entirely different from

the other two cured NRs. A considerable change in
the initial slope can be seen in the stress-strain curves
and it indicates the superior elastic modulus and sur-
face hardness of GA cured NR. It is noted that 100%
modulus refers to the stiffness of cured NR, while
300 and 500% moduli are mainly referred to as self-
reinforcement of the vulcanizates caused by the
strain-induced crystallization [16]. It is observed that
GA cured NR exhibited the highest moduli com-
pared to the other two cured NRs. This is attributed
to the chain entanglement and crosslink density of
rubber vulcanizates. Increasing the crosslink density
leads to enhancing both the modulus and hardness
of the cured-NRs [17]. On the other hand, GX cured-
NR and PA cured-NR exhibited lower stress com-
pared to GA-cured NR at the same strain (strain ≤
500%). It also correlates well with the crosslink den-
sity results of the cured-NR samples. For the tensile
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Figure 3. Reaction and the proposed model of crosslinking by bifunctional aldehyde (a) GX (b) GA and (c) PA.

Figure 4. Stress-strain curves of cured NR with different bi-
functional aldehydes.

Table 2. Mechanical properties in terms of modulus, tensile strength and elongation at break of cured NR with different bi-
functional aldehydes.

Samples 100% Modulus
[MPa]

300% Modulus
[MPa]

500% Modulus
[MPa]

Tensile strength
[MPa]

Elongation at break
[%]

Hardness
[Shore A]

GX 0.40±0.01 0.48±0.01 0.62±0.02 4.58±0.53 965.1±54.9 24.8±1.0
GA 2.13±0.21 2.55±0.20 3.64±0.30 6.38±0.46 773.6±29.1 54.7±1.5
PA 0.41±0.01 0.50±0.01 0.70±0.10 6.08±0.27 980.0±48.0 27.0±1.0



strength of cured-NR, GX cured-NR shows the low-
est value while GA and PA cured-NRs show the
same level of tensile strength, about 6 MPa. This is
also due to the crosslink density of the vulcanizates,
which correlates well with the crosslink density re-
sults presented above. Furthermore, PA cured-NR
with an aromatic ring in its structure contributed to
the higher level of tensile strength [8]. The elonga-
tion at break of cured-NR varies in a different man-
ner. GA cured-NR with higher crosslink density
shows lower elongation at break than others. This is
attributed to the increased number of crosslinks that
restricts the movement of NR molecular chains
under stress [17].

Thermal analysis
Figure 5 shows the tan delta based on DMTA char-
acterization of cured-NR samples. Also, Table 3
summarizes the glass transition temperature (Tg) of
the cured-NR samples. It is observed that GA cured-
NR shows the lowest Tg at –62.02°C, while PA and

GX cured-NR exhibited higher Tg at –59.40 and 
–58.77°C, respectively. This is due to the lengthiest
linkage between the rubber chains in GA cured NR
as shown in Figure 3, which exhibits higher mobility
than the linkages in PA and GX cured ones. The high-
er mobility of rubber chains is comparable to the in-
creased free volume and the Tg of GA cured-NR is
found to be reduced [18]. In contrast, GX and PA
cured-NR with shorter linkages between rubber
chains exhibit lower mobility of rubber chains by de-
creasing the free volume which leads to the higher
Tg. The thermal stability of various NR samples
cured with different aldehydes has been evaluated
using TGA. The TGA thermograms are shown in
Figure 6 and also the onset temperature (To), tem-
perature corresponding to the maximum rate (Tp)
and termination temperature (Tf) are summarized in
Table 3. It is observed that the PA cured-NR showed
the highest To when compared to the other cured-
NRs. This might be due to the stability of the aro-
matic ring present in PA molecule as the C=C bond
has an energy 579 kJ/mol, which is higher than that
of the C–C bond energy (357 kJ/mol) of GX and GA
molecules [8, 19]. However, the thermal stability of
cured-NRs is increased due to the formation of
crosslinks by the addition of curing agents into NR
as reflected in Tp and Tf values of cured-NRs.

Temperature scanning stress relaxation (TSSR)
TSSR is a technique developed by Wu et al. [20] to
evaluate the thermal-mechanical behavior of elas-
tomers. The cured-NR samples have been undergone
characterization under isothermal and non-isother-
mal relaxation processes. The normalized force-tem-
perature curves are plotted (Figure 7). In terms of
T10, T50 and T90 indicate the temperature at the force
has been reduced by about 10, 50 and 90% from the
initial force, and they are summarized in Table 4. It
is observed that the PA cured NR exhibits the highest
T10 and T50 at 56.8 and 94.4 °C, respectively, when
compared to the cured NRs with GX and GA. A
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Figure 5. Tanδ of cured NR with different bifunctional alde-
hydes.

Figure 6. The TGA thermograms of cured NR with different
bifunctional aldehydes.

Table 3. The thermal properties evaluated from DMA meas-
urements and TGA thermograms of cured NR with
different bifunctional aldehydes.

Samples
DMA TGA
Tg

[°C]
To

[°C]
Tp

[°C]
Tf

[°C]
GX –58.77 230.12 385.84 609.64
GA –62.02 221.41 385.30 609.72
PA –59.40 247.36 384.70 603.70



similar trend in the thermal stability is observed in
the T90 values of cured NR as seen in the thermo-
grams of TGA. This is attributed to the better ther-
mal stability of the aromatic ring in its structure. GA
cured NR is thermally more stable up to 145.4 °C
due to the formation of entanglements and cross -
links.
To clarify the molecular phenomenon, the relaxation
spectrum H(T) has been calculated by differentiating
E(T) with respect to temperature T using Equa-
tion (2) [20]:

(3) 

The relaxation spectrum H(T) as a function of tem-
perature for different cured NRs is shown in Figure 8.
It shows two significant peaks, the first peak at 50–
75°C might be assigned to the molecular chain re-
laxation, including de-bonding of physical interac-
tion of NR molecules [16]. Also, it is attributed to
the decomposition of branch points of the α-terminal
group in NR molecules [12, 20]. The second broad
peak at 90–150 °C corresponds to the chemical re-
laxation of cured-NRs. It is attributed to the decom-
position of rubber crosslinks by aldehyde curing
agents [16]. Cured-NR by GA shows a major change
in the relaxation behavior when compared to other

peaks. This relaxation behavior correlates well with
the crosslink density of cured-NRs. Higher crosslink
density leads to elevating the relaxation of NR.

4.3 Colorimetric parameters
The perception of color is a psychophysical phenom-
enon that starts with a chromatic light source, capa-
ble of emitting electromagnetic radiation with wave-
lengths between 400–700 nm. This radiation reflects
back from the surface of the object and reaches our
eyes [21]. A color model (or color space) is a math-
ematical model to describe different colors in the
form of color components represented by three axes,
as shown in Figure 9 [22]. The lightness axis is rep-
resented by L* shows the color range from white (L =
100) to black (L = 0) through gray at the center. The
red-green axis is represented by a* that shows the
color range from red (+a*) to green (–a*). The yellow-
blue axis is represented by b* which describes the
color range from yellow (+b*) to blue (–b*) [22–26].
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Figure 7. The normalized force as a function of temperature
of cured NR with different bifunctional aldehydes.

Table 4. Degradation temperature and crosslink density ob-
tained from the TSSR of cured NR with different
bifunctional aldehyde curing agent.

Samples σ0
[MPa]

T10
[°C]

T50
[°C]

T90
[°C]

GX 0.18 49.0 71.5 131.8
GA 0.84 46.8 73.3 145.4
PA 0.22 56.8 94.4 139.5

Figure 8. The relaxation spectrum as a function of tempera-
ture of cured NR with different bifunctional alde-
hydes.

Figure 9. CIE L*, a*, b* color space [22, 27].



Saturation of color depends on the amount of grey
component at the center of color space and the satu-
ration increases from the center towards a negative
direction [1, 24–26].
The color analysis of NR vulcanizates can be done
according to CIE (Commission Internationale
de l’Eclairge), which describes different colors in the
form of numbers or color components. XYZ coordi-
nates depict the specific location of the color in the
Cartesian coordinates system [27] and could be ex-
pressed in CIE L*, a*, b*scale [22] as Equa-
tions (4)–(6):

(4)

(5)

(6)
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Table 5. The color values including L*, a*, b* and physical appearance of cured NR with different bifunctional aldehydes.
Samples L* a* b* Physical appearance

GX 26.86±0.05 5.81±0.12 2.98±0.08

GA 74.28±0.08 9.88±0.11 71.52±0.24

PA 88.16±0.23 –3.70±0.03 17.12±0.76



where X, Y and Z are tristimulus values and Xn, Yn
and Zn are tristimulus values for a perfect reflecting
diffuser (white) [22].
Color and transparency are the apparent properties
of NR films while manufacturing articles including
medical devices, packaging film, and so on. The
physical appearance and the color parameter of dif-
ferent cured-NRs are summarized in Table 5. GA
and PA cured NR samples are found to be more trans-
parent films. The PA and GA-cured NRs exhibited a
higher L* value than that of GX cured NR. It can be
seen that samples with the highest brightness and sat-
uration value appeared more transparent. On the other
hand, GX cured NR is observed the lowest L* value
at 26.86 approaches to zero, indicating its black color.
For a* values of GX, GA and PA cured NR films are
5.81, 9.88 and –3.70, respectively. All these values
might not be significantly different from the red-
green color. The GA cured NR exhibited the highest
b* value that related to the high yellow saturation of
the NR film. The transparent films of PA and GA
cured NR might be due to the chemical reaction of
PA and GA with the protein present in NR latex that
reduces discoloration by inhibiting the reaction be-
tween quinone and protein [6, 7]. However, the yel-
lowish of NR films still appears due to presence of
natural carotenoids in NR latex [5].

5. Conclusions
Vulcanization of NR latex using GX, GA and PA bi-
functional aldehydes as the curing agents was suc-
cessfully prepared at low temperature (50 °C) with-
out any specific activators and accelerators. Cross -
linking of NR molecule was confirmed from the
ATR-FTIR spectrum, and the crosslink density was
measured using the TSSR technique. The properties
in terms of mechanical, thermal and optical proper-
ties were investigated. It was observed that the GA
cured NR showed superior mechanical properties
such as elastic modulus, tensile strength and hard-
ness. The thermal properties obtained from TGA and
TSSR measurements, GX and PA cured NRs en-
hanced higher thermal stability than that of GA cured
ones. Furthermore, PA cured NR exhibited superior
mechanical properties (tensile strength and elonga-
tion at break), and thermal stability and showed the
most transparent NR film, which expands the appli-
cation of NR products such as soft robots or soft sen-
sors and others.
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