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Abstract. Conductive carbon black (CCB), carbon nanotubes (CNT) and its hybrids are introduced into the natural rubber
(NR) matrix aiming to explore the effect of filler ratio on the transport properties. Solvent transport of NR is found to decrease
for hybrid filler systems as compared to single filler incorporated systems. Kinetic parameters of solvent transport behavior
of filled NR systems are analyzed using various kinetic models. Upon the computation of kinetic parameters of transport
data, it is found that the Peppas-Sahlin model is in good agreement with experimental observations, which suggests that the
transport mechanism is diffusion controlled. Rubber—filler interaction parameters are computed and analyzed from the
swelling experiments using Kraus, Cunneen-Russel, and Lorenz-Park equations.
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1. Introduction

The role of polymer composites in the field of mem-
brane technology demands a comprehensive under-
standing and in-depth knowledge of the transport be-
havior of solvents in the composite matrix. The trans-
port properties of solvents in polymer composites are
related to the distribution and reinforcement of fillers
in the matrix. Polymer composites are widely used
as food packaging materials owing to their intrinsic
qualities such as corrosion resistance, lightweight,
enhanced mechanical properties, and thermal prop-
erties [1]. Polymer composites containing chemical-
ly modified fillers empower the production of highly
efficient membranes for pervaporation, ultrafiltra-
tion, reverse osmosis, and gas separation [2—§].
The solvent uptake of polymer composites de-
pends on the characteristics of fillers, temperature,

“Corresponding author, e-mail: ranistephen@gmail.com
© BME-PT

morphology, type of solvent, free volume, and pro-
cessing conditions [9]. The transport of solvents in
polymers is also affected by crosslink density, free
volume, and structure of the polymer. Polymer chain
segmental motions have a crucial influence on the
processes associated with the diffusion of molecules
through the polymer matrix. Variation in polymer
composition and structure directly affects the free
volume content and distribution, which in turn af-
fects the transport of matter. The transport processes
are interdependent with the polymeric structure and
segmental motion of polymer chains [10].

Natural rubber (NR) based polymer composites are
widely used in the automotive, construction, and elec-
trical industries and for various engineering applica-
tions. Modification of the rubber matrix by the ad-
dition of various fillers generates interesting changes
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in the properties of composites, including transport
properties. Carbonaceous fillers such as carbon nan-
otubes (CNT), graphene, carbon black (CB), carbon
fibers, efc., are extensively used fillers in NR. Among
the carbon nanofillers, graphene and its derivatives
can refine the barrier characteristics of elastomer
composites. Graphene-loaded fluoroelastomer shows
decreased swelling rates in acetone compared to CB-
filled fluoroelastomer composite [11]. Similarly hy-
brid filler combination of graphene with zinc oxide
in NR shows the capacity to resist chemical attack.
The mol% uptake for hybrid filler composites shows
a remarkable decrease of 41.7% for kerosene, 4.4%
decrease for diesel, and 50% for polymethylsilane
(PMS) and water, respectively, when compared to
CB-filled NR as control [12]. CNT is commonly
used as reinforcing fillers in NR due to its high
strength and stiffness, exceptional electrical conduc-
tivity and high thermal conductivity, which can up-
grade the properties of NR. The incorporation of a
hybrid filler system is effective in restraining solvent
penetration through the polymer matrix [13].
CNT/clay hybrid filler system improves the cross-
link density of nitrile rubber (NBR)/NR blends [14].
Conductive carbon black (CCB), also known as elec-
trically conductive black, is used as a reinforcement
agent in the manufacture of electrical components
such as electromagnetic interference (EMI) shielding
shielding agents, static dissipative products and an-
tistatic products [15-17].

The present study focuses on the solvent transport
properties of single filler (CCB) and hybrid filler
(CCB/CNT) reinforced NR composites as a function
of filler concentration and its comparison. Experi-
mentally obtained transport data are evaluated using
different kinetic models such as first-order kinetics,
Higuchi, Korsemayer-Peppas, and Peppas-Sahlin
models. Theoretical understanding of the transport
phenomena in rubber composites is beneficial in ad-
vanced research as well as in the fabrication of com-
posite membranes. Empirical and semi-empirical
mathematical models give a theoretical perspective
of experimental transport data. This helps to eluci-
date the transport mechanism of solvents through the
rubber matrix. Matrix-filler interactions are obtained
from swelling studies and are evaluated using Kraus,
Cunnen-Russel and Lorenz-Park plots. The combi-
nation of exploring a hybrid filler system, investi-
gating the effects of filler ratio, applying kinetic
modeling, and analyzing rubber-filler interactions

contributes to the novelty and importance of the pres-
ent study. The research gap in the reported work lies
in the specific investigation of the synergistic effect
of hybrid filler (CCB/CNT) on the transport proper-
ties of NR and its theoretical comparison as a function
of filler concentration. This aspect has not been ex-
tensively studied before, and understanding the trans-
port behavior in these composite systems is crucial
for various applications in membrane technology.

2. Experimental

2.1. Materials

Natural rubber (NR) of grade ISNR 20 was pur-
chased from the Rubber Research Institute of India
(RRII), Kottayam, Kerala. All the compounding in-
gredients used were of commercial grade. Conduc-
tive carbon black (CCB) was provided by Continen-
tal Carbon India Limited (CCIL), Uttar Pradesh,
India. The iodine number of CCB is 240+10 mg/g;
Brunauer—Emmett—Teller surface area (BET) surface
area is 260+10 m?%/g; ash content <0.60 wt% and den-
sity is 320420 kg/m>. Multiwall Carbon nanotubes
(CNT) with ~99% purity were purchased from Ad-
nano Technologies, India. CNT has a high aspect
ratio; its diameter is ~5—15 nm, length ~10 um, sur-
face area ~260 m?/g, and bulk density of 0.14 g/cm>.
Toluene obtained from Thermo Fisher Scientific Inc.
(USA) (molecular weight: 92.14 g/mol, density:
0.866 g/cm® and solubility parameter 18.3 MPa'/?)
was employed for the diffusion studies of rubber
composites.

2.2. Preparation of rubber composites

NR/CCB and NR/CCB/CNT composites were pre-
pared by mixing NR and fillers in a Brabender plas-
tograph for 8 min at 100 °C and 60 rpm. Amount of
CCB is varied from 5 to 20 phr in NR/CCB compos-
ites and all NR/CCB/CNT composites contains
20 phr CCB. The amount of CNT is varied from 0.5
to 5 phr. Curatives were added in an open two-roll
mill at room temperature for a total mixing time of
15 min. Preparation method of NR/CCB composites
is reported in our previous work [18]. All the pre-
pared NR composites contain 5 g — zinc oxide, 3 g —
stearic acid, 1.3 g — N-cyclohexyl-2-benzothiazole-
sulfenamide (CBS), 0.1 g— 2-mercaptobenzothiazole
(MBT), and 2.8 g sulfur corresponding to 100 phr
NR. The samples were moulded in an electrically
heated hydraulic press at 150 °C under a pressure of
about 120 bar to the optimum cure time determined
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from Moving Die Rheometer ASTM D5289. The
NR/CCB samples are coded as NBx and
NR/CCB/CNT samples are coded as NBxCy where
‘N’ represents natural rubber, ‘B’ represents conduc-
tive carbon black (CCB), ‘X’ represents the quantity
of CCB [phr], ‘C’ represents carbon nanotubes (CNT),
and ‘y’ represents the quantity of CNT [phr].

2.3. Characterization methods
2.3.1. Transport studies
The transport behavior of samples in toluene was
studied at room temperature. Circular-shaped sam-
ples were immersed in 20 ml toluene and taken in
closed diffusion bottles. The weight and thickness of
the samples before immersing in a solvent were
measured and recorded. The weight of the samples
was taken in specific intervals until equilibrium
swelling was reached. Each weighing was completed
within 30 s to minimize the error due to the evapo-
ration of solvent during weighing. The solvent up-
take Oy [%] of the samples was computed using the
Equation (1) [19]:

m iy

M-
0= 100 (M

where m; is the mass of the sample at the time ¢ of
immersion and m is the mass of the sample before
immersion in the solvent. Mg is the molecular mass
of solvent. Here, the molecular mass of toluene is
92.14 g/mol.

2.3.2. High-resolution transmission electron
microscopy (HRTEM)

The distribution of CCB in the NR was analyzed
through transmission electron microscopy (TEM)
using JEOL-JEM 2100, Japan, and operated at 200 kV.
The ultra-microtome (Leica, Ultracut UCT) was em-
ployed to crosscutting of specimens into ultrathin
sections and sited on 300 mesh Cu grids at room
temperature.

2.3.3. Swelling studies and crosslink density
measurements

The swelling index indicates the swelling resistance

of the rubber composites and is obtained using Equa-

tion (2) [20],

W —W

Swelling index = -100 2)

where W, and W), are the weight of the samples after
swelling and before swelling in toluene. The swelling
behavior of rubber composites can also be analyzed
from the swelling coefficient value (o), which is an
index of the ability with which the samples swell and
is given by the Equation (3) [20]:

W W 1
W Ps @)

where W, is the weight of the sample at equilibrium
swelling in the solvent, ¥ is the weight of the sam-
ples before swelling and pg is the density of the sol-
vent used. Here density of toluene used is
0.866 g/cm?.

The toluene swelling method defined in ASTMD-
0471-16a was used to determine the crosslink den-
sities of the samples. Circular-shaped samples are
weighed and allowed to swell in toluene until equi-
librium. Then after weighing, swelled samples are
air-dried for 72 h to measure the de-swollen weight.
The apparent crosslink density value is given by 1/Q
where Q is the swell ratio and is given by Equa-
tion (4) [20]:

W — W
0=—y— @)

The actual crosslink density of the samples is calcu-

lated using the Flory-Rehner equation (Equation (5))

[20-23]:

V= In(1 = Vi) + Vi + V3
=20, Y,V

)

where V;¢1s the volume fraction of rubber in the sol-
vent-swollen filled sample, y is the interaction pa-
rameter given by Equation (6) [24], p, is the density
of the polymer and V5 is the molar volume of solvent.
Here molar volume of toluene is 106.3 cm?/mol:

1% 2
x=PB+pr(8,~8) (6)

where f is the lattice constant (0.34), R is the uni-
versal gas constant, 7 is the temperature, 3, and 0
are the solubility parameters of the polymer and sol-
vent, respectively.

3. Results and discussion

3.1. Kinetic studies of transport properties
Transport properties of NR/CCB and NR-CCB/CNT
systems are analyzed in toluene. The effect of filler
on the solvent uptake of NR is depicted in Figures 1
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and 2. Solvent absorption initially increases rapidly
due to the solvent molecules’ high concentration gra-
dient in the NR matrix. Then the sorption approaches
equilibrium, as indicated by the plateau region of the
sorption curve. From Figure 1, it is clear that the sol-
vent uptake of NR/CCB systems decreases signifi-
cantly as a function of weight percentage of filler.
This can be described in terms of the formation of
filler-filler and matrix-filler networks, which hinder
the diffusion of solvent molecules. The incorporation
of hybrid filler further decreases the solvent uptake
due to the increase in tortuosity of the diffusing path
in the presence of CNT. Similar observations were
found in the solvent transport behavior of the hal-
loysite nanotubes-filled NR system [13]. A schematic

4.0

3.5 1
3.0 1

0 10 20 30 40 50 60 70 80
t1l2 [min112]

Figure 1. Sorption curves of NR/CCB systems.
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Figure 2. Sorption curves of NR/CCB/CNT systems.

illustration of the proposed hybrid filler network of
CCB and CNT is given in Figure 3.

The diffusion coefficient and permeability coeffi-
cient values of the CCB and CCB/CNT loaded sys-
tems are given in Table 1. The diffusion coefficient
is calculated from the equation derived from the sec-
ond Fickian law (Equation (7)) [25-28]:

2
p=n(45-)
where / is the thickness of the sample, 0 is the slope
of the initial linear portion of the plot of O [%]
against /2, and Q,, the equilibrium absorption. The
diffusion coefficient gives the diffusion rate of sol-
vent molecules into the polymer matrix. The diffu-
sion coefficient value decreases linearly with filler
loading. Polymer-filler interaction has decreased the
availability of free voids, thereby restricting solvent
diffusion through the matrix.

The permeability coefficient (P) of toluene in the
NR/CCB and NR/CCB/CNT composites is given by
Equation (8) [29]:

(7

P=D-S ®)

where D is the diffusion coefficient and S is the sorp-
tion coefficient. The sorption coefficient is calculat-
ed from the Equation (9) [24]:

S = ©)

where 7. is the mass of the solvent absorbed at equi-
librium and my is the mass of the sample before im-
mersion in the solvent. Sorption involves the initial
penetration of solvent molecules and their dispersion
across the rubber matrix [30] So, the sorption coeffi-
cient depends on the solvent-rubber interaction. The
permeability coefficient has both contributions from
diffusion and sorption. Decreasing the permeation
coefficient with filler loading also suggests improved

CNT in NR matrix

CCB aggregates in NR matrix

CNT-CCB network in NR matrix

Figure 3. Schematic illustration of hybrid filler network of CCB and CNT.
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Table 1. Diffusion coefficient and permeability coefficient.

Sample D108 P10°¢

[em?/s] [em?/s]
NBO 2.14 7.45
NBS5 1.96 6.29
NB10 1.74 5.18
NB15 1.45 3.86
NB20 1.22 3.08
NB20CO0.5 1.16 2.79
NB20C1 1.10 2.66
NB20C3 1.01 2.23
NB20C5 0.90 1.88

filler-matrix interaction with increasing CCB and
hybrid filler content. The permeation coefficient is
decreased further upon the introduction of CNT to
the single filler system. The interaction of filler and
rubber restricts solvent swelling by the formation of
crosslinks, which in turn, reduces the segmental mo-
bility of rubber chains. Decreased flexibility of the
chains as well as the reduction in the number of
voids in the matrix, provides a hindrance to the dif-
fusion of solvent molecules.
The mode of transport is analyzed using Equa-
tion (10):

Lo 2t —

og 0.~ logk + nlogt (10)
where O is the solvent uptake at time 7 and Q,, is the
equilibrium solvent uptake. The constants » and &
are determined from the linear portion of the plot O,
versus "2 (Figures 1 and 2) through power regression
analysis. The value of £ depends upon the structural
characteristics of polymer and polymer-solvent inter-
action, and n indicates the transport mechanism. The
n values are computed (Table 2) and are in between
0.5 and 1 for all composites indicating the non-Fickian
mode of transport [20, 27, 31, 32]. For the non-Fickian

Table 2. Constant n indicating transport mechanism.

Sample n
NBO 0.62
NBS5 0.62
NB10 0.63
NBI5 0.64
NB20 0.61
NB20C0.5 0.62
NB20C1 0.62
NB20C3 0.62
NB20C5 0.62

mode, the chain relaxation is much slower than the
solvent penetration. A high degree of restriction pro-
duced by the filler particles reduces the segmental
mobility of the rubber matrix [33]. Thus, the poly-
mer matrix requires more time for rubber chain re-
arrangement in response to swelling stress to accom-
modate solvent molecules. Moreover, incorporated
CCB particles diffuse into the cross-linked polymer
chains and restrict the chain relaxation.

Theoretical computation is performed on the exper-
imental solvent uptake properties of NR-filler system
to attain a better understanding of the mode of trans-
port in composites. We have employed first-order ki-
netics, Higuchi, Korsemayer-Peppas, and Peppas-
Sahlin models to evaluate the transport properties.
The first-order kinetic equation is given as (Equa-
tion (11) [27]:

kt
logQ; = logQ. ~ 5303

(11)
where Q is the solvent uptake at time 7, Q. is the
equilibrium solvent uptake, & is the first-order rate
constant. The correlation coefficient (R?) obtained
suggests that solvent diffusion in NR/CCB and
NR/CCB/CNT composites does not follow first-order
kinetics. Higuchi’s model proposed that diffusion is
based on Fick’s law and also it depends on the square
root of time. This model is based on the following hy-
pothesis: (a) diffusion is one dimensional, (b) the dif-
fusing particles are much smaller than matrix sys-
tems, (c) diffusivity is a constant and (d) matrix
swelling and diffusion are constant [34] Higuchi
model is simplified as Equation (12):

O _ k2

O
where £y, is the Higuchi dissolution constant, ¢ is the
time and O is the solvent uptake. Higuchi dissolu-
tion constant decreased linearly with an increase in
filler loadings. Korsemeyer-Peppas [35] model helps
to analyze the transport mechanism by the exponen-
tial Equation (13):

O _

where k is the kinetic constant, » is the diffusional
exponent that indicates the transport mechanism.

Peppas-Sahlin model is based on the theory that the
transport mechanism has diffusional and relaxational

(12)

(13)
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contributions, which are additive in nature [36]. Pep-
pas-Sahlin equation is given by Equation (14) [37]:
M£;=k1zm+k2z2‘“ (14)
where first term of the right-hand side is the Fickian
contribution, the second term is the case-II relax-
ational contribution and m is the purely Fickian dif-
fusion exponent for a device of any geometrical shape
that exhibits controlled release. Previous works on
transport mechanisms of polymeric systems have
shown that k; > k, implies a diffusion-controlled
mechanism, k; < k, implies a matrix-controlled
mechanism, and k; = k, implies a combination of dif-
fusion-controlled and matrix-controlled mechanisms
[19]. Constants of various kinetic models are given
in Table 3. Peppas-Sahlin model fits well for the sol-
vent diffusion of NR/CCB and NR/CCB/CNT com-
posites. In Peppas-Sahlin theoretical prediction, the
ky values of all compositions are greater than k,. The
constant k; decreases with CB addition up to 15 phr.
NB20 has k; value higher than NBO. CNT-incorpo-
rated composites have almost similar k; values. The
constant values obtained suggest diffusion controlled
transport mechanism in all samples. Fickian diffu-
sion of solvent molecules in the composites is driven
by the chemical potential gradient. Theoretical pre-
dictions of solvent permeation of NB20 using
Higuchi, Korsemayer-Peppas and Peppas-Sahlin are
depicted in Figure 4.

3.2. Theoretical prediction of rubber-filler
interaction from swelling studies

The extent of interaction between rubber and CCB

and CCB/CNT can be analyzed using Kraus [38],

Cunneen and Russel [39] and Lorenz and Park [40]

equations. Kraus equation is (Equation (15)):

1.0

/Q

.. 0.54

Q

--------- Experimental

0.04 —— Higuchi

—— Korsmeyer-Peppas
—— Peppas-Sahlin

5 10 15 20 25 30

t‘JIZ [min1/2]

Figure 4. Model fitting of solvent permeation of NB20 using
Higuchi, Korsmeyer-Peppas and Peppas-Sahlin
equations.

Vv
r():l f

Ve  M1-f

(15)

where Vy is the volume fraction of rubber in the sol-
vent-swollen gum vulcanizate, m is the polymer-
filler interaction parameter, /is the volume fraction of
filler, and V¢ is the volume fraction of rubber in the
solvent-swollen filled vulcanizate and is given by the
Ellis and Welding equation (Equation (16)) [41]:

d—f W

(16)

— Py
Vi = 7w A
pp pS

where d is the non-swollen weight of the sample, f
is the weight fraction of filler, ¥ is the initial weight
of sample, p;, is the density of polymer, ps is the den-
sity of solvent and Ag is the amount of solvent ab-
sorbed. Plot of Vyo/V;ragainst f/(1 — f) gives a straight
line whose slope m gives the direct measure of rein-
forcement by CCB and CCB/CNT. According to
Kraus model, reinforcing fillers will have a negative
slope [42—44]. Vyo/Visrepresents the extent of swelling

Table 3. Correlation coefficients and constants of various kinetic models.

Sample NBO NB5 NB10 | NB15 | NB20 |NB20C0.5| NB20C1 | NB20C3 | NB20C5
_ |k | 00136 | 00134 00132 | 00163 | 00155 | 00156 | 00151 | 00148 | 0.0146
First order kinetics

RZ| 08287 | 08390 | 08814 | 08861 | 0.8907 | 08595 | 08621 | 08766 | 0.8727
o kn | 00519 | 00518 | 00511 | 00512 | 00508 | 00293 | 00293 | 0029 | 0.0291
Higuchi model

R*| 08236 | 08226 | 08255 | 08201 | 08216 | 009595 | 09656 | 09691 | 0.9523

k| 01824 | 0.1814 | 0.1759 | 0.1807 | 0.1820 | 02189 | 02240 | 0.1544 | 0.1546
ng;mayeppeppas n | 02753 | 02760 | 02790 | 02745 | 02716 | 02379 | 02341 | 02716 | 02716

RZ| 09741 | 09878 | 09879 | 09864 | 09714 | 09846 | 09833 | 09863 | 0.9808

k| 197668 | 133063 | 12.6867 | 11.5134 | 19.8209 | 19.7565 | 19.7498 | 19.7363 | 19.9999
Peppas-Sahlin ko | 202244 | —13.8480 | —13.1724 | -12.0388 | —20.3471 | —20.2367 | —20.2425 | —20.2549 | —20.0001
model m | —0.0131 | —0.0214 | —0.0211 | —0.0242 | —0.0137 | —0.0136 | —0.0138 | —0.0139 | —0.0046

RZ| 09821 | 09816 | 09829 | 09847 | 09891 | 09844 | 09868 | 09872 | 0.9864
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Figure 5. Kraus plots: a) NR/CCB systems b) NR/CCB/CNT systems.

restriction of the rubber matrix owing to the pres-
ence of incorporated filler. Kraus plots are given in
Figures 5. Here, as the CCB loading increases the
solvent uptake of the samples decreases (Figure 5a).
Consequently, the V¢ values increase, leading to de-
creases in Vyo/Vir values with the filler loading of
CCB. Kraus plot gives a negative slope signifying
the reinforcement effect of CCB on the rubber ma-
trix. Kraus plot of NR/CCB/CNT systems also gives
a negative slope suggesting the synergistic effect of
the hybrid filler system on NR matrix. Well-dis-
persed CCB aggregates and hybrid filler networks
of CCB and CNT create stronger interfaces in NR
matrix. This leads to the restriction of solvent ab-
sorption in the NR.

Cunneen-Russel equation is Equation (17) [22]:

\% _
XL =ge"+b

Vi (7

Plot of Vyo/Vy¢ against € %, where z is the weight frac-
tion of filler, gives a straight line with slope @ and in-
tercept b. The cunneen-Russel plot of NR/CCB and
NR/CCB/CNT composites is given in Figure 6. A

1.00 4 -
n
> 0.96 - .
>€ p
0.92
| |
.
0.88 T : ; .
0.85 0.90 0.95 1.00
a) e’

positive slope indicates the reinforcement effect of
filler on the rubber matrix. Incorporating CCB and
hybrid fillers renders a positive slope of the Cunneen-
Russel plot, which again supports the fact that the
filler effectively interacts with the rubber matrix [22].
Lorenz and Parks equation is Equation (18) [45]:

O _
0, ¢

where Q is the amount of solvent imbibed per unit
weight, fand g refer to filled and gum rubber vul-
canizates, a and b are the constants that depend on
the filler activity and z is the weight fraction of filler
in the rubber composites. The Q¢ O, values indicate
the rubber-filler interaction. Decrease in Q¢Q, with
filler loading signifies a greater extent of filler-ma-
trix interaction. Lorenz and Parks plot of NR/CCB
and NR/CCB/CNT composites is given in Figure 7.
Plot of O¢/Q, against ¢* gives a straight line with a
positive slope of 1.9267 and y-intercept of —0.9116
for NR/CCB composites. NR/CCB/CNT composites
yield a positive slope of 3.6423 and y-intercept of
—2.3649. A higher value of constant a and lower

e +b (18)

0.88 4 "
0.87 4
0.86

0.85

\/rO/ Vr'f

0.84 e

0.83

0.82 4

0815 0820 0825 0830 0835 0840 0845

b) e~

Figure 6. Cunneen-Russel plots; a) NR/CCB systems b) NR/CCB/CNT systems.
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Figure 7. Lorenz-Park plots; a) NR/CCB systems b) NR/CCB/CNT systems.

value of constant b indicates the extent of polymer-
filler interaction [45]. The value of constant ‘a’ in-
creased for hybrid filler incorporated NR than single
filler system, suggesting the enhanced polymer-filler
interaction for hybrid system. Higher difference be-
tween constant values ‘@’ and ‘b’ point towards the
distinguished filler- rubber interaction.

The morphology of the hybrid filler system is eval-
uated using TEM. TEM images of the NB20,
NB20C3 and NB20CS5 is given in Figure 8. CCB ag-
gregates in the matrix are linked together to form a
filler network across the matrix in NB20 and some
voids can also be present in the matrix (Figure 8a).
Extensive filler network formation of CNT and
spherical CCB particles are seen when 3 phr of CNT
is added to 20 phr CCB (Figure 8b). CNT and CCB
particles are uniformly dispersed in the rubber ma-
trix. A similar morphology is observed for NB20C5
also, but voids observed are less when compared to
NB20C3 (Figure 8c). Effective filler network forma-
tion and uniform dispersion of fillers can be ex-
plained in terms of the combination of two process-
ing techniques employed for compounding. Morpho-
logical data support the previous results of Kraus,

ARy g

a) ‘ b)
Figure 8. TEM images; a) CCB aggregates in NB20; CNT/CCB network in b) NB20C3 and c¢) NB20CS5.

Cunnen-Russel and Lorenz-Park analysis of swelling
studies.

3.3. Swelling index and crosslink density

The swelling index and swelling coefficient of
NR/CCB and NR/CCB/CNT composites are present-
ed in Table 4. Both swelling index [%] and swelling
coefficient decrease linearly with filler loading in-
crease, indicating the restriction of swelling in the
filled composites. Hybrid filler network formation
restricts the movement of solvent particles through

Table 4. Swelling index [%] and swelling coefficient.

Sample Swe“;l:/f]index Swelling coefficient
NBO 339.6 3.92
NB5 317.9 3.67
NB10 292.8 3.38
NBI15 262.8 3.03
NB20 248.2 2.86
NB20C0.5 240.1 2.77
NB20C1 238.4 2.75
NB20C3 220.0 2.54
NB20C5 211.0 243
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the polymer matrix. Swelling values gives an insight
into the crosslink density of samples. CCB and CNT
fillers occupy the free volume of NR matrix resulting
in a decrease in the voids in the rubber matrix. The
incorporation of fillers offers a tortuous path for dif-
fusing solvent molecules. Thus, the solvent uptake
of the filled composites decreases.

The extent of crosslinking can be deducted from the
Vit values of the composites. Table 5 shows the Ve
values of the NR/CCB and NR/CCB/CNT compos-
ites. V¢ values are gradually increasing with the filler
loading, pointing towards the better interaction of
rubber-filler and the formation of crosslinks. Appar-
ent crosslink density values given by 1/Q in Table 5
also support the same.

The crosslink density of the NR/CCB and
NR/CCB/CNT composites is constantly increasing
with filler loading (Table 5). It further supports the
reinforcement effect of CCB on NR matrix and the
synergistic effect of hybrid filler as well. The values
of crosslink density indicate the physical and chem-
ical crosslinks in the system, such as sulfidic link-
ages, filler-filler and filler-rubber interactions [46].

4. Conclusions

Incorporating hybrid filler consisting of CCB and
CNT in NR composites leads to forming a filler net-
work that enhances the transport properties of the
composites. The hybrid filler system exhibits in-
creased crosslink density and reduced diffusion co-
efficient compared to composites containing a single
filler. Crosslink density of NR increased significant-
ly upon the addition of 20 phr of CCB. Moreover, the
addition of 5 phr CNT along with 20 phr CCB fur-
ther enhanced the crosslink density, thereby reducing
the diffusion coefficient by around 42% when com-
pared to neat NR. Theoretical models were applied
to the diffusion data for a better understanding of the

Table 5. Volume fraction of rubber (Vr), apparent crosslink
density (1/Q) and crosslinkdensity (v) of materials.

Sample Vit 1/0 " /movl o]
NBO 02119 0.29 7.28-10°
NBS5 0.2147 0.31 7.49-107
NB10 0.2208 0.34 7.98-10°
NBI5 02322 0.38 8.91-10°°
NB20 0.2347 0.40 9.14-10°
NB20C0.5 0.2404 0.42 9.64-10°
NB20C1 0.2410 0.42 9.70-10°°
NB20C3 02527 0.45 1.08-10%

transport mechanism. The morphological character-
ization and theoretical analysis confirm the rubber-
filler network formation in NR/hybrid filler systems.
Hybrid filler NR composites demonstrate superior
transport characteristics compared to composites
with single fillers.
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