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Abstract−Response surface methodology (RSM) optimized, semi efficiently vulcanized (SEV) and filled organophilic
composite natural rubber (NR) membranes of varying physichochemical interactions were reported for sorption-diffu-
sion-permeation based separation of tetrahydrofuran (THF) from binary aqueous mixtures. RSM was used to obtain
optimum accelerator/sulfur (A/S) ratio required for crosslinking of nine membranes to find excellent balance of
mechanical properties. These membranes were characterized by FESEM, AFM, EDX, XRD, DTG, TGA, DSC and
FTIR. Vulcanized products formed from several crosslinking precursors of NR via radical and/or ionic paths were
incorporated to impart an unambiguous reaction mechanism. RSM was also used to obtain optimum conditions (tem-
perature/concentration/filler) for total flux (TF) and separation factor (SF). Membrane intrinsic properties, like partial
permeabilities (PPs), selectivities and diffusion coefficients (DCs) were also studied. NRSEV12 membrane showed
excellent balance of TF (24.01±0.7 g m−2 h−1) and SF (118.8±4.16) at 0.97 wt% of THF in feed and 35 oC.
Keywords: Accelerator/Sulfur Ratio of Vulcanization, Advanced Characterization, Systematic Optimization of Property-

performance, Intrinsic Properties of Composite Membranes, Reaction Mechanism

INTRODUCTION

Pervaporation (PV) is a widely used membrane based technique
for dehydration [1], separation of azeotropic mixtures [2], close-
boiling mixtures [3] and recovery of traces of impurities from aque-
ous solutions [4]. Membrane based separation has gained much
attention for its high selectivity, low energy consumption, moder-
ate cost to performance ratio and compact modular design. The
chemical potential gradient across the membrane is the driving
force for the mass transport in PV.

Tetrahydrofuran (THF) is a colourless heterocyclic ether possess-
ing low viscosity, potential basicity, moderate water solubility, high
dielectric constant (7.6) and dipole moment of 1.63 D, which enables
it to dissolve a wide range of polar components. It forms azeo-
trope at 63.9 oC and 94.3 wt% of in water [5]. Its density and solu-
bility parameter (SP) are 0.8892 g cm−3 and 19.2 MPa0.5, respectively.
THF is extensively used as an expensive solvent to dissolve differ-
ent monomers and polymers, as well as in different chemical reac-
tions, including hydroboration and Grignard reactions [6]. Besides,
THF finds its applications in liquid chromatography as mobile phase
and as an intermediate or a monomer in manufacturing colours,
glues, colour toners and therapeutic products [2,7]. Therefore, waste
effluents of these industries contain dissolved THF and hence recy-
cling has become an essential task to reduce the industrial invest-
ment. However, conventional distillation does not give high separation

due to the formation of azeotrope. Again, the tendency of THF to
produce unstable peroxides in contact with aerial oxygen may cause
explosion during distillation [2].

Use of hydrophilic membranes, made of various homo- and co-
polymers [8,9], polymeric blends [10-12] and polymer-inorganic
composites [13-16], have already been studied for dehydrating
THF. However, the recovery of THF from aqueous solution is lim-
ited [2,17-19], owing to the lack of available THF selective organo-
philic membranes.

In case of elastomers, the amorphous nature limits their use as
organophilic membranes due to high flux but poor organic selectiv-
ity. Vulcanization can solve this problem via enhancing elasticity of
raw rubber (NR) and offering good balance between tensile strength
(TS) and elongation at break (EAB). The hardness and abrasion resis-
tance also get increased during vulcanization, which thereby makes
vulcanized NR more applicable than uncured NR for removing of
organics from their binary aqueous solutions, depending upon the
closeness of solubility parameters between membranes and organics.

Though few works have been devoted to the use of RSM towards
membrane based PV process [20-23], its use towards optimizing the
of pervaporative removal of THF from THF-water system using
carbon black filler (CBF) filled and sulfur crosslinked NR mem-
branes has not yet been reported. In fact, membrane properties are
found to vary significantly even after the small changes in either
A/S or the wt% of filler. Thus, the prevalence of optimum physico-
chemical properties can only be possible by the incorporation of
optimum amounts of filler, accelerator and sulfur, obtained by RSM.
In this context, though some attempts have been made to get the
optimum balance of these aforesaid properties by gradual addition
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of these ingredients in different amounts to synthesize membranes
of varying CDs and crystallinity, followed by the measurements of
physicochemical properties or characterization by several conven-
tional methods to avoid the appearance of either very high CDs or
formation of filler aggregates, the exact balance of physicochemi-
cal properties of membranes, as required in pervaporative separa-
tion, using two steps optimization method has not yet been reported.

Like other chemical reactions, rubber vulcanization also depends
on several physical parameters, such as temperature, solubility, rel-
ative strengths, pH and chemical nature of the vulcanizing agent
[24]. Accelerated sulfur vulcanization has been found to impart ex-
cellent strength, dynamics and lowest curing cost. Although sev-
eral works have been carried out to understand the type and mecha-
nism of vulcanization between rubber and vulcanizing agents [25,
26], an unambiguous mechanism of such reaction is yet to be estab-
lished. In the present study, NR was vulcanized by sulfur through
SEV method using zinc diethyldithiocarbamate (ZDC) as the ac-
celerator and filled by varying doses of CBF to produce four new
(i.e., NRSEV0, NRSEV8, NRSEV12 and NRSEV24) crosslinked/
composite membranes. We found both radical and ionic paths for
accelerated sulfur vulcanization of NR for the formation of differ-
ent crosslink precursors and different vulcanized products from
these precursors. In the present work, all possible mechanisms of
accelerated sulfur vulcanization of NR have been incorporated to
explain the vulcanization reaction properly. Previously, efficiently
vulcanized SBR (SBREV) and NR (NREV) membranes were tried
for the recovery of traces of pyridine from pyridine/water systems
[3,27]. However, RSM optimization has established NRSEV to
have the best balance of the mechanical properties. Thus, in the
present work, unfilled and filled NRSEV membranes have been
used for the pervaporative removal of THF from THF-water mix-
tures along with the optimization of their potential performance in
PV by RSM, ensuring interactive effects of temperature, wt% of
THF and wt% of filler.

EXPERIMENTAL

1. Theory
1-1. Thermodynamics of Sorption

Interaction parameters (IPs) between solvents in feed (χ f
ij) and

membrane (χij
m), help determine the relative sorption of THF and

water by the elastomeric membranes, of which χ f
ij can be determined

using Eq. (1a) based on Flory-Huggins thermodynamics [24].

(1a)

Here, vi/xi and vj/xj are volume fractions/mole fractions (VFs/MFs) of
THF (i) and water (j) in feed mixture, respectively. For determin-
ing IP between solvents in membrane (χij

m), χ f
ij is first plotted against

feed VF (vi) of i to obtain a polynomial trend line. IPs of i and j in
membrane and feed are obtained from VFs of components using a
method reported elsewhere [28]. IP between solvent (i) and mem-
brane (χip) is obtained from VF of polymer (φp) using Eq. (1b).

(1b)

The activity coefficients of i and j for different feed mixtures are
determined by two parameters Wilson equations (Eqs. (2a) and (2b))
[29].

(2a)

(2b)

The Wilson parameters (Λij and Λji for i and j) are obtained from
its vapor-liquid-equilibrium (VLE) data [30]. Though solubility para-
meters of various solvents and polymers are available in literature,
it can still be varied for attainment of chemical (crosslinking) and
physical (filler loading) modifications. Solubility parameters of mem-
branes (δp) are obtained from IPs by Eq. (3) [24].

(3)

Here, Vi is molar volume and δi is solubility parameter of i. Mem-
brane phase activity of i (ai) for binary sorption (membrane and one
solvent) is obtained using Eq. (4) based on Flory-Huggins thermo-
dynamics.

(4)

However, mole fraction of i within membrane is difficult to meas-
ure, since polymer possesses molecular weight distribution instead
of fixed molecular weight. Assuming constant density of compo-
nents and polymer within membrane, MF may be replaced by VF.
Accordingly, activity of i within membrane may be assumed by
Eq. (5a).

(5a)

Here, ϕi
m is VF of i within membrane. For a single component sorp-

tion by membrane, ai
m=1 and activity coefficient for single compo-

nent in membrane (state-I) can be calculated using Eq. (5b).

(5b)

In fact, state-II helps determine the coupling of each component
with membrane without the aid of interactive effect between i and
j. The state-II activity coefficient of i in binary mixtures of i and j
can be calculated using Eq. (5c).

(5c)

Again, considering coupling effect, activity coefficients of i and j
(i.e. state-III) may be obtained by Eqs. (5d) and (5e).

(5d)

(5e)

Here, ui/uj represent VFs of i/j that can be obtained by Eqs. (5f)
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and (5g).

(5f)

(5g)

1-2. Measurement of Partial Permeabilities (PPs) and Membrane
Selectivities (MSs)

Based on solution-diffusion model, mass flux of i through a dense
PV membrane may be described in terms of its vapor pressure (VP)
difference (driving force) on feed and permeate sides by Eq. (6).

(6)

Here, l is membrane thickness; pf and pp are VPs of feed and per-
meate sides, respectively. Pi is intrinsic membrane permeability and
Pi/l is membrane permeance [24]. VP of i on feed side (pf) i.e. fugac-
ity of it (fi) may be obtained using Eq. (7).

(7)

Here, ps/xi/yi are saturated vapor pressure/mole fraction/activity
coefficient of i on feed side. Due to extreme low pressure, the com-
ponents at permeate side may be assumed to behave like an ideal
gas. Thus, partial VP of i on permeate side (pp) may be obtained
using Eq. (8) [31].

(8)

Here, Pp and yi are total permeate pressure and MF of i on perme-
ate side, respectively. Thus, Eq. (6) may be modified to Eq. (9).

(9)

or, (9a)

Now, saturated VPs of i and j may be calculated using the Antoine
equation. VP in the permeate side is too low to be considered and
hence Eq. (9a) may be modified to Eq. (9b).

(9b)

Intrinsic MS, αmem may be obtained from the ratio of permeabili-
ties using Eq. (10).

(10)

1-3. Diffusion Coefficient (DC)
In a binary system with a nonporous dense membrane, pervapo-

rative flux (Ji) of i can be described by Fick’s first law using Eq. (11)
[32].

(11)

For very small Wim, the above equation reduces to Eq. (12).

(12)

However, DC depends on the concentration of permeating com-
ponents in membrane and their mutual coupling effect. DCs of i
and j can be obtained using Eqs. (13) and (14), respectively [32].

(13)

(14)

Substituting Eq. (13) in Eq. (12) results in Eq. (15).

(15)

TF of i through the membrane was obtained via integrating Eq.
(15) over the membrane thickness (Eq. (16)).

(16)

For the present system, both THF and water will plasticize the mem-
brane. Ignoring very low concentration of the permeating compo-
nent on the downstream side, Eq. (16) reduces to Eqs. (17) and
(18), respectively, for components i and j.

(17)

(18)

From permeation data, Ji and Jj are obtained and from the sorption
experiments, Wim and Wjm can be calculated. Thus, by a linear regres-
sion of the last two equations, DCs at different feed concentrations
can be determined.
1-4. Measurement of Crosslink Densities (CDs)

Uncrosslinked NR membranes dissolve in hydrocarbon solvents,
like toluene, pyridine, THF etc., depending on the closeness of their
mutual solubility parameters. However, if the extent of crosslink-
ing is very high, it can only swell to some extent without dissolu-
tion. For a given degree of CD, a better solvent will give higher degree
of swelling. This relationship is quantitatively expressed by the Flory-
Rehner Eq. (23) [24].

(23)

Here, v, Vs, vr and χ are CD, molecular volume, VF and IP, respec-
tively. CD by physical method is determined from the well-known
equation (Eq. (24)) of kinetic theory of elasticity in its simplest
form [24].

(24)

Here, σ is the stress to extend the crosslink rubber sample to exten-
sion ratio λ', R is the gas constant, T is the absolute temperature, v
is the number of crosslinks in 1 cm3.
2. Materials

NR of grade ribbed smoked sheets 3 (i.e. RSS3) and CBF of grade
N330 (iodine no.=83.5 g Kg−1, density=374 Kg m−3, nitrogen sur-
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face area=77.33 sqm g−1 and pH=7.12), were collected by PCBL
(West Bengal, India). ZDC, sulfur powder and THF were pur-
chased from Merck (Merck specialties private limited, India).
3. Preparation of Thin PV Membranes from Rubber-filler Dis-
persion

To prepare rubber-filler dispersion, NR was masticated by swell-
ing it in toluene for 30 h. Varying proportions (8, 12 and 24 wt%
of rubber) of CBFs were then added in portions with constant
mechanical stirring to prepare a homogeneous dispersion. Sulfur
(crosslinker, 4.91 wt% of rubber) and ZDC (accelerator, 4.86 wt%
of rubber) were thereafter added to this dispersion with constant
stirring for another 8 h. The resultant dispersion was then cast and
kept overnight to dry under normal atmospheric conditions fol-
lowed by crosslinking in a muffle furnace at 110 oC for 40 mins.
The cured membrane was subsequently cooled by immersing the
glass plate in cold water followed by peeling out from it. Thickness
of the membrane was then measured with a thickness gauge at
different regions. The average thickness of membrane used appeared
to be 50±0.55 mm.
4. Vulcanization of Rubber Membranes

To make elastomers more useful, a chemical reaction, known as
vulcanization or curing, was carried out to obtain crosslinked rub-
ber chains. Vulcanized elastomers were found to have reversible
elastic behavior under strain. Intramolecular bond in rubber moi-
eties are generated by mono-, poly- and cyclic-sulfidic linkages
during sulfur crosslinking, of which poly-sulfidic linkages give free
mobility of chain segments. The movement of individual chain with
respect to any stress, like pressure differential in PV, depends on
the length of the bridge links of C-Sx-C (polythioether crosslink-
ing). Higher the value of ‘x’, the easier it is for the chains to move
[24,33]. On the other hand, maximum restriction in the rubber
matrix is observed when crosslinking is achieved through much
stronger and rigid mono-sulfidic linkages. Based upon the A/S
ratios, vulcanization can be conventional (CV, A/S=0.1-0.6), semi-
efficient (SEV, A/S=0.7-2.5) or efficient (EV, A/S=2.5-12.0). Open
cure of rubber in conventional compression molding at a definite
pressure and temperature could not be carried out for these too
thin PV membranes. Consequently, membranes were cured at opti-
mum cure temperature by incorporating cast rubber film in hot-
air-oven without any pressure. In an open cure of rubber without
pressure, rather higher doses of A/S are generally used. Thus, in
the present work, A/S doses were fixed at 4.86/4.91 wt% of NR for
SEV.
5. Accelerators in Rubber Vulcanization

As vulcanization is a kinetically slow process, accelerators are
generally used to decrease the curing time at much lower tempera-
ture to obtain maximum extent of mono- and bi-sulfidic crosslink-
ing. Early in the 20th century, several inorganic oxides were mainly
used to speed up sulfur vulcanization at high temperature. Pres-
ently, organic substances are mostly used in small proportions to
make it more productive and economical. Currently available accel-
erators are classified in several categories based on the difference
in curing speeds, like slow-, medium-, semi-ultra- and ultra-accel-
erators, containing several chemical units (guanidines, thiazoles,
sulphenamides, dithiocarbamates, thiuramsulphides, xanthates and
aldehyde amines). Though NR contains unsaturation in its struc-

ture, an ultra-accelerator should be used at high temperature for
better curing at convenient rates. ZDC, an ultra-accelerator, was
used in the vulcanization of NR at 110 oC, having optimum curing
time of 30 mins. ZDC has been reported to produce lower extent
of poly-sulfidic bridges, in which the bridge length can be varied
by varying the A/S ratios [24]. To obtain the minimum swelling
after the attainment of equilibrium, rubber cured at 15mins, 30mins,
1 hr, 2 hrs, 3 hrs and 5 hrs and 10 hrs was immersed in THF.
6. Choice of Filler for Membrane Property/Performance Varia-
tions in PV

Fillers are added to elastomers to replace the use of expensive
binders for improving important mechanical properties, like TS,
EAB, modulus, abrasion resistance and tear strength. CBF, a colloi-
dal form of elemental carbon is produced by partial combustion of
oil or natural gases. The reinforcement power of CBF can be
explained by the filler-polymer interface model, which states that
the interface consists of two layers, glassy layer (~2 nm) and sticky
layer (~3-8 nm). Glassy layer restricts chain mobility and increases
stresses at small strains, whereas sticky layer extends from the glassy
layer into the polymer and contributes an increase in stress at larger
extensions [34]. When CBF is introduced into the rubber matrix,
van der Waals force of attraction as well as covalent interactions
prevail between the functional groups of CBF surface and rubber
matrix. Depending on the energy site distributions of primary par-
ticle microstructures, which has dominant importance in con-
trolling the surface activity of CBF particles, phase bonding and
interparticle/interaggregate interactions are found to vary. As shown
in Fig. 1(a), energy sites are of four different kinds, graphitic planes
(1), amorphous carbon (2), crystallite edges (3) and slit shaped cav-
ities (4) [35]. Relative energy/population of 1, 2, 3, and 4 in CBF of
N330 grade is 16 kJ mol−1/84%, 20 kJ mol−1/7%, 25 kJ mol−1/7% and

Fig. 1. Attribution of adsorption sites (a), agglomeration of CB par-
ticles in rubber matrix via physical/chemical interactions (b)
and schematic representation of interactions between CBF
and rubber chains (c).
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30 kJ mol−1/2%, respectively [36]. The relation between reinforc-
ing strength of fillers and interaction strength with rubber matrix
depends on the primary particle size of fillers, which decreases with
high energy sites and becomes completely absent during graphiti-
zation. The prevalent attractive interaction between CBF and organic
portion (Fig. 1(b)) depends on oxygen/heteroatom content and
charge density of graphene layers. Several oxygen containing func-
tional groups of CBF (quinone type carbonyl, phenolic hydroxyl,
carboxyl, lactone, ether etc.) are either acidic or basic. Basic surface
groups have an important role in several carbon utilization pro-
cesses. Variation of the numbers of acidic (lactol, lactone, phenol
and carboxyl) or basic (pyrones, chromenes and ketones) func-
tional groups on the surface of CBF largely influences the electron
cloud density of graphene layers and hence hydrophobic interac-
tions [37]. Incorporation of CBF into the rubber matrix generates
covalent and/or van der Waals force of interactions between func-
tional groups of CBF and rubber matrix (Fig. 1(c)) for the rein-
forcement of rubbers. The variation of particle size of CBF from
10-500 nm largely influences the reinforcing properties of the elas-
tomers, as it is established that lower the particle size, higher will
be the reinforcement capacity. In fact, CBF of particle size 1,000-
5,000 nm displays small reinforcement, whereas 500-1,000 nm and
lower than 500 nm exhibits medium and strongest reinforcement
strength, respectively [38]. Therefore, CBF of average particle size
30-45 nm was used in the present study.
7. Characterization of the Membranes

NRSEV membranes were characterized by measuring TS, EAB
and modulus through Lloyd-UTM, England as per ASTM D 882-
97 for polymeric film; field emission scanning electron micro-
scope (FESEM) and energy dispersive X-ray (EDX) using JEOL
JSM-7600F having resolution of 1 nm at 15 KV and 1.5 nm at 1 KV
with the scanning voltage of 100 V to 30 KV; atomic force micros-
copy (AFM) via VEECO digital multimode nanoscope-IIIa, tap-
ing mode at the scanning rate of 2.001 Hz having scan size 5 mm;
X-ray diffraction (XRD) by X’Pert PRO, made by PANalytical B.V.,
The Netherlands using Ni-filtered Cu K

α
 radiation (λ=1.5418 Å),

scanning rate of 2θ=0.005o/s and angle of diffraction was varied
from 2-72o; thermogravimetric analysis (TGA) using Pyris6 TGA,
Netherlands in nitrogen atmosphere with flow rate of 20.0 cm3/
min at the scanning rate of 10 oC/min at 30-700 oC; fourier trans-

form infrared (FTIR) spectroscopy through Spectrum-2, Singapore
using a thin film in the range of 4,000 to 400 cm−1) and differen-
tial scanning calorimetry (DSC) via Pyris6 DSC, The Netherlands
in N2 atmosphere with flow rate of 20.0 cm3 min−1 at 30-442 oC.
All graphical analyses were carried out using Origin 9.0 software.
Software based image analysis on SEM photomicrographs was con-
ducted by ImageJ, NIH, USA. RSM was carried out by using Design
Expert 7.0.0 software.
8. Isothermal Sorption Study

To carry out sorption studies, different known concentrations of
THF-water mixtures were prepared and membranes of known
weights (1.00 g) were immersed within it. These were allowed to
attain equilibrium for about four days at 35 oC. The samples were
weighed periodically until constant weight was obtained and then
taken out from solutions. The increase in weight due to immersion
defined the total amount of THF and water sorped by membranes.
After evaluating total sorption (TSP), the thick membranes were
placed in a 100 cm3 conical flask, maintained under constant tem-
perature, accompanied by cold trap, which was further immersed
in liquid N2 as well as vacuum pump, connected in series (Fig. 2(a)).
The sorped sample released vapor when heated under vacuum.
This vapor was condensed in the cold trap, submerged in liquid
N2. Composition of this liquefied vapor, which gave the amount of
THF sorped by membranes, was analyzed with a refractometer.
Sorption selectivity (SS) of membrane (αS) for THF could be cal-
culated from the weight of total sorption and corresponding THF
content [23].

(25)

Here, ymi/xfi denotes concentration of i in membrane/feed.
9. Pervaporation Experiment

PV experiments were performed in an isothermal batch stirred
cell by circulating constant temperature water around the jacket of
it, having an effective membrane area (A) and volume of the feed
compartment as 19.00 cm2 and 200.0 cm3, respectively, and main-
tained at 1 torr by liquid Hg column method using a manometer
with adaptable downstream pressure (Fig. 2(b)) [39]. The feed sec-
tion of PV cell contained a stirrer and thermometer to ensure suit-
able mixing of liquid feed to eliminate either concentration or tem-

αS i( )  = 
ymi/ymj

xfi/xfj
----------------

Fig. 2. Experimental setup for sorption (a) and pervaporation (b).
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experimental error and reproducibility of experimental data. The
designed experiments were carried out in randomized form to min-
imize the effects of uncontrolled factors [42,43]. Responses were ana-
lyzed and correlated with input variables for optimization based on
the following empirical second order polynomial equation.

(28)

Here, Y, β0, βi, βii and βij represent the predicted response, constant,
linear, quadratic and interaction coefficient(s), respectively. To jus-
tify the significance and adequacy of the predicted model by anal-
ysis of variance (ANOVA), independent experimental conditions
were taken as coded variables in the range of −1 (minimum) to
+1 (maximum). Data obtained from experiments were fitted to
Eq. (28) for obtaining regression coefficients (R2). The minimum
(−1) and maximum (+1) levels taken for the independent vari-
ables (wt% of accelerator (P)/sulfur (Q) and X1/X2/X3) for optimi-
zation of TS/EAB and TF/SF (Table 1). The primary objective of
first optimization was to ensure the optimum A/S ratio for pro-
ducing NR membrane having the best balance of TS/EAB. Again, in
the second case, maximum THF recovery from THF-water system
was ensured by the establishment of optimum conditions for max-
imum SF of NRSEV membranes. The following criteria were em-

Y = β0 + βiXi + βiiXi
2

 + βijXiXj
j=1

2
∑

i=1

3
∑

i=1

3
∑

i=1

3
∑

perature gradient. A sintered disk was placed at the center of the
PV cell to hold the membrane. The upper part of this contained
membrane, followed by feed mixture at 1 atm, whereas the lower
part was made almost vacuum with the help of a vacuum pump.
The feed mixture in contact with membrane was permitted to
equilibrate for ~6 h for the first experiment followed by 4 h for
subsequent experiments with varying feed compositions at differ-
ent temperature. Permeate was condensed and collected in traps
wrapped up by liquid N2. Permeation flux (J) was calculated from
the ratio of the amount of total permeates (W) to the product of
time (t) of experiment and area of the membrane (A) by Eq. (26).

(26)

The corresponding THF content of permeate was estimated using
a refractometer at 35 oC. SF of THF (αTHF) for all the membranes
were evaluated using Eq. (27).

(27)

Here, yi/xi are weight fractions of i in permeate/feed.
10. Design of Experiments

RSM is a widely used statistical method for modelling and anal-
ysis of responses of any experiment by performing minimum num-
ber of studies [40]. Optimization is mainly carried out by three steps,
performing statistically designed experiments, estimation of the
coefficients in a mathematical model and predicting the responses
and examining adequacy of the model [41]. Central composite
design (CCD), a standard RSM design, was applied to optimize
three independent experimental conditions (temperature of exper-
iment (X1), wt% of THF in feed (X2) and wt% of filler loading (X3))
to understand their mere and interactive effect on two responses, TF
and SF. Generally, CCD consists of 2n factorial runs, 2n axial runs
and nc central runs [42]. The central points are utilized to evaluate

J = 
W
At
------

αi = 
yi/yj

xi/xj
----------

Table 1. Maximum and minimum data ranges for the parameters
to be optimized using two steps RSM

Parameters Maximum range (−1) Minimum range (+1)
X1 35 oC 55 oC
X2 2.44 7.34
X3 0 24
P 2 wt% 8 wt%
Q 3 wt% 6 wt%

Table 2. Physical properties of membranes
Membrane/
Thickness (µm)

CD×104 (mol cm−3)
(Chemical method)

CD (MPa)
(Physical method)

Modulus/
% elongation (MPa)

TS (MPa)/
EAB (%) Ref.

PDMS/33a

PDMS/85a

PDMS/189a

PDMS/285a

-
-
-
-

-
-
-
-

-
-
-
-

1.82/94.80
1.91/120.2
1.97/198.9
2.12/250.7

44
44
44
44

EPDM/-b - - 01.4/200 2.40/388.5 45
EPDM0/50b

EPDM2/50b

EPDM4/50b

EPDM6/50b

4.89
7.20
8.83
9.30

06.45
10.65
13.56
14.56

0.34/100
0.48/100
0.57/100
0.62/100

4.46/750.0
6.24/337.3
7.15/245.2
7.89/172.1

31
31
31
31

NRSEV0/50±0.55
NRSEV8/50±0.55
NRSEV12/50±0.55
NRSEV24/50±0.55

3.06
3.57
3.82
4.25

04.80
05.40
05.65
05.93

0.44/100
0.98/100
1.54/100
1.69/100

05.66/520
11.35/500
14.77/486
15.25/424

TS#

TS#

TS#

TS#

aPolydimethylsiloxane
bEthylene polypropylene diene monomer
#This study



1422 M. Karmakar et al.

May, 2017

Fig. 3. FESEM of NRSEV8/30kX (a), NRSEV12/30kX (b), NRSEV24/30kX (c), NRSEV8/50kX (d), NRSEV12/50kX (e), NRSEV24/50kX (f),
NRSEV0/30kX (g), EDX of NRSEV0 (inset of g), AFM of NRSEV0 (h), NRSEV12 (i), DSC (j), XRD (k), DTG (l), TGA (m), TGA of S/
ZDC/CBNF (inset of m) and FTIR (n).
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ployed in the numerical optimization section of the software: X1,
X2, X3, P, Q and TF: ‘in range’ and SF: ‘maximize’.

RESULTS AND DISCUSSION

1. Variation of Mechanical Strength and Crosslink Densities
(CDs)

The variation of TS, EAB and modulus of filled and unfilled

NRSEV membranes is given in Table 2. With the rise in physico-
chemical interactions via insertion of surface reinforcing filler,
chain flexibility of rubber moieties was found to decrease that led
to the inverse variation of TS/modulus and EAB [33]. However,
TS was also increased with the rise in filler at the cost of EAB.
Thus, these membranes showed good balance of TS and EAB as
required in PV.

Chemical and physical CDs of NRSEV membranes were com-

Scheme 1. Sulfur vulcanization through ionic path.
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parable with other reported rubber membranes (Table 2). From
these values, it appeared that CDs of the rubber membranes in-
creased with filler loading due to the incorporation of high struc-
ture fillers in the voids of rubber matrix. The increase in CDs was due
to the increase in physical crosslinking from NRSEV8 to NRSEV24
by the weak van der Waals force of attraction between functional
groups of CBF surface and rubber chains.

2. Field Emission Scanning Electron Microscope (FESEM) and
Energy Dispersive X-ray (EDX)

FESEM at higher magnification (30 kX and 50 kX) was con-
ducted to ensure the change in morphology due to the distribu-
tion of CBFs in membrane matrix. In fact, morphology coarsening
was observed in the used membranes with the increasing amount
of filler (Fig. 3(a)-(f)). However, featureless dense morphology in

Scheme 2. Sulfur vulcanization through radical path.
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unfilled NRSEV0 membrane was also observed due to close vicin-
ity of rubber chains by bi- and poly-sulfidic crosslinking (Schemes
1 and 2) in accelerated sulfur vulcanization (Fig. 3(g)). Rough sur-
face and uneven distribution of fillers were observed with the in-
creasing amount of filler, due to strong filler-filler interaction, result-
ing agglomeration of particles in the composite matrix. In fact, par-
ticle agglomeration was confirmed by the increase in particle
dimension (L/B ratio) of CBFs in the order of, 436.45 (nm)/239.16
(nm), 523.33 (nm)/336.25 (nm) and 843.47 (nm)/523.33 (nm) for
NRSEV8, NRSEV12 and NRSEV24, respectively [31]. However,
the use of 0.9898 weight ratio of A/S for SEV was also confirmed
from the relative peak intensities of zinc and sulfur in the selected
area of EDX spectra (inset of Fig. 3(g)).
3. Thermogravimetric (TGA), Differential Thermal Gravi-
metric (DTG) and Differential Scanning Calorimetric (DSC)
Analyses

The TGA diagram (Fig. 3(m)) of elastomeric membranes shows
two major weight loss regions (~1-89 wt% and ~89-98 wt% for NR
but ~1-70 wt% and ~89-93 wt% for NRSEV0, NRSEV8, NRSEV12
and NRSEV24, respectively) along with the onset of degradation at
around 170 oC (loss of ~1 wt%). Weight loss in the range 170 oC to
200 oC for all the membranes was due to the removal of volatile
components (e.g., stearic acid and adsorbed moisture) [46]. The first
major region of weight loss was ascribed to the degradation of NR
backbone (poly-isoprene) into gaseous products, whereas in the
second stage of degradation [47], weight loss was associated with
the scission of NRSEV and conjugated polyene (which was left
after the first stage of degradation) [48]. However, the maximum
degradation temperature was found to vary within 585-620.5 oC
for the used vulcanized and composite membranes (From Fig.
3(m), confirmed the final decomposition of occluded rubber moi-
eties within filler aggregates. The amount of residues for sulfur,
ZDC and CBF were 1.14, 14.7 and 52 wt%, respectively (inset of
Fig. 3(m)). Therefore, the amount of percentage residue for raw NR
(1.37 wt%) was exceptionally low in comparison to the filled and
crosslinked membranes (5.70-7.54 wt%), signifying the presence of
S, ZDC and CBF residues. With increasing filler loading, the resi-
due formation was found to increase (5.62, 6.09, 6.90 and 7.6 wt%
for NRSEV0, NRSEV8, NRSEV12 and NRSEV24, respectively),
indicating the increasing amount of CBF in the membranes. Com-
plete degradation of polymer backbone, within 585-620.5 oC, was
ensured from the increasing amount of residue formation with
increasing amount of CBF (also ZDC and sulfur) in the compos-
ite membrane as beyond 620.5 oC, only CBF, ZDC and sulfur sur-
vived. As observed in DTG (Fig. 3(l)) diagram, the maximum rate
of thermal decomposition/maximum degradation temperature for
NRSEV24, NRSEV12, NRSEV8, NRSEV0 and NR were −10.8
wt%/371 oC, −9.62 wt%/361.14 oC, −10.56 wt%/352 oC, −10.07 wt%/
379.4 oC and −18.66 wt%/376.3 oC, respectively, which explained the
minimum thermal stability of raw NR membrane at comparable
maximum decomposition temperature. The thermal stability was
found to increase remarkably with chemical crosslinking (from
NR to NRSEV membranes) but did not vary significantly with
physical crosslinking (with increasing CBF loading from 0-24
wt%), signifying the fact that chemical crosslinking affected the
thermal properties more than filler incorporation. From Fig. 3(j),

several endothermic heat losses were observed in ranges, like
106.66-108.3 oC, 149.34-183.00 oC, 416.34-429.00 oC etc. In fact, the
appearance of crystalline melting temperature (Tm) was found to
increase from 149.34 to 183.00 oC, owing to better physicochemical
crosslinking by higher amounts of surface reinforcing fillers. How-
ever, a portion of occluded rubber, surrounded by CBF aggregates,
showed better thermal stability, even at much higher temperature
ranges (416.34-429.00 oC or higher ranges). Altogether, thermal sta-
bility of used membranes, as reflected from TGA and DSC analy-
ses, was found to increase significantly with crosslinking and filler
loading.
4. X-ray Diffraction (XRD)

From characteristic XRD pattern of four filled and crosslinked
membranes, considerable variation in the physicochemical interac-
tions were obtained due to the variation of wt% of CBF (Fig. 3(k)).
Incorporation of filler resulted in an increase in physical crosslinking,
TS/modulus and hence physicochemical interactions due to filling
of voids in the rubber matrix. Symbolic peak intensities of XRD at
the specified 2θs (~20o), were decreased in the order, NRSEV24>
NRSEV12>NRSEV8>NRSEV0, signifying decrease in physico-
chemical interactions by the same order [31]. Similar change in
physicochemical interactions was also observed in TGA and DTG
diagrams. The prevalent fillers of high surface area resulted an in-
crease in physicochemical interactions due to increase in TS, mod-
ulus and physical and chemical crosslink densities. Miller distances
(d100~2.45 Å, n=1; d200~3.80 Å, n=2), determined from sharp sym-
bolic peak intensity of XRD in the proximity of 2θ~31o/36o in all
composite membranes, were almost identical to the single layer of
graphene [49]. Unfilled NRSEV0 contributed lowest physicochemi-
cal interactions due to the absence of physical crosslinking, as evi-
dent from minimum peak intensity of XRD.
5. Atomic Force Microscopy (AFM) 

AFM was also used to determine the change in rubber surface
morphology of composite membranes by filler microdispersion. It
was found that high structure CBFs protruded in the rough sur-
face of elastomer and well dispersed without agglomeration [50].
In fact, morphology of filled membranes also looked different
from the unfilled matrix. However, in filled membranes, the rough
surface at micrometer level was observed, whereas unfilled but
crosslinked membrane showed relatively smoother surface (Fig.
3(h)-(i)).
6. Fourier Transform Infrared Spectroscopy (FTIR) Analysis

FTIR spectra (Fig. 3(n)) of NR and NRSEV0 membranes showed
characteristic peaks at 2,912/2,724, 1,657/1,538, 1,450 and 1,378
cm−1 for C-H unsymmetrical/symmetrical stretching vibrations of
methylene (-CH2-) group in the saturated hydrocarbon backbone,
C=C stretching, -CH2- scissoring and C-H symmetrical bending
vibration of methyl groups, respectively [24]. However, symbolic
peaks in the range 700-600 and 500-400 cm−1 represented the ap-
pearance of C-S-C/C-S and S-S bonds, respectively [50]. More im-
portantly, NRSEV0 membrane also showed distinct peaks of C-S
and S-S bonds at 648/576 and 439 cm−1 as a result of sulfur cross-
linking [24,51]. However, C-S band appeared at a frequency higher
than S-S band due to different extents of S-S (B.E=57 kcal mole−1)
and C-S (B.E=65 kcal mole−1) bond stabilities. In fact, vulcaniza-
tion at double bonds was also reflected by the symbolic appearance
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of a new band at 1,504 cm−1 and decrease in C=C peak intensities
at 1,657 and 1,538 cm−1. Indeed, chemical crosslinking decreased
the population of prevalent double bonds, and thus fewer double
bonds were available in crosslinked membranes for free physical
interaction with the functional groups of CBFs. In this regard, it is
important to note that FTIR spectra of the filled membranes were
not carried out as CBF blocked the passage of IR radiation through
the composite membranes.
7. Variation of Interaction Parameters (IPs), Total Sorption
(TSP), Sorption Selectivity (SS) and State-I/II/III Activity Co-
efficients (ACs) of THF (i) and Water (j) with Feed Concen-
tration of THF

IP between solvents in feed (χ f
ij) was determined using Eq. (1a).

To determine IPs of solvents with membrane (χm
ij), χ f

ij was first
plotted with volume fractions (Vi) of THF in feed to obtain a poly-
nomial trend line (χm

ij=30.4675ui
2
−7.7673ui+7.0025) having R2 clos-

est to unity. The variation in IPs of solvents with feed concentration
of THF in feed and membranes (both unfilled and filled) were
shown in Fig. 4(a). Higher the value of IP, the lower will be the
mutual interaction between solvents. However, with the increase
in feed concentration, IP between THF and water increased in
membrane phase, whereas IP was found to decrease in the feed side.
From Fig. 4(a), we also observed that membrane phase IPs were
much higher than feed IPs. Thus, mutual interaction between sol-
vents in feed was higher than their interactions in membrane, re-
sulting in sorption of solvents by these membranes. However, the

mutual interaction between two solvents during sorption was de-
creased relatively in membrane phase with the increasing feed con-
centration. This indicated that THF recovery became easier with
increasing concentration owing to plasticization of the organophilic
rubber membranes. Initially, increase in IPs of components from
NRSEV0 to NRSEV12, followed by its decrease from NRSEV12 to
NRSEV24, indicated better THF recovery with increasing filler load-
ing up to 12 wt%. Thus, no further study was carried out beyond
24 wt% of filler incorporation. Hydrophobic CBF enhanced orga-
noselectivity of NRSEV membranes. Again, with increasing filler
loading, χip/χjp in membranes were found to follow the order,
NRSEV24 (0.5046/0.8969)>NRSEV12 (0.5040/0.8506)>NRSEV8
(0.5032/0.7963)>NRSEV0 (0.5025/0.7350).

It was observed from Fig. 4(b) that TSP and SS showed an oppo-
site trend with increasing feed concentration of THF. In fact, with
increasing concentration, more THF was adsorbed by the organo-
philic membranes. However, the feed concentration of THF was
insufficient for dissolving used membranes except loosening of the
polymeric chains, which resulted the higher permeation. TSP of
the unfilled membrane was higher than CBF filled membranes,
whereas SS was lower for unfilled membranes, possibly due to the
inverse variation of increased physicochemical interactions and total
sorption of these membranes. Actually, with increasing filler load-
ing, enhanced physicochemical interactions caused filling of voids
in the rubber network resulting in lower amount of TSP. However,
the increased organophilicity of the rubber membranes by incor-

Fig. 4. Variation of interaction parameter (a), total sorption and sorption selectivity (b), state-I/II/III activity coefficients of THF (c) and
water (d) with feed concentration of THF.
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poration of CBF enhanced THF selectivity. In this regard, the oppo-
site trend of TSP and SS with feed was also reported by Singha et
al. [31]. All the experiments were repeated thrice and standard
deviations (SD) of the obtained results were estimated to confirm
reproducibility. SD variation within 2-4% of the mean value indi-
cated fair reproducibility as well as high confidence limit of the
results within a narrow confidence interval [24]. For 0.97 wt% THF
in feed, TSP/SS of NRSEV24 membrane were found to be 0.79±
0.025 (g/g of membrane)/143.72±4.31.

The variation of activity coefficients of THF and water within
NRSEV membranes with feed concentration is given in Fig. 4(c),
(d), respectively. The preferential separation of one solvent from its
binary mixture can be apprehended from the interactions of each
liquid with membrane as well as with each other. A comprehensive
approach to understand the coupling effect is to study the change
in activity coefficient of each component in thermodynamic swell-
ing process. This change can arise from two types of coupling, in-
teraction of each component with membrane matrix and mutual
interaction between components within the membrane. Separa-
tion of two miscible solvents by selective sorption can only be pos-
sible if the interaction of a particular solvent with membrane matrix
predominates over mutual interaction with other solvent. To ac-
count for the contribution of coupling effect from activity coeffi-
cient of each component within membrane, three distinct curves
of activity coefficients in different states were considered, state-I
indicated the activity coefficient of pure (ideal) component within
the membrane acting as a reference followed by state-II, describing
the activity coefficient of component i in reference state to con-

sider the interaction between individual component within mem-
brane/membrane matrix and finally state-III activity coefficients,
which illustrated the mutual interaction of both components within
membrane in thermodynamic swelling process. The deviation be-
tween state-I and state-II illustrates the interaction between each
component and the membrane matrix with the change in feed
concentration, whereas state-II and state-III deviation indicates the
contribution of the coupling effect between the two components
within the membrane [31]. From Fig. 4(c), the deviation from state-
I and state-II was higher than that of state-II and state-III at low
feed concentration. This suggested that the interaction of THF with
the membrane matrix was much higher than the mutual interac-
tion with water, signifying higher possibility of THF recovery by
such organophilic membranes [31]. Also, the deviation of state-I
and state-II became smaller with the increasing amount of THF in
feed, resulting in lower extent of THF sorption. High THF in feed
caused loosening of membrane crosslinks, allowing segmental motion
of rubber chains, and hence more water was permeated along with
the THF. Thus, SF was found to decrease with increasing feed con-
centration of THF. It was also observed that the deviation of state-
II and state-III became minimum for 24 wt% of filler loading, in-
dicating least possibility of THF-water mutual interaction in com-
parison to other membranes, and hence maximum THF recovery
was ensured for this composite membrane. However, from Fig. 4(c),
the deviations of state-I and state-II and state-II and state-III were
higher and lower for the CBF filled NRSEV membranes than the
unfilled membrane, respectively, signifying better SF of the filled
NRSEV membranes. As observed in Fig. 4(d), deviation of state-I

Fig. 5. Effect of feed concentration of THF on partial permeability (a), fugacity (b), MS/SF (c) and diffusion coefficient (d).
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and state-II was much lower compared to state-II and state-III, signi-
fying stronger mutual interaction of water with THF than compos-
ite membranes.
8. Effect of Feed Concentration of THF on Partial Permea-
bilities (PPs), Fugacities, Membrane Selectivities (MSs), Sep-
aration Factors (SFs) and Diffusion Coefficients (DCs)

The variation in PPs of THF and water with feed concentration
of THF at 35 oC for unfilled and CBF filled NRSEV membranes is
shown in Fig. 5(a). However, PPs of the membranes were calculated
from membrane thickness, partial flux and vapor pressure (VP)
difference of feed and permeate sides. All membranes showed higher
PPs of THF than water over the entire concentration range of THF
in feed. However, at low concentration, PP decreased with feed con-
centration up to around 5 wt% of THF which contrasted with the
variation of partial THF flux. Conversely, water PPs showed hardly

any variation with increasing THF amount for all the membranes.
It was also observed that THF PPs decreased with filler loading and
CBF filled NRSEV membranes were found to have lower THF PPs
than the unfilled membrane, similar to what Singha et al. observed
[31]. PPs of THF/water were found to vary from (3.11±0.093)×
10−7 to (1.23±0.037)×10−7/(0.97±0.029)×10−7 to (1.460.044)×10−7 Bar-
rer for NRSEV0 membrane with the rise in THF feed amount from
0.97 to 9.79 wt% in feed at 35 oC.

Intrinsic membrane property, like PP is related inversely to driv-
ing force of VP differential between feed and permeate sides and
directly to flux. Thus, partial flux showing considerable variation
with feed concentration might show a different trend with feed con-
centration in terms of driving force normalized PP or MS. The oppo-
site trend of THF PP in comparison to THF flux as a function of
feed concentration might be explained in terms of variation of

Fig. 6. Predicted vs. actual plot of TF (a)/SF (b), validation plot of TF (c)/SF (d), response surface plots: Effect of wt% of THF (X2) and tem-
perature (X1) on TF/SF (e/h), effect of wt% of filler (X3) and temperature (X1) on TF/SF (f/i), effect of wt% of filler (X3) and wt% of
THF (X2) on TF/SF (g/j) and desirability plots for optimization of maximum SF (k-m).
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fugacity with feed concentration as shown in Fig. 5(b).
Comparing the plots of THF flux (Fig. 6(e), (g)) and THF PPs

(Fig. 5(a)) as a function of feed, it was evident that, the rate of
change in THF fugacity with feed THF concentration was much
higher than that of partial flux. Thus, THF PP decreased with in-
creasing feed concentration owing to higher increasing rate of THF
fugacity (Fig. 5(b)). From Fig. 5(a), the marginal variation of water
PPs in the entire range was ascribed to slight variation of water
fugacity (Fig. 5(b)) and partial flux. At higher feed concentration
of THF, loosening of membrane network occurred due to plastici-
zation, which resulted in segmental motion of rubber chains and
hence enhancement of THF PPs for organophilic rubber mem-
branes. Similar results were also obtained with other rubber mem-
branes [30]. Variation of intrinsic MS as well as SF with feed con-
centration of THF is shown in Fig. 5(c), where it is seen that all
the elastomeric membranes had very high SF even at lower feed
concentration. However, MS showed a marginal decrease with in-
crease in concentration due to plasticization of the organoselective
rubber membranes at higher feed concentration. From Fig. 5(a),
PPs of THF was observed to drop more rapidly, whereas water
PPs showed a very slow rate of fall with the increase in THF con-
centration. Thus, the ratio of these two followed a sharp decrease
with increasing feed concentration. On the other hand, SF for THF
was observed to decrease sharply with its feed concentration. From
Fig. 5(c), it is also evident that both MS and SF increased with
increasing filler loading, i.e., NRSEV0 showed lower MS and SF
than filled membranes. With increasing amount of organophilic
CBF, organoselectivity of rubber membranes was found to increase,
resulting in more selective removal of THF. However, MS/SF of
NRSEV24 membrane was found to decrease from 5.26±0.16/
133.96±3.48 to 1.28± 0.04/37.2±1.19 with the rise in feed concen-
tration from 0.97 to 9.79 wt% of THF in feed at 35 oC.

The variation of DCs of THF and water with feed concentra-
tion of THF for unfilled and CBF filled composite membranes was
given in Fig. 5(d), in which DCs of THF were higher than water
in the lower feed concentration. Also, DCs of both THF and water
increased with feed concentration. According to solution-diffu-
sion model, selective separation of liquids from their binary mix-
ture through sorption generally occurs via sorption followed by
diffusion and finally permeation. Sorption of components to the
membrane is guided by the closeness of solubility parameters of
membrane and component, whereas diffusion mainly depends on
the porosity of dense membrane. In the present study, solubility
parameters of used membranes, as calculated from Eq. (3), were
17.0055MPa0.5 (NRSEV0), 17.0003MPa0.5 (NRSEV8), 16.9946MPa0.5

(NRSEV12) and 16.9906 MPa0.5 (NRSEV24). In fact, closeness of
these solubility parameters with that of THF (19.2 MPa0.5) signified
larger interaction of THF with these membranes than water (48.0
MPa0.5) [31]. Thus, membranes were predominantly organoselec-
tive and sorption of THF was higher than water. However, higher
possibility of water diffusion and hence higher DCs of water through
these dense membranes were expected owing to smaller kinetic
diameter of water (0.265nm) than THF (0.585nm) [27]. Since sorp-
tion of THF was much higher than water, DCs was also higher, in
spite of higher kinetic diameter. Additionally, DCs of THF was
found to be higher for NRSEV0 membranes compared to NRSEV8,

NRSEV12 and NRSEV24. In fact, DCs of both components were
found to increase with filler loading. Indeed, with increasing amount
of filler, plasticization was restricted due to higher physicochemi-
cal interactions even at higher feed concentration of THF, offering
restricted permeation of both components. Since more sorption and
hence diffusion signified greater separation, all the used NRSEV
membranes showed high THF SF, justifying their organoselective
nature. DCs of THF/water was observed to vary from (0.07±0.002)
×10−15/(0.02±0.0007)×10−15 m2 s−1 to (26.53±0.796)×10−15/(35.54±
1.066)×10−15 m2 s−1 with the rise in THF feed concentration from
0.97 to 9.79 wt% in feed at 35 oC.
9. Analysis of Mere and Interactive Effects of Variables on TS
and EAB by RSM

Experimental design of RSM was implemented to obtain the
optimum accelerator/sulfur weight ratio for vulcanization of NR
(Table S1). This optimization was carried out by taking wt% of sul-
fur and accelerator as input variables using CCD model to obtain
two responses (TS and EAB). CCD studies on TS and EAB evolved
the following two quadratic equations.

RTS=2.62082+1.87655P−0.26241Q+0.036667PQ
RTS=−0.14243P2−0.00750958Q2 (29)

REAB=365.51245−22.76724P+61.63793Q
REAB=−2.72222PQ+0.8295P2−3.34866Q2 (30)

Optimization of TS and EAB was performed by applying Eqs. (29)
and (30) and the results obtained were given as ANOVA (Table S2).
The response surface and optimization plots of TS and EAB were
given in Fig. S2(a), (b) and Fig. S3(a), (b), respectively. The variation
of TS and EAB with wt% of sulfur and accelerator was displayed
in Fig. S2(a), (b), respectively. TS and EAB were observed to vary
inversely with increasing A/S ratios [24]. As TS depends on the
physicochemical interactions of rubber membrane, improvement
of physicochemical interactions by incorporation of surface rein-
forcing filler caused an increase in TS. On the other hand, higher
physicochemical interactions caused restriction towards chain mobil-
ity of rubber moieties resulting in a decrease in EAB. However, to
develop mechanically strong and dimensionally stable NR mem-
branes, a perfect balance of TS and EAB was essential [52]. This
was achieved by optimizing TS and EAB using RSM to obtain opti-
mum A/S ratio in vulcanization by performing thirteen (13) runs
with nine (9) different membranes ranging from 2-8 wt% of accel-
erator and 3-6wt% of sulfur. From Fig. S3(a), (b), the optimized val-
ues of input variables were found at 4.86/4.91 wt% of A/S (i.e. A/S=
0.9898) reflecting SEV type vulcanization [24]. Thus, semi-efficiently
crosslinked and filled NR membranes were used for pervapora-
tive removal of hazardous heterocyclic THF.
10. Analysis of Mere and Interactive Effects of Variables on
Responses by RSM

CCD studies were carried out to establish the influence of three
different parameters (X1, X2 and X3) individually or collectively on
the responses [53]. Independent variables (coded and real) and
responses generated by the software are listed in the Table S3. The
significance of each variable and their possible interactions were
measured by ANOVA to determine R2 between experimental and
predicted data at 95% confidence level (Table 3). To understand
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the interaction of X1, X2 and X3 on each response, the adequacy of
linear, two factor interaction (2FI), quadratic and cubic models were
analyzed by sequential model sum of squares (type I) and model
summary statistics. From the results of the sequential test, the lin-
ear and quadratic models explained the results of TF and SF bet-
ter than others. Since, the total number of runs in CCD was in-
sufficient to support a full cubic model, it was declared aliased for
both the responses [54]. Due to higher adj. R2 values (0.9628/0.9941
and 0.6672/0.8989 for quadratic and linear models, respectively, of
TF/SF) along with better correlation of adj. R2 and pred. R2 val-
ues, quadratic model was found to be more applicable than linear
model (according to the model summary statistics test). There-
fore, results of PV experiments were statistically analyzed by qua-
dratic model which evolved the following empirical expressions
for TF (Eq. (31)) and SF (Eq. (32)).

RTF=−90.408+2.799X1−11.957X2+1.477X3+0.324X1X2 (31)
RTF=−0.356X1X3−0.297X2X3+0.066X1

2+0.878X2
2+0.396X3

2

RSF=75.076−0.298X1−13.692X2+3.746X3+0.087X1X2 (32)
RSF=−0.013X1X3−0.135X2X3−0.008X1

2+0.755X2
2−0.049X3

2

Applicability of the selected quadratic model was justified from
the plot of experimental vs. model generated data, in which very
high adj. R2 values (0.9628/0.9941 for TF/SF) were observed indi-
cating normal distribution of error around the mean (Fig. 6(a),
(b)). However, validation of this model in the entire range of vari-
ables was verified by fitting some other experimental data to Eqs.
(31) and (32) (Fig. 6(c), (d)). Results showed close resemblance of
experimental and model generated data, describing better accept-
ability of the model in the entire range of experiment. Analysis of
F values indicated that the significant variables for TF as X1 (F
value=133.41), X2 (F value=12.80), X3 (F value=221.42), X1X3 (F
value=53.15) and X3

2 (F value=32.52). On the other hand, for SF,
the significant variables became X1 (F value=397.03), X2 (F value=
710.10), X3 (F value=1818.52), X1X2 (F value=26.46), X1X3 (F value=

14.69), X2X3 (F value=92.22), X2
2 (F value=41.46) and X3

2 (F value=
101.21) with positive or negative coefficients (Table 3). The response
surface effects of X1, X2; X1, X3 and X2, X3 on TF and SF, respec-
tively, are represented in Fig. 6(e)-(j).

From Fig. 6(e) and Fig. 6(h), TF was found to increase from
92.606 to 128.076 g m−2 h−1 for NRSEV0 with increase in wt% of
THF at 35 oC, whereas SF decreased from 32.249 to 18.084 under
similar set of experimental conditions. Similarly, TF increased from
39.368 to 96.92 g m−2 h−1 for NRSEV24 by the increase in tem-
perature from 35 to 55 oC, whereas, SF dropped from 44.348 to
31.812 under identical set of conditions. At higher wt% of THF in
feed, plasticization of organophilic membrane resulted in swelling
and loosening of the organophilic rubber chains due to the close-
ness of solubility parameters of rubber membrane and THF. Be-
cause of this, permeates were allowed to pass not through a tortu-
ous path. Due to lower molecular diameter, water could pass through
this plasticized membrane more rapidly than THF, causing com-
paratively higher flux of water than THF. Thus, SF was found to
decrease with increasing wt% of THF in feed. It was also observed
that the rate of increase in TF was more rapid with increasing wt%
of THF in the higher temperature region. Conversely, SF decreased
more rapidly under an identical set of conditions, possibly due to
significant increase of segmental motion by the plasticization of
organoselective membranes and subsequently allowing both com-
ponents to pass through it. Similarly, the rate of increase in TF with
temperature was found to be more rapid in the range of higher wt%
of THF.

The increase in temperature raised TF from 39.368 to 96.92 g
m−2 h−1, whereas SF showed an opposite trend to decrease from
44.348 to 31.812, under identical experimental conditions (Fig. 6(f)
and Fig. 6(i)). Again, with the increase in temperature, apparent
activation energy for THF permeation increased, whereas it re-
mained almost constant for water permeation [31]. Thus, at higher
temperature, the mobility of rubber chains allowed more water mole-
cules to diffuse owing to smaller molecular diameter of water (0.265

Table 3. ANOVA for SF/TF
Source Sum of squares df Mean square F value P-value
Model 4350.06/137800.00 9/9 483.34/15307.48 354.46/55.64 <0.0001*/<0.0001*

X1 541.40/36701.00 1/1 541.40/36701.00 397.03/133.41 <0.0001*/<0.0001*

X2 971.02/3521.16 1/1 971.02/3521.16 712.10/12.80 <0.0001*/0.0050*

X3 2479.75/60912.25 1/1 2479.75/60912.25 1818.52/221.42 <0.0001*/<0.0001*

X1X2 36.09/505.63 1/1 36.09/505.63 26.46/1.84 0.0004*/0.2050
X1X3 20.04/14622.42 1/1 20.04/14622.42 14.69/53.15 0.0033*/<0.0001*

X2X3 125.75/611.60 1/1 125.75/611.60 92.22/2.22 <0.0001*/0.1668
X1

2 1.68/120.06 1/1 1.68/120.06 1.23/0.44 0.2928/0.5238
X2

2 56.53/76.30 1/1 56.53/76.30 41.46/0.28 <0.0001*/0.6099
X3

2 138.01/8945.03 1/1 138.01/8945.03 101.21/32.52 <0.0001*/0.0002*

Residual 13.64/2751.00 10/10 1.36/275.10
Lack of fit 13.64/2751.00 5/5 2.73/550.20
Pure error 0.00/0.00 5/5 0.00/0.00
Cor total 4363.69/140500.00 19/19

*Significant
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nm) than THF (0.585 nm) [27]. This resulted an increase in TF at
high temperature. In contrast, the increase in filler within the
membrane reduced TF accompanied by high SF. In fact, increas-
ing amount of filler loading enhanced physical crosslinking of rub-
ber membranes that reduced free space in the rubber matrix and
restricted permeation of both components. This caused a decrease
in TF and an increase in SF with increasing filler loading, instead
of similar kind of sulfur crosslinking (SEV). As change in TF and
SF became almost constant beyond 24 wt% filler loading, no study
was performed beyond this limit. However, the combined effect of
the filler loading and temperature showed that temperature effect for
both TF and SF was more prominent in NRSEV0 than NRSEV24.
Again, TF decreased more rapidly from NRSEV0 to NRSEV24 at
the higher temperature, whereas the opposite effect was also observed
for SF under equivalent set of conditions.

From the combined effect of THF wt% and filler loading on TF
and SF (Fig. 6(g) and Fig. 6(j)), TF was found to decrease from
128.076 to 39.368 g m−2 h−1 with increasing filler loading from
NRSEV0 to NRSEV24, whereas SF showed an opposite trend to
that of TF. In contrary, TF was enhanced from 92.606 to 128.076g
m−2 h−1 with the increase in wt% of THF for NRSEV0 at 35 oC,
whereas the reverse trend of TF was observed for SF. Also, TF de-
creased rapidly with increasing filler loading from NRSEV0 to
NRSEV12 and beyond this limit, the filler effect became negligi-
ble. With the increase in filler loading from NRSEV0 to NRSEV24,
TF decreased more rapidly at higher wt% of THF. Conversely, SF
was also found to increase more rapidly at much lower wt% of
THF in water.
10-1. Validation Test

To justify the applicability of the regressed equations (Eqs. (31)
and (32)), a validation test was performed by taking some other
values of the input variables which were not included into the data
range used in RSM. The predicted responses (TF and SF) were
plotted with the experimental data (Fig. 6(c), (d)). The adj. R2 val-
ues for TF/SF were found to be as high as 0.9918/0.9996, which
indicated close resemblance of experimental and model generated
data. This validation test also indicated the rational applicability of
RSM generated quadratic model to explain the PV experiment.
10-2. Optimization

The objective of the present study was to find the optimum
conditions of the independent variables to obtain maximum SF,
ensuring maximum THF removal from water. The most appropri-
ate condition satisfying the above criteria was found as X1=35 oC,
X2=2.44% and X3=24% having maximum SF (76.16) and maxi-
mum desirability (0.997) (Fig. 6(k)-(m)).
11. Discussion of Mechanism

Mechanical properties/CDs of vulcanized rubber membranes
depend on the sulfidic bridge lengths (mono-/bi-/poly-sulfidic)
which are controlled by the introduction of various A/S ratios. EV
(A/S=2.50-12.00), SEV (A/S=0.70-2.50) and CV (A/S=0.10-0.60)
predominantly produce mono-, bi- and poly-sulfidic linkages, re-
spectively. RSM optimization has established that SEV of NR resulted
in the best balance of TS and EAB, which is an essential property
of any membrane working under the presence of driving force dif-
ferential of PV. Thus, a rational mechanism of vulcanization was
introduced to remove all ambiguities of it, and all the possible cross-

linked products along with the precursors that appeared during
the process of crosslinking (Schemes 1 and 2).

Accelerated sulfur crosslinking of NR can be done by using ac-
celerators, like zinc dimethyldithiocarbamate (ZDMC), 2-mercapto-
benzothiazole (MBT), dibenzothiazyldisulfide (MBTS), N-cyclo-
hexyl-2-benzothiazolesulfenamide (CBS), zinc dibenzyldithiocarba-
mate (ZBEC) and zinc(N-methyl-piperazine)dithiocarbamate (ZPDC)
of different kinds and varying the A/S ratios [31]. To obtain better
properties of NR, it is subjected to vulcanization with different
type and amount of accelerators [55,56]. At higher temperature
(~110 oC), sulfur vulcanization is extensively carried out in pres-
ence of ZDC [27,31]. Rational mechanistic schemes for ZDC ac-
celerated sulfur vulcanization of NR and different crosslinking prod-
ucts via ionic/radical paths are given in Scheme 1/Scheme 2.
11-1. Accelerated Sulfur Vulcanization through Ionic Path

Accelerated vulcanization is initiated by interaction of ZDC and
sulfur (S8) to produce poly-sulfidic homologous of ZDC, which is
subsequently fragmented at higher temperature (~110 oC) by het-
erolytic cleavage of Zn-S bond to form diethylthiocarbamoyl poly-
sulfenium ions (1), diethylthiocarbamoyl polysulfide ions (2) and
zinc sulfide. Diethylthiocarbamoyl polysulfenium ion (1) reacts with
the π-electrons of NR (3) to produce cyclic polysulfonium ions
(4). The C=S bond of 4 may involve in β-hydrogen abstraction
from three nonequivalent allylic positions of the NR moiety fol-
lowed by internal rearrangement and fragmentation resulting poly-
sulfenium ions (5, 6 and 7). Same rubber moiety, 4 may also undergo
base (2) assisted β-hydrogen abstraction to produce 8, 9 and 10. In
another path, the formation of 11 is associated through β-hydro-
gen abstraction by the base (2) from the ring of cyclic polysulfo-
nium ions (4) of the rubber moiety. Following the same mechanistic
pathway crosslinking products (12a, 12b, 12c to 15a, 15b, 15c) are
formed when polysulfenium ions (5, 6 and 7) react with double
bond of NR (3). These vulcanizing products contain Sx as a cross-
link unit forming mono- (n=1), di- (n=2) and poly-sulfidic (n>2)
crosslinking in different extent between the two NR chains. The
variation of such crosslinking resulted in the change in membrane
physicochemical properties as well as performance, which was opti-
mized by RSM.
11-2. Accelerated Sulfur Vulcanization through Radical Path

In a radical path of ZDC accelerated sulfur vulcanization, the
poly-sulfidic homologue of ZDC undergoes homolytic cleavage to
produce polysulfanyl radical (16), which can abstract allylic pro-
tons to produce three different types of allylic radicals (17, 18 and
19). The polysulfanyl radical (16) can also undergo radical addi-
tion to the double bond of unreacted NR (3) followed by rearrange-
ment to produce five different polysulfanyl radicals (20, 21, 22, 23
and 24). The allylic radicals (17, 18 and 19) undergo radical com-
bination to the NR-polysulfanyl radicals (20, 21, 22, 23 and 24),
producing crosslinked NR polymeric chains (25a, 25b, 25c to 29a,
29b, 29c).
12. Comparison of the Results Obtained with those Reported
in Literature

Different membranes, including filled and crosslinked natural
or synthetic rubbers, blends of rubbers, crosslinked copolymers, graft
copolymers, synthetic homopolymers, crosslinked natural polymers
etc., have been reported till date for pervaporative removal of THF
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from THF-water mixtures. A comparative study of membrane per-
formance differing in origin/chemical nature, thickness (30-200
µm), feed concentration of THF (0.9-6.99 wt% of THF) and tem-
perature (35-50 oC) in terms of normalized flux (NF) and SF for
rubber membranes has been included in Table 4. SF of this study
was the maximum according to the literature. Again, NF depends
on temperature, feed concentration of THF, amount of filler load-
ing and membrane thickness. With the increase in feed concentra-
tion of THF and/or temperature, enhanced segmental motion of
rubber chains allows smoother passing of both components to
result higher TF but lower SF. Although the increasing amount of
filler restricts permeation, it helps increase in total sorption of the
used membranes due to their added organoselective nature in pres-
ence of CBF fillers. Despite low temperature, low THF concentra-
tion in feed, presence of organophilic fillers and comparable thick-
ness, the used membranes show excellent SF and reasonable nor-
malized flux (NF) using low cost modified natural polymers in
low energy pervaporation process.

CONCLUSION

Chemically modified unfilled and composite NR membranes
can be used effectively for PV separation of THF from water at
different feed compositions and temperature. Mechanical, thermal,
spectroscopic, microscopic and diffractometric methods have been
used to characterize these mixed-matrix membranes. These mechan-

ically strong and dimensionally stable rubber membranes can exten-
sively be used for the separation of any organic-water mixtures,
where the solubility parameter of component to be permeated is
close to the elastomeric membranes. Membrane having A/S=0.9898
shows the best balance of TS and EAB. However, the ultimate
optimum membrane performance was obtained by two stages
RSM based statistical optimization (property and performance) at
A/S=0.989 and 24 wt% of fillers. We also measured the mere and
interactive effects of filler, temperature and concentration on TF
and SF. NRSEV24 shows the highest SF (133.96±4.69), while in
terms of both TF and SF, NRSEV12 (31.68±0.92g m−2 h−1 and 67.34±
2.36, respectively) shows optimum performance. Membrane intrin-
sic properties, like PPs, MSs and DCs, were studied to avoid the
membrane property variation with such variables. Coupling effects
of sorption, in terms of state-I, state-II and state-III activity coeffi-
cients, were also studied by Flory-Huggins thermodynamics. Phys-
ical and chemical crosslink densities, solubility parameters, TS, EAB,
modulus and interaction parameters were found to vary with chemi-
cal crosslinking and filler loading. The present work describes ratio-
nally all possible NR-based crosslinked membranes, formed from
crosslinking precursors in accelerated sulfur vulcanization mecha-
nism through radical and/or ionic paths and formation of crosslinks
by reactions involving H-abstraction, radical addition, radical-radi-
cal coupling and sulfur-transfer, to remove ambiguities of the reac-
tion mechanism. The newly developed method of property/per-
formance optimization can also be implemented for pervapora-

Table 4. Comparison of THF removal performance of various pervaporation membranes from THF/water mixtures

Membranes used Membrane thickness
(mm)

Normalized flux (kg mm m−2 h−1)/
Temperature (oC)/THF in feed (wt%)

Separation factor
(-) Ref.

PP0a

F1b
50
50

0.56/30/0.9
0.95/30/0.9

125
84

17
17

UPVCc

Blend-5d

PPVC-5e

PSTYf

30
30
30
30

0.21/30/0.9
0.41/30/0.9
0.63/30/0.9
0.49/30/0.9

125.00
93.94
62.88
71.97

2
2
2
2

PTMSP–CLg 100 9.66/50/5 26.88 19
PAI-g-PDMS1h

PAI-g-PDMS3h
100-200
100-200

39.3/50/6.99
96.2/50/6.99

75.4
120

18
18

NRSEV0i

NRSEV8
NRSEV12
NRSEV24

50±0.55
50±0.55
50±0.55
50±0.55

4.20±0.13/35/0.97
1.96±0.07/35/0.97
1.20±0.03/35/0.97
1.04±0.03/35/0.97

058.51±2.05
097.19±3.40
0118.8±4.16
133.96±4.69

TS#

TS#

TS#

TS#

aUnplasticized polyvinyl chloride membrane
bPolyvinyl chloride membrane containing 25 wt% of dioctyl phthalate/1 wt% bentonite clay
cUnplasticized polyvinyl chloride
dPlasticized polyvinyl chloride
ePolystyrene
fBlends of UPVC and PSTY
gCrosslinked poly[1-(trimethylsilyl)-1-propyne]
hSiloxane-grafted poly(amide-imide)
iSemi-efficiently vulcanized natural rubber membranes
#This study
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tive separation of organics and dehydration by using peroxide/resol
cured saturated/unsaturated synthetic rubber (e.g. SBR, EPDM
and PDMS) membranes. Finally, in the field of computational quan-
tum mechanical modelling method, used in chemistry, chemical
technology, physics and material science, the comprehensive mecha-
nistic studies of rubber vulcanization, comprising several interme-
diates and pathways to establish the reaction mechanism, can also
provide an innovative idea and impetus to find the transition state(s),
optimized structure(s) and activation energies through ab initio
parametrization of density functional theory (DFT). In terms of its
simple modification, performance characteristics, application pros-
pects and diversities, these natural, polymer based CBF filled and vul-
canized membranes show the novelty and versatility to be used in
the separation of traces of organics, like THF, pyridine, toluene, diox-
ane, MTBE etc. from water. These low cost unfilled (NRSEV0) as
well as composite membranes (NRSEV8, NRSEV12 and NRSEV24)
can be an attractive replacement of conventionally used polymeric
membranes in energy saving and environment friendly green sep-
aration process with no emission of chemicals.
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