
1. Introduction
Carbon black (CB) is widely used as a filler to rein-
force rubber compounds and blends. In particular,
CB-filled natural rubber (NR) is an indispensable
component in the truck tire industry due to its good
abrasion resistance and reinforcement [1]. Despite
the tremendous advantages of silica/silane systems,

NR/CB compounds are still used today for the tread
and inner parts, such as belts and sidewalls, regard-
less of the vehicle type. The mechanical properties
of CB-reinforced rubber composites are largely con-
trolled by the extent of interfacial adhesion between
CB and rubber [2]. In general, the interaction of rub-
ber with CB is predominantly determined by the
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physical adsorption, i.e. the entanglement of rubber
molecules on the carbon black [3]. The structural de-
fects, impurities, and chemical groups on the CB sur-
face have the potential to become active sites that
can interact well with rubber and improve rubber per-
formance [4, 5]. Efforts have been made to improve
the rubber-filler interaction to achieve the optimum
performance of CB-filled rubber compounds. The
main methods to improve the interaction between
CB and rubber include the addition of a coupling
agent [6, 7], chemical modification of rubber [8] and
surface modification of filler [4, 9–11]. The improve-
ment of rubber-filler interaction can be demonstrated
by studying the mechanical properties such as tensile
tests or dynamic mechanical analysis (DMA) [4, 7].
It can be characterized by optical microscopy, trans-
mission electron microscopy (TEM), and TEM net-
work visualization process [12], as well as scanning
transmission electron microscopy combined with
electron energy loss spectroscopy (STEM-EELS)
[13]. The formation of rubber-filler interphase can
be characterized by the bound rubber measurement
[14] and spectroscopic techniques such as X-ray pho-
toelectron spectroscopy [15], X-ray-induced Auger
electron spectroscopy [16], Nuclear magnetic reso-
nance (NMR) [14], and Raman spectroscopy [17].
The reinforcement potential of furnace carbon black
is closely related to the amount of highly energetic
sites, which decreases significantly with treatment
temperature and disappears almost completely dur-
ing graphitization [11]. In addition, the functional
groups on the surface of graphitized CB have entire-
ly disappeared due to the very high processing tem-
perature [18]. As a result, graphitized CB shows very
low affinity to synthetic rubbers such as ethylene
propylene diene monomer rubber (EPDM) [19],
styrene-butadiene rubber (SBR) and polybutadiene
rubber (BR) [20] as well as isobutylene-isoprene
rubber (IIR) [21]. This behavior seems to be in con-
trast to that of the NR. Take a close-up look at the NR
compound filled with furnace CB, a poor NR-CB in-
teraction can be evidenced by taking into consider-
ation the phase selective filler localization of CB in
NR blends. For example, in NR/acrylic rubber
(ACM) blend [22] and NR/butadiene rubber (BR)
blends [23, 24] only an insignificant amount of fur-
nace CB such as N330 and N220 was found in the
NR phase. However, after the graphitization process,
the interaction of NR with graphitized CB becomes
stronger, as found by Schwartz et al. [25]. They studied

the CB flocculation process of NR compound filled
with standard CB N229 and graphitized one and
found that the flocculation process becomes much
weaker after CB graphitization, which may indicate
a better interaction between NR and graphitized CB.
The physical background for the difference in rub-
ber-filler interaction of NR compared to synthetic
rubbers before and after graphitization has not been
investigated. In our previous work [26], bromobutyl
rubber (BIIR)/natural rubber (NR) blends filled with
conductive carbon black/silica hybrid filler were pre-
pared as self-healable flexible composites. The phase-
specific wetting and location of the hybrid filler of
CB/silica in rubber blends were determined experi-
mentally using a newly developed wetting concept.
Accordingly, the filler surface fraction wetted by dif-
ferent rubbers of the blend can be quantified by
Fourier transform infrared spectroscopy (FTIR) in-
vestigation of the bound rubber. The results showed
that the conductive CB used was mainly wetted by the
NR phase, which is consistent with the results of
graphitized CB reported in [25]. Compared to fur-
nace blacks, the conductive carbon black used in
[26] is produced at much higher temperatures. As a
result, a much larger fraction of well-ordered struc-
ture and very few defects were observed for conduc-
tive CB, which is similar to graphitized CB [18, 27].
One possible explanation for the good interaction be-
tween the graphite-like surface of conductive CB and
NR could be the presence of the non-rubber compo-
nents in NR, such as proteins and phospholipids.
Compared to synthetic rubbers, NR is made up of
isoprene units with phospholipids and proteins linked
to two terminals of the molecule [28, 29]. Some pa-
pers [30–32] have already reported the effects of non-
rubber components on the vulcanization kinetics,
storage hardening and gel formation of NR during ac-
celerated storage under various conditions. However,
the question of why the conductive CB and graphi-
tized CB have a high affinity to NR but not to other
synthesis rubbers has not been answered so far.
In the present work, a new strategy was proposed to
identify the non-rubber components mainly respon-
sible for the strong rubber-filler interaction in con-
ductive CB-filled NR compounds. According to this
strategy, the filler is blended into a mixture of rubber
A and rubber B, which is prepared by functionalizing
rubber A with a specific chemical group. The phase
selective wetting of the filler is determined experi-
mentally and is directly related to the effect of the
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functional group. Specifically, CB was blended in
three compounds consisting of NR/isoprene (IR), de-
proteinized natural rubber (DPNR)/IR and NR/ epox-
idized NR (ENR). IR is a ‘pure’ rubber with isoprene
units in the backbone without functional groups. NR
consists of an isoprene backbone and phospholipids
and proteins attached to two ends of the molecule.
DPNR contains only phospholipids at one end be-
cause the proteins have been almost completely re-
moved by a deproteinization process. ENR contains
phospholipids at one end and epoxide groups along
the molecule. The proteins were removed during
epoxidation. The reason for including ENR is to test
the applicability of the new test strategy for different
compounds. In addition, ENR has been widely used
to improve the rubber-filler interaction in filled NR
compounds. The results of the present work can ver-
ify the suitability of ENR as a coupling agent for
filled NR compounds. The phase selective wetting of
CB was quantitatively characterized using the wetting
concept. Based on the selective wetting of CB, the
rubber-CB affinity can be discussed and the role of
non-rubber components and epoxy groups can be dis-
tinguished. Unlike CB with a hydrophobic surface,
silica has hydrophilic surface properties and was used
as a reference filler. The result of the rubber-filler in-
teraction characterized by the new test strategy was
discussed, considering the results reported in the lit-
erature obtained by different testing methods. The ex-
tent of rubber-filler interaction determined by the pro-
posed test strategy was used to predict the filler
wetting in other natural rubber blends to demonstrate
the transferability and verification of the method.

2. Materials and experimental
2.1. Materials and mixture preparation
Natural rubber (NR) (Standard Vietnamese Rubber
(SVR 10), Weber & Schaer GmbH) with a protein
content of 6.0 wt% and synthetic polyisoprene (IR)
(Cariflex JR 309, Shell Chemical Co.) with 95.0 wt%
cis-1,4 isoprene units were used. Epoxidized natural

rubber (ENR) with 50% epoxidation (Epoxiprene,
Muang Mai Guthrie PCL, Thailand) and brominated
isobutene-isoprene rubber (BIIR) (LANXESS
X_Butyl™ BB X2, Lanxess AG, Germany) with a
halogen content of 1.95 wt% were used.
Deproteinization of high ammonia (HA) concentrat-
ed latex was performed according to the procedure
described by Chaikumpollert et al. [33]. HA concen-
trated latex with 60.0 wt% dried rubber content
(DRC) was purchased from Yala Latex Co., Ltd.
(Thailand). Urea, acetone, and sodium dodecyl sul-
fate (SDS) were purchased from Sigma-Aldrich.
Firstly, HA latex was mixed with urea (0.1 wt%),
acetone (2.5 wt%), and sodiumdodecylsulfate (SDS)
(1.0 wt%). The mixture was then incubated for 12 hrs
and followed by centrifugation at 8000 rpm for
45 min. The cream fraction was collected and re-dis-
persed in water to obtain 30% DRC latex in the pres-
ence of SDS (1.0 wt%). The diluted latex was again
centrifuged twice with a similar condition to the first
step. The final diluted latex was coagulated with
methanol and dried in the oven at 50 °C until con-
stant weight. NR and DPNR were masticated by
means of a two-roll mill in order to reduce their
Mooney viscosity to the range of IR.
Conductive carbon black (Printex XE-2B, Orion En-
gineered Carbons GmbH, Germany) and silica (Ul-
trasil 7000 GR, Evonik Industries AG, Germany)
were used as filler. The properties of rubbers and
fillers used are listed in Table 1 and 2.
An internal mixer (Thermo HAAKE Rheocord Poly-
lab 300p System, Thermo Fisher Scientific Inc.) was
used to prepare the filled blends, keeping the follow-
ing mixing conditions: an initial chamber tempera-
ture (TA) of 50°C, a rotor speed of 60 rpm, and a fill
factor of 0.68. A conductivity sensor system was
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Table 1. Properties of rubbers used.

Rubber Protein
[wt%]

Phospholipid
[wt%]

Epoxidation
[mol%]

Mooney viscosity
ML(1+8), 125°C, MU

Surface tension
[mN/m]

NR 6.00 1 0 N/A 22.0        [34]
DPNR 0.68 1 0 N/A 20.0        [34]
ENR 0.80 1 50 90 30.6        [35]
IR 0 0 0 42 20.0        [34]
BIIR 0 0 0 46 25.5        [36]

Table 2. Properties of CB and silica.

Filler Surface area
(BET) [m2/g]

Particle size
[nm]

Carbon
[wt%]

Surface tension
[mN/m]

CB 1000     [18] 27 100 [18] 28     [26]
Silica 160 10 0 72     [37]



installed in the chamber of the internal mixer to
measure the electrical signal of the conductive mix-
tures. The total mixing time was kept constant at
30 min. During the mixing time, a small piece of the
compound was taken at 5, 7, 10, 15, 20, 30 min for
further investigation.
The formulation for the preparation of rubber com-
pounds and blends is given in Tables 3, 4 and 5.

2.2. Experimental determination of filler
wetting in rubber compounds and blends

For the investigation of the rubber-filler gel of the
compounds and blends, for example, from NR and
IR, 0.2 g of each raw mixture was stored for seven
days in 100 ml xylene at room temperature. The rub-
ber-filler gel was collected and dried up to a constant

mass. The rubber content in the gel LNR and LIR as
well as LNR/IR as a measure for the wetting behavior
of the filler surface, for example, CB, by NR and IR
as well as NR/IR blend is determined according to
Equation (1) [38]:

(1)

where the mass m1 corresponds to the rubber com-
pound before extraction. m2 is the mass of the rubber-
filler gel, which is the sum of the undissolvable rubber
part and the mass of the filler. cF is the mass concen-
tration of CB in the single rubber mixture or binary
blends. For NR/IR blend the rubber layer LNR/IR is the
rubber part in the rubber-filler gel and consists of two
contributions according to Equation (2):

(2)

LNR and LIR can be determined using a calibration
curve. t is the mixing time. To construct the calibra-
tion curve, blends with different NR/IR ratios were
prepared and investigated by FTIR according to the
procedure described in our previous work [38].
FTIR spectra were recorded by use of an FTIR spec-
trometer (Bruker Tensor 27, Bruker Corporation,
USA) equipped with a diamond attenuated total re-
flection (ATR) cell. The peaks at 1376 and 888 cm–1

were used to calculate the ratio of the surface under
the peak (ANR/AIR). The correlation between the
ANR/AIR ratio and the given NR/IR mass ratio can be
established and based on this correlation the ratio
LNR/LIR of the rubber-filler gel can be determined
experimentally.
The selective wetting of CB in the NR/IR blend can
be calculated according to Equations (3) and (4):

(3)

(4)

where SNR and SIR are the CB surface fractions wetted
by the NR and IR components of the blend, respec-
tively. SB is the total filler surface fraction wetted in
the blend. SB becomes 1 when CB is completely wet-
ted after 30 min of mixing. LP

NR and LP
IR are the satu-

rated rubber layer in the gel of the single compounds.
They can be determined from extraction experiments
of the samples at a long mixing time of about 30 min.
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Table 3. Formulation of rubber compounds filled.

Table 4. Formulation of rubber blends filled with CB and sil-
ica, respectively.

Table 5. Formulation of rubber blends filled with hybrid
filler CB/silica.

Single
compound

Quantity
[phr]

NR DPNR ENR IR CB Silica
S1 100 10
S2 100 10
S3 100 10
S4 100 10
S5 100 50
S6 100 50
S7 100 50
S8 100 50

Blend
Quantity

[phr]
NR DPNR ENR IR CB Silica

B1 50 50 10
B2 50 50 10
B3 50 50 10
B4 50 50 50
B5 50 50 50
B6 50 50 50

Blend
Quantity

[phr]
BIIR NR DPNR ENR IR CB Silica

B7 70 30 3 3
B8 70 30 3 3
B9 70 30 3 3
B10 70 30 3 3



2.3. Characterization
Optical microscopy
Optical microscopy (Leica DMRX, Leica Microsys-
tems Inc., Wetzlar Germany) was used to character-
ize the macrodispersion of the filler. The macrodis-
persion A/A0 is calculated by the ratio of the
projected area of non-dispersed agglomerates to that
of the image. A value A/A0 = 0% means an image
without agglomerates larger than 6 µm.

Transmission electron microscopy (TEM)
Microstructure was examined using a transmission
electron microscope (LIBRA 120 MC, Carl Zeiss
SMT GmbH, Oberkochen, Germany) with an accel-
eration voltage of 120 kV. Ultrathin sections (ap-
proximately 60 nm) of each sample were prepared
at –160°C with a diamond knife on a cryo-ultrami-
crotome (Diatome Ltd, Switzerland).

Raman spectroscopy
The Raman spectra were performed using the Raman
microscope alpha 300R (WITec GmbH, Ulm, Ger-
many). The excitation laser wavelength was 532 nm,
and the laser power was 300 µW. The objective had
a magnification of 20×, and the integration time was
500 ms with 500 accumulations. Six measurements
were made for each sample. All spectra are baseline
corrected and smoothed by the Savitzky–Golay
method.

Fourier transform infrared spectroscopy (FTIR)
FTIR analysis (Bruker Tensor 27, Bruker Corporation,
USA) equipped with a diamond ATR cell were per-
formed for the gel obtained from extraction experi-
ment of rubber blends. Five spectra were recorded for
each sample in the wavenumber range of 4000–
700 cm–1 with a resolution of 2 cm–1. For NR and
DPNR the peak at 1376 cm–1 (bending vibration of –
CH) and for ENR at 880 cm–1 (asymmetric stretching
vibration of the epoxy ring) and for IR, the peak at
888 cm–1 (bending vibration of =CH2) were used to
calculate the ratio of the surface under the peak.

Online measurement of the electrical conductance
in the internal mixer
The setup for electrical measurement during the mix-
ing was described in our previous work [39]. A con-
ductivity sensor system was installed in the chamber
of the internal mixer to measure the electrical signal
of the conductive mixtures.

Rheometer measurement
The torque of fresh single compounds was recorded
with a Rheometer (Scarabaeus SIS V-50, Scarabeus
GmbH, Germany) at 80 °C to characterize the floc-
culation of filler.

3. Results and discussion
3.1. Wetting behavior and dispersion of CB

and silica in different rubbers
The wetting kinetics of CB in rubber compounds can
be described by the rubber layer L in dependence on
mixing time (Figure 1a). According to the infiltra-
tion model proposed by Li et al. [40], the wetting of
CB by NR, DPNR, ENR and IR molecules and CB
dispersion take place simultaneously with increasing
mixing time. The rubber layer L of the four rubber
compounds investigated increases with different rates
and reaches a plateau value after 7 and 9 min for NR,
DPNR and ENR and 30 min for IR. According to our
previous work [41], the evolution of the rubber layer
L can be theoretically calculated by Equation (5):

(5)

where ε is the porosity and ρF is the density of the
filler. ρR is the density of rubber. b is a measure for
the wetting speed and can be described by Equa-
 tion (6):

(6)

where ∆P is the pressure in the mixing chamber, Q
is considered as the pore size of the filler. γR is the
surface tension of rubber, θ is the contact angle and
ηR is the rubber viscosity. D0 is the average agglom-
erate diameter. The correlation between the plateau
value of the rubber layer LP and the factor h can be
described by Equation (7):

(7)

By fitting Equation (5) to the experimental data pre-
sented in Figure 1a with ρR = 0.94 g/cm3 and ρF =
2.00 g/cm3, ε = 0.92 [42, 43] the wetting speed bNR =
0.50 min–1/2 and bDPNR = 0.44 min–1/2, bENR =
0.44 min–1/2 and bIR = 0.25 min–1/2 can be experi-
mentally determined for NR, DPNR, ENR and IR,
respectively. It is clear that the wetting speed of NR,
DPNR and ENR is at a similar level, which is much
higher than that of IR. It suggests that the presence

L
hbt

hbt

1
1 2

1 2

R

F f
=

+ -t
t Q V

cos
b D

Q Q P
3 60

2

R

R

R

f
h
c i

h
D

= +

L
h

h

1
P

R

Ff f
f=

+ -t
t Q V

H. H. Le et al. – Express Polymer Letters Vol.17, No.5 (2023) 527–545

531



of the phospholipids in NR, DPNR and ENR may be
the main reason for the fast wetting of CB. The small
difference between bNR, bDPNR and bENR could be due
to the presence of proteins and epoxy groups. In the
absence of the phospholipids, the CB wetting behav-
ior is greatly reduced, as seen in the case of IR.
Figure 1b shows the wetting of silica in four rubbers
as a function of mixing time. The wetting speed bNR

and bENR is similar at a level significantly higher
than that of bDPNR and bIR. The insignificant differ-
ence between bDPNR and bIR might be related to the
fact that phospholipids have no effect on the rubber-
silica interaction. The high value of bENR indicates a
good rubber-filler interaction between ENR and sil-
ica. The interaction between epoxy groups of ENR
and silica has been extensively characterized [44, 45].
Using the TEM network visualization technique,
Chapman et al. [44] found that the voids between
silica and rubber are clearly visible for the NR/silica
compounds. After epoxidation, the networks of nat-
ural rubber epoxidized with 25 and 50 mol% (ENR25
and ENR50) are fully bound to thesilica particles and
no voids are seen, indicating a higher rubber-silica
affinity for the ENR/silica compounds. Based on the
results made by different test methods, Luo et al.
[45] confirm that hydrogen bonding exists between
the epoxy rings of ENR and silanols of silica.
The high value of bNR could be due to the presence
of proteins. It is well-known that proteins in NR play
an important role in controlling NR properties. Pro-
teins in NR have significantly affected the vulcaniza-
tion characteristics, dynamic and mechanical proper-
ties of NR [46]. Sarkawi et al. [12] investigated the
rubber/silica interphase of NR blends with different
protein content using the TEM network visualization

technique to gain further insight into the reinforce-
ment mechanism of silica in NR. The physical inter-
action between silica and proteins through hydrogen
bonding with functional protein groups was demon-
strated.
However, the higher value of bNR compared to bENR

does not allow the conclusion that the NR-silica in-
teraction is stronger than that of ENR and silica. Ac-
cording to Equation (6) the wetting speed b is deter-
mined, among other things, by the rubber viscosity.
The strong molecular interaction due to epoxy groups
of ENR and, thus, the high viscosity may be the reason
for the slower wetting of ENR compared to NR.
Roughly speaking, the better the interaction between
rubber and filler, the better the dispersion of the
filler. The optical microscopic images of CB-filled
rubber compounds are shown in Figure 2a–2d. The
dispersion A/A0 was calculated to quantify the dis-
persion state of the rubber compound and is shown
on the images. The dispersion A/A0 of CB in NR,
DPNR and ENR compounds ranges from 1.5 to 3.2%,
which is much better than that of IR compounds.
Some CB agglomerates are still visible on the image
of the IR compound, and a dispersion A/A0 of 10.7%
was determined. Again, the influence of phospho-
lipids on the improvement of the CB dispersion in
NR, DPNR and ENR can be seen, while the effect of
proteins and epoxy groups could not be detected. It
is obvious that the dispersion state is well correlated
with the wetting speed b shown in Figure 1a.
The dispersion of silica in rubbers used is shown in
Figure 2e–2h. The silica dispersion A/A0 in NR and
ENR is 2.1 and 2.7%, respectively, indicating good
rubber-filler interaction due to the presence of proteins
and epoxy groups, as discussed in Figure 1b. The
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Figure 1. Rubber layer of NR, DPNR, ENR and IR compound filled with CB (a) and silica (b), respectively, in dependence
on mixing time.
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Figure 2. Optical microscopic images (1100 µm×700 µm) of NR, DPNR, ENR, and IR compounds filled with CB and silica,
respectively, taken at 30 min mixing time: a) NR/CB, b) DPNR/CB, c) ENR/CB, d) IR/CB, e) NR/silica,
f) DPNR/silica, g) ENR/silica, h) IR/silica.



lower wetting speed of silica by DPNR and IR ob-
served in Figure 1b due to poor rubber-filler interac-
tion results in poor dispersion of silica in Figures 2f
and 2h, respectively. It is worth noting that bDPNR of
7.7% is much lower than bIR of 21%. However, at
this stage, it is not clear whether the phospholipids
in DPNR positively affect the dispersion process and
whether the interaction between DPNR and silica is
stronger than that of IR and silica.
From Figures 1 and 2, it can be seen that phospho-
lipids significantly support the interaction between
NR and CB. It can be assumed that the cation of
phospholipids can interact with the π-π electrons on
the graphite-like surface of CB. Kreyenschulte et al.
[17] reported that Raman spectroscopy was used to
characterize the state of aggregation of carbon black
in ionic liquid and polymer matrix. Raman studies
have shown that the ionic liquid accumulates pref-
erentially at the edges of the graphitic crystals through
cation-� interactions due to the highest adsorption
energies. This effect is even more pronounced when
the carbon black is graphitized and thus a larger frac-
tion of the carbon black surface is covered with
graphitic crystals. These strong cation-π-interactions
also cause a shift of the D- and the G-band to higher
wavenumbers.
In the present work, the Raman spectra of four CB-
filled rubber compounds show typical D and G peaks
corresponding to the presence of sp3 defects and vi-
bration of sp2 carbon atoms in the CB surface, re-
spectively. The shift of the D-band and G-band and
the change of the D/G ratio were determined in order
to estimate the interaction between phospholipids
and CB. Table 6 shows the positions of the D-band
and G-band and the D/G ratio of all mixtures com-
pared with those of the as-received CB. The D-band
and G-band of as received CB are determined at
1336 and 1589 cm–1, and shift slightly to about 1345
and 1601 cm–1 for CB filled compounds. The D/G
ratio of the CB-filled compounds is about 1.32, which
is slightly higher than that of the as received CB of

1.29. Because of the slight red shift of the D-band
and G-band and the slight change of D/G ratio, it is
difficult to discuss the interaction between the rubber
and CB. The effect of functional groups like phos-
pholipids, protein and epoxy groups in NR on the
rubber-CB interaction could not be observed by
Raman investigation in the present study. This could
be related to the fact that the concentration of the non-
rubber components of NR is below a critical concen-
tration [47].

3.2. New test strategy: selective wetting of
filler in NR/IR, DPNR/IR and NR/ENR
blends

To directly compare the rubber-filler affinity of CB or
silica with different rubbers, CB or silica was added
to 50/50 NR/IR, DPNR/IR and NR/ENR blends. The
preferential wetting of the filler surface by a blend
component may be a measure of the better rubber-
filler interaction of filler with that rubber. The role of
the individual functional groups can be determined
using this test strategy. Usually, the morphology of
filled rubber blends and the phase selective localiza-
tion of filler in rubber blends can be visualized and
characterized by electron microscopy. In Figure 3,
TEM images of CB-filled DPNR/IR, NR/IR and
NR/ENR blends are shown. Conductive CB is visible
as transparent domains because only the outer shell is
visible, while the inner part of CB particles is empty
[48]. Due to the similarity of the main chain of the
blend components and the low contrast between them,
it is not possible to observe the selective localization
of CB in the studied rubber blends. For the quantifi-
cation of the phase selective wetting of filler in rubber
blends, the Z-model and the wetting concept devel-
oped in our previous work [41] were used.
The prediction of the phase selective filler wetting
in a thermodynamic equilibrium state can be made
using the Z-model, e.g. CB in NR/IR blend, using
Equations (8) and (9) [41]:

(8)

(9)

where Seq
NR and Seq

IR are the filler surface fractions
wetted by NR and IR phase in the equilibrium state.
nNR/IR is the mass ratio of the rubber phase NR to IR.
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Table 6. Results from Raman investigation: D-band, G-band,
and D/G ratio.

Sample D-band G-band D/G ratio
CB 1336 1589 1.29
NR/CB 1344 1600 1.33
DPNR/CB 1347 1603 1.35
ENR/CB 1346 1601 1.32
IR/CB 1345 1601 1.32



γNR, γIR and γF are the surface tension values of the
blend components and filler, respectively. If the sur-
face tension values γNR = 22 mN/m and γIR =
20 mN/m of rubber components are substituted into
Equations (8) and (9) with nNR/IR = 1 for 50/50 NR/IR
blend, a Z-shaped master curve is obtained, demon-
strating the filler surface fraction wetted by NR phase
as a function of the filler surface tension (Figure 4a).
Fitting the CB surface tension γF = 28 mN/m to the
master curve, a CB surface fraction wetted by each
phase, Seq

NR = 0.79 and Seq
IR = 0.21, respectively, can

be predicted for a thermodynamic equilibrium state.
Similarly, by inserting the silica surface tension γF =
72 mN/m into the master curve, a silica surface
fraction wetted by each phase, Seq

NR = 0.56 and Seq
IR =

0.44, respectively, can be predicted. The prediction
of CB and silica wetting in other blends was per-
formed as shown in Figures 4b and 4c, respectively.

The selective wetting of CB and silica in different
blends is summarized in Figure 4d–4f.
The selective wetting of CB and silica in rubber
blends can be quantified experimentally using the
wetting concept. For the creation of the calibration
curve, a series of NR/IR blends with different mass
ratios was prepared and characterized by FTIR. For
example, an FTIR spectrum of 50/50 NR/IR blend
is presented in Figure 5a. The peaks at 1376 and
888 cm–1 were selected for the characterization of
the NR and IR phases, respectively. The correlation
between the ratio of the area under the peak ANR/AIR

and the given mass ratio NR/IR shown in Figure 5b
is described by a straight line. The ratio LNR/LIR

needed for Equation (3) can be determined manually
using the calibration curve (Figure 5b).
The selective wetting of CB in NR/IR and DPNR/IR
blends is shown in Figure 6a as a function of mixing
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Figure 4. Prediction of selective filler wetting using the Z-model for NR/IR (a), (d), DPNR/IR (b), (e) and NR/ENR (c), (f)
blend.

Figure 3. TEM image of DPNR/IR blend filled with 3 phr CB (a); NR/IR blend filled with 10 phr CB (b) and NR/ENR blend
filled with 10 phr CB (c).



time. It is clear that the surface of CB is thoroughly
wetted by the NR phase immediately after the addi-
tion of CB to the blend. Obviously, deproteinization
has no influence on the affinity of natural rubber for
CB. Therefore, it can be concluded that phospholipids
are essential for the rubber-filler interaction of CB
in NR. When CB is mixed in NR, the ammonium
cation N+ of phospholipids can interact with the CB
surface via cation interaction and form stable bonds
in addition to van der Waals bonds. Cation-π inter-
action was proposed by Ma and Dougherty [49]
Fukushima and Aida [50] as the main linkage for
CNTs and ionic liquid and by Kreyenschulte et al.

[17] for conductive CB and ionic liquid. Narongthong
et al. [51] investigated the interactions between
1-allyl-3-methyl-imidazolium chloride (AMIMCl)
and conductive carbon black in rubber compounds.
They found that the presence of cation-π interactions
between the cations of the AMIMCl and the π-elec-
trons of the graphitic structures at the carbon black
surface can have a considerable effect on the final
properties of elastomer composites. Brennan et al.
[52] found that the production or the heat treatment
at higher temperatures could transfer amorphous CB
to graphitic crystal; thus, the extent of active �-�
electrons is increased. The strong cation-π interaction
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Figure 6. Selective CB wetting in NR/IR and DPNR/IR (a) and NR/ENR blend (b) in dependence on mixing time; Illustration
of CB wetting by different rubbers (c), (d).

Figure 5. FTIR spectra (a) of NR/IR blend and calibration curve (b).



leads to the formation of a filled structure with a CB
core and an inner shell of NR or DPNR and an outer
layer of IR, as illustrated in Figure 6c.
When CB was mixed into NR/ENR blend, the CB
surface fraction SF

NR increased faster than SF
ENR in the

first mixing stage up to 7 min mixing time, which
could correlate with the faster wetting speed bNR

compared to bENR, as shown in Figure 1a. After
7 minutes, SFNR decreases slightly, while SFENR
increases until a plateau is reached. NR and ENR can
be expected to simultaneously wet CB in the initial
mixing period up to 7 min of mixing time, but about
60% of CB surface is wetted by NR because of the
faster bNR. Phospholipids in NR and ENR act as an-
chor points that firmly connect the NR and ENR
ends to the CB surface. The presence of epoxy groups
in ENR can enhance its interaction with CB through
van der Waal bonds between its backbone and CB
surface, as shown in Figure 6d. Through their con-
formational rearrangement and thermodynamic driv-
ing forces, ENR molecules partly replace NR mole-
cules on the CB surface in the second period from 7
min to 30 min mixing time (Figure 6b).
The selective wetting of silica in the NR/IR blend is
presented in Figure 7a. NR wets silica faster than IR
and at the end of the mixing SF

NR reaches a value of
0.54, while SF

IR is 0.46. The slightly higher value of
SF

NR might indicate the small contribution of proteins
to the NR-silica interaction. DPNR and IR show the
same wetting behavior towards silica in Figure 7b,
which means that phospholipids have no influence
on the interaction between NR and silica. According
to the results reported in the literature [12, 46], the
physical interaction between silica and proteins may
enhance NR-silica interaction through hydrogen

bonding with functional protein groups. However,
according to our results, this enhancement is not
strong enough to help NR displace IR molecules from
the silica surface. Thus, both blend components are
found on the surface of silica in NR/IR, and DPNR/IR
blends, as illustrated in Figures 7d and 7e. A direct
comparison of silica wetting in NR/IR and DPNR/IR
blends allows us to evaluate the effectiveness of the
protein-silica interaction. In this case, the protein-sil-
ica interaction is negligible, and the rubber-silica in-
teraction in NR, DPNR, and IR compounds is mainly
determined by the van der Waals bonding between
the isoprene backbone and silica surface.
Figure 7c shows the wetting of silica in the
NR/ENR blend. In the first mixing period of up to
7 min, silica is wetted faster by NR than by ENR.
That is due to the higher wetting speed bNR com-
pared to bENR, as discussed in Figure 1b. In the sec-
ond mixing period, after 7 min, ENR molecules
gradually replace part of NR molecules on the silica
surface. This result is related to the higher affinity
of silica to ENR than to NR. At a mixing time of
30 minutes, a silica surface fraction of 0.23 is wet-
ted by NR, while ENR wets a surface fraction of
0.77. The stronger ENR/silica interaction compared
to NR/silica may be due to both (1) a stronger inter-
action between epoxy groups and silica and (2) the
fact that epoxy groups in ENR are much more nu-
merous (50 mol%) than proteins in NR (6 wt%).
According to Sarkawi et al. [12], although proteins
are able to interact with the silica surface and reduce
the filler-filler interaction, they do not contribute to
strong rubber-filler interactions, as the silica-protein
interaction only leads to the formation of physically
bound rubber.
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Figure 7. Selective wetting of silica in NR/IR (a), (d), DPNR/IR (b), (e) and NR/ENR (c), (f) blend.



The experimentally determined selective wetting of
CB and silica is shown in Figure 8 in comparison with
the wetting predicted by the Z-model. It is interesting
to observe that the experimentally determined values
for the silica-filled blends agree well with the predict-
ed values. It is worth mentioning that the surface ten-
sion values used for the prediction were obtained by
contact angle measurements, which are characteristic
of the entire main chains of the rubber and silica sur-
face. The very good agreement between the predicted
selective wetting and the experimentally determined
values indicates that the interaction between rubber
and silica is mainly determined by the physical affin-
ity between the rubber main chains and the silica sur-
face. The presence of epoxy groups along the ENR
molecules increases the surface tension from 22 to
30.6 mN/m and decreases the difference between the
surface tension of ENR and silica. This is the reason
for the preferential wetting of silica by ENR. As can
be seen in Figures 7a and 7b, phospholipids and pro-
teins have no influence on the interaction between NR
and silica since they are present at the end of the rub-
ber molecules and only in small amounts.
In contrast to silica wetting, the prediction of CB
wetting does not agree with the experimentally de-
termined values for all three mixtures, as shown in

Figure 8. As explained in Figure 6, the strong affinity
between NR and CB is caused by the phospholipids
via the cation-� bonds. The disagreement with the pre-
diction may be related to the fact that the contact angle
measurement determined the surface tension value of
NR used for prediction. Since the content of the phos-
pholipids is very low (<1.0 wt%) and they are bound
to the end of NR, they cannot migrate to the surface
of the rubber sample. Therefore, the surface tension
is determined merely by the isoprene backbone and
does not reflect the role of phospholipids.
To quantify the effect of phospholipids on the CB
wetting in the NR/IR blend, the surface tension value
of NR is gradually increased while the surface ten-
sion of IR and CB is kept constant. The obtained mas-
ter curve changes accordingly in the direction indi-
cated by the arrow in Figure 9a. When the predicted
Seq

NR reaches the experimentally determined value SF
NR

of 0.95, the surface tension of NR reaches the value
of 26.5 mN/m. Thus, the effect of phospholipids on
the NR-CB interaction can be quantitatively de-
scribed by the corrected value of the surface tension
of NR, corrγNR = 26.5 mN/m, which agrees well with
the values obtained for other systems [34]. The same
procedure was performed to determine the corrected
surface tension of DPNR and ENR, and we obtained
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Figure 8. Comparison between prediction and experimental determination of selective wetting of CB and silica in different
rubber blends:a ) NR/IR, b) DPNR/IR and c) NR/ENR blend.

Figure 9. Master curve of filler wetting in NR/IR (a), DPNR/IR (b), and NR/ENR (c) blend observed by changing the surface
tension of NR, DPNR, and ENR, respectively.



corrγDPNR = 25.9 mN/m and corrγENR = 26.2 mN/m,
as shown in Figures 9b and 9c, respectively.

3.3. Verification of the results received by the
new test strategy

3.3.1. Rubber-filler interaction and filler
flocculation

It has been demonstrated that when the filler is well
dispersed in the polymer, the aggregates tend to re-
agglomerate during storage and vulcanization of the
uncured compound, especially at high filler loading
[53]. Accordingly, the formation of filler networks
in the polymer matrix is mainly determined by the
attractive force between filler aggregates and the in-
teraction between polymer molecules, as well as the
interaction between filler and polymer. Wang [53]
proposed a model to predict the tendency of filler ag-
glomeration in a filled compound. According to this
model, when two filler particles agglomerate, a pair
of filler particles and a pair of polymer units are
formed. In this process, the change in potential en-
ergy is considered as the driving force for filler ag-
glomeration. The change in potential energy ∆W can
be estimated from the total change in adhesion en-
ergy in the agglomeration process. The higher ∆W
is, the stronger the filler flocculation. The change in
potential energy ∆W is given by Equation (10):

(10)

where γd
R and γp

R are the dispersive and polar com-
ponents of the surface energy of the rubber, respec-
tively. γd

F and γp
F are the dispersive and polar compo-

nents of the surface energy of the filler, respectively.
Wx

R and Wx
F are the cohesion work comprising of dif-

ferent types of cohesive forces, such as dispersive,
dipole-dipole, induced dipole-dipole, acid-base, and

hydrogen bonding in rubber and filler. Wx
RF is the ad-

hesion work that originated from different types of
molecular interactions between rubber and filler.
Generally, for hydrocarbon polymers filled with con-
ventional fillers like CB and silica, the terms Wx

R, Wx
F

and Wx
RF iare considered negligible [53, 54]. Assum-

ing that they can be negligible for the systems inves-
tigated, the change in adhesion energy ∆W can be
calculated. As an example, the tendency for floccu-
lation of CB and silica in NR and IR was predicted
using Wang’s model. Setting the values of surface
energy given in Table 7, we observed ∆WNR-CB =
15.38 mN/m for NR/CB compound and ∆WIR-CNT =
11.38 mN/m for IR/CB compound as well as
∆WNR-silica = 47.6 mN/m for NR/silica compound
and ∆WIR-silica = 57.3 mN/m for IR/silica compound.
Based on this result, the tendency of flocculation of
CB in NR would be stronger than in IR, and that of
silica in NR would be weaker than in IR.
The flocculation of CB in rubber compounds can
experimentally be characterized by monitoring the
development of the online electrical conductance
and torque at 80 °C, respectively, as presented in
Figures 10a and 10b. It is obvious that the online
conductance and the torque of the IR/CB compound
increase sharply compared to the other rubber com-
pounds, which is due to the strong flocculation
process of CB in the IR compound. This behavior cor-
responds very well with the poor IR-CB interactionW
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Table 7. Prediction of the tendency of flocculation of CB and
silica in NR and IR compounds, respectively, ac-
cording to Wang’s model.

Filled
compound

γd

[mN/m]
γp

[mN/m]
∆Wrubber-CB

[mN/m]
∆Wrubber-silica

[mN/m]
NR 16 6 15.38 47.6
IR 16 4 11.38 57.3
CB 28 0
Silica 17 580

Figure 10. Online conductance-time characteristics (a) of CB-filled compounds and torque-time characteristics, (b), (c) of
compounds filled with CB and silica, respectively, at 80 °C.



shown in Figure 6. Due to the presence of phospho-
lipids, NR, DPNR, and ENR strongly interact with
the CB surface, resulting in a low flocculation ten-
dency of CB, as reflected by the low development of
the online conductance and the torque in Figures 10a
and 10b, respectively. The experimental result shown
in Figures 10a and 10b, where the flocculation of CB
in IR is considerably pronounced, are obviously in
contradiction with the prediction made by Equa-
tion (10). That is related to the fact that the value of
surface energy of NR used for prediction does not
consider the influence of phospholipids on the rub-
ber-filler interaction.
NR/silica and DPNR/silica, as well as IR/silica com-
pounds, show pronounced flocculation of the silica,
as shown by the increase in torque in Figure 10c,
while only insignificant flocculation is observed for
ENR/silica compounds. This agrees well with our
result on silica wetting in Figure 7. A closer look at

curves 1 and 4 in Figure 10c shows that silica floc-
culation is somewhat more pronounced in the IR
compound than in the NR compound, which was
well predicted by Wang’s model.

3.3.2. Prediction of selective wetting of hybrid
filler CB/silica in rubber blends using the
corrected surface tension

In our previous work [26] a BIIR/NR blend filled
with hybrid filler CB/silica was prepared to develop
a self-healable composite. The selective wetting of
CB and silica in the blend was quantified by our
new method and correlated well with the self-heal-
ing properties of the sample. In the present work,
the selective wetting of hybrid filler CB/silica in
BIIR/NR, BIIR/DPNR, BIIR/ENR and BIIR/IR
blends was predicted by means of the Z-model. The
corrected surface tension of NR, DPNR and ENR
was considered for the prediction of CB wetting,
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Figure 11. Prediction of selective wetting of CB (a, b) and silica (c, d) in different BIIR blends.



as shown in Figure 11a. Figure 11b shows the master
curve for predicting CB wetting in the BIIR/IR
blend. The silica wetting in BIIR/NR, BIIR/DPNR,
and BIIR/IR blend is predicted in Figure 11c. The
prediction of silica wetting in the BIIR/ENR blend
is shown in Figure 11d.

TEM images of BIIR/NR, BIIR/DPNR, BIIR/ENR,
and BIIR/IR blends are shown in Figure 12. The
predicted values of CB and silica wetting are
shown in the right side of TEM images for com-
parison. It is clear that CB domains are mainly
found in the NR, DPNR, and ENR phases of the
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Figure 12. TEM images of BIIR/NR (a), BIIR/DPNR (b), BIIR/ENR (c) and BIIR/IR (d) blend filled with hybrid filler
CB/silica.



BIIR blend, respectively (Figure 12a–12c). In
BIIR/IR blend, no CB domains are observed in the
IR phase due to the absence of phospholipids
(Figure 12d). Silica domains are mainly seen in the
BIIR phase of BIIR/NR, BIIR/DPNR, and BIIR/IR
blend since the NR-silica, DPNR-silica, and IR-silica
interactions are poor compared to the BIIR-silica in-
teraction. Epoxidation of NR improves the ENR-sil-
ica interaction, thus forcing some of the silica to mi-
grate to the ENR phase, as shown in Figure 12c. In
general, morphological characterization of CB and
silica wetting by TEM can qualitatively support the
prediction shown on the right side of the images.

4. Conclusions
A new test strategy has been proposed to character-
ize the effect of functional groups on the interaction
between rubber and filler in a rubber compound. In
principle, the filler is mixed into a blend of rubber A
and rubber B that is made by functionalizing rub-
ber A with a specific chemical group. The phase-se-
lective wetting of the filler is directly related to the
effect of the functional group. Based on the new test
strategy, the effect of the non-rubber components in
NR and their epoxidation on the rubber-filler inter-
action in CB-filled NR compounds was investigated.
Accordingly, CB was blended in three blends consist-
ing of NR/isoprene (IR), deproteinized natural rubber
(DPNR)/IR, and NR/epoxidized NR (ENR). The
phase-selective wetting of CB by different rubber
molecules was quantitatively characterized using the
wetting concept. Based on the selective wetting of the
filler, the rubber-filler affinity can be discussed, and
the role of non-rubber components and epoxy groups
can be distinguished. It was found that proteins and
epoxide groups do not affect the affinity between NR
and CB, while the linked phospholipids interact with
the CB surface through cation-π bonding. By fitting
the experimentally determined selective wetting of
CB into the Z-model, a corrected surface tension of
CB describing the effect of phospholipids was deter-
mined. The proposed test strategy was used for silica
as a reference filler. It was found that epoxy groups
are essential for the strong interaction between ENR
and silica, while proteins show a weak interaction and
phospholipids have no effect. The proposed test strat-
egy was used for other rubber blends containing hy-
brid filler CB/silica as reference fillers to demonstrate
the transferability and verification of the method. In

addition, the new test strategy can be used to charac-
terize the selective wetting of different fillers in
blends of miscible rubber components. It opens up a
new possibility for a direct comparison of two similar
and/or miscible rubbers with respect to their rubber-
filler interactions.
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