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Effects of different plasticizers on highly
crosslinked NaAlg/PSSAMA membranes for
pervaporative dehydration of tert-butanol
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Polystyrene sulfonic acid-co-maleic acid (PSSAMA) crosslinked sodium alginate (NaAlg) membranes
were developed by incorporating diethyl phthalate (DEP), dibutyl phthalate (DBP) and dioctyl phthalate
(DOP). The physico-chemical properties of the resulting membranes were studied using FTIR, WXRD,
TGA, DSC, AFM and SEM techniques. Before the membranes were subjected to pervaporation studies,
the membranes’ sorption studies were carried out in different compositions of water/tert-butanol. The
effects of the different plasticizers on their pervaporation performance were investigated systematically
for the separation of water/tert-butanol mixtures at different temperatures. Among the membranes, the
membrane containing DEP exhibited the highest separation factor of 12830 with a flux of 1.306 x
1073 kg m~2 h7! for 10 mass% water in the feed. The total flux and the flux of water were found to
overlap with each other, indicating that the developed DEP incorporated membrane could be used
effectively to break the azeotropic point of water/tert-butanol. The activation energy obtained for the
permeation of water (E,.) was significantly lower than that of tert-butanol (E,rer), suggesting that the
DEP incorporated NaAlg/PSSAMA membrane had a higher separation ability and thus demonstrated
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excellent performance in the dehydration of tert-butanol. The heat of sorption (AH) of all the
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Introduction

Pervaporation (PV) is considered as an efficient and environ-
mentally friendly membrane separation technique with several
advantages, such as low energy consumption, high selectivity
and simple design, as compared to conventional separation
processes.' The working principle of PV is mainly based on the
molecular separation of liquid mixtures in which a membrane
surface is equilibrated in a feed solution and as a consequence
some of the components can pass through the membrane and can
be collected as vapors in the permeate. Thus, PV is a process with
tremendous potential for separating azeotropes and close-boiling
mixtures.*” It is considered as the most promising membrane
technology for the separation of aqueous tert-butanol mixtures.®’
tert-Butanol is a short chain alcohol that is being used as a solvent
in most of the chemical and pharmaceutical industries. It is also
used as a raw material in the production of artificial musks,
synthetic perfumes and denatured alcohols. Thus, dehydration
of tert-butanol has a high demand in both academia and industry.

For the dehydration of water/tert-butanol mixtures, hydro-
philic membranes are preferred in order to achieve high
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membranes was found to be negative, indicating that Langmuir's mode of sorption is predominant.

permeability, good selectivity and sufficient mechanical
strength."®"? In view of this, many hydrophilic polymers including
poly(vinyl alcohol),"™* polyimides,” sodium alginate’®"”
and polyelectrolytes'®° have been reported as PV membrane
materials. Many researchers have designed a large number of
polymeric membranes for the recovery of tert-butanol from its
azeotropic mixtures. For instance, An et al.>' prepared and char-
acterized the behavior of Matrimid® 5218 polyimide membranes
for pervaporation separation of 85% aqueous tert-butanol at 60 °C
and achieved a flux of 965 g m > h™! with a separation factor
of 491. Zhang et al.>* prepared poly(acrylic acid) (PAA)/polyethyl-
eneimine self-assembled hollow fiber polyelectrolyte multilayer
membranes and they achieved a separation factor of 481 with a
flux of 769 g m™~> h™" at 50 °C. Kalyani et al.>* developed a sodium
alginate and hydroxyethylcellulose blend membrane for the
dehydration of tert-butanol and obtained a flux of 2300 g m > h™*
with a separation factor of 3237.

Sodium alginate being a natural polysaccharide has demon-
strated an excellent performance as a PV membrane material for the
dehydration of water-alcohol mixtures.** Its carbohydrate chains
consist of sugar moieties which contain a large number of carboxyl
groups and hydroxyl groups, providing exceptional hydrophilicity to
the NaAlg membrane and excellent permselectivity nanochannels
for water.>® However, the higher hydrophilicity of NaAlg leads to
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its instability in aqueous solution during the PV process. Apart
from its water solubility, the lower mechanical properties of the
NaAlg membrane are considered to be disadvantageous for its
potential use in the PV process.”® Therefore, many attempts
have been made towards improving the mechanical properties
of NaAlg membranes for better PV performance. Among them,
crosslinking is considered as one of the most promising modifica-
tion methods.?””*® Thus, the crosslinking method has been
extensively used by researchers to modify sodium alginate
membranes in order to achieve thermal stability and good selectivity.

For instance, Xie et al>® prepared NaAlg-perfluorinated
sulfonic acid (PFSA)/ceramic hybrid membranes, wherein the
membrane with 2 wt% NaAlg and 2 wt% PFSA demonstrated
the highest flux of 1155 g m > h™" with a separation factor of
1149 for the dehydration of 15 wt% water content in an ethanol-
water mixture at 75 °C. Zhang et al.*° fabricated polyelectrolyte
multilayer composite membranes by depositing chitosan and
NaAlg solutions alternatively onto a hydrolyzed porous poly-
(acrylonitrile) (PAN) substrate. The resulting composite membranes
exhibited a separation factor of 4491 with a flux of 596 gm~>h™" for
the dehydration of 90% water/isopropanol mixtures at 60 °C. Thus,
it was greatly supported by studies that crosslinking would integrate
the chemical structure and stabilizes the polymeric chains of NaAlg
membranes.** However, a serious drawback of crosslinking lies in
the difficulty in regulating the crosslinked chemical reaction, which
affects the degree of crosslinking and thus impacts the membrane
performance.**** On the other hand, excessive crosslinking leads to
the brittleness of the polymeric membranes with the loss of
dimensional stability, thereby making them unsuitable for PV
applications. Rachipudi et al.** reported polyelectrolyte complex
membranes of NaAlg by crosslinking with PSSAMA for the
separation of water/1,4-dioxane mixtures. It was observed that
the membranes became brittle and lost their required properties
for higher amounts of PSSAMA (> 75 mass%) crosslinking agent.

To circumvent the problems of NaAlg and PSSAMA, plasti-
cizers could play an important role in altering the mechanical
properties of a brittle polymer membrane. The plasticizer
introduced into the polymeric macromolecules influences the
chain mobility and thus increases the flexibility of the chains, and
thus affects the permeability of small molecules. The influence of
plasticizers on polymeric materials was investigated by some of
the researchers.***® However, the effects of plasticizers on the
membrane properties and their influences on the transport of
azeotropic mixtures in the PV process have not been studied in
the literature.

Understanding the above mentioned problems, we made an
attempt to incorporate plasticizers into PSSAMA crosslinked
NaAlg membranes. Briefly, optimum amounts of three different
plasticizers, such as diethyl phthalate, dibutyl phthalate and
dioctyl phthalate, were incorporated into highly crosslinked
NaAlg/PSSAMA membranes. The physico-chemical properties of the
resulting membranes were studied with different techniques, and
their PV performances were evaluated at different temperatures and
feed compositions. The performances of the membranes were
discussed by correlating the separation factor and permeation
flux values with the structures of the plasticizers. From the
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temperature dependences of the permeation fluxes and the
diffusion coefficients, the Arrhenius activation parameters were
determined. The results were discussed in terms of the PV
separation efficiency of the membranes.

Experimental
Materials

Tertiary butanol (tert-butanol) and sodium alginate (NaAlg)
were procured from S. D. Fine Chemicals Ltd, Mumbai, India.
Polystyrene sulfonic acid-co-maleic acid (sodium salt) (M, =
20000), dioctyl phthalate (M,, = 390.564 g mol %), dibutyl
phthalate (M,, = 278.34 ¢ mol ') and diethyl phthalate (M,,
222.24 g mol™ 1) were procured from Sigma-Aldrich, USA. All the
chemicals were of reagent grade and used without further
purification. Water was deionized and distilled before use.

Membrane preparation

Sodium alginate (4 g) was dissolved in 100 ml of distilled water
followed by the addition of 3.2 wt% PSSAMA under constant
stirring for 24 h. The resulting viscous, homogenous solution
was spread onto a glass plate with the aid of a casting knife in a
dust-free atmosphere. It was then allowed to dry at room
temperature for about 2-3 days. The completely dried cross-
linked NaAlg membrane was subsequently peeled-off and was
designated as SP-0. The preparation of the crosslinked NaAlg/
PSSAMA membrane is presented in Scheme 1.
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Scheme 1 Schematic representation of a highly crosslinked NaAlg/
PSSAMA (SP-0) membrane.
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To the above crosslinked homogenous solution, 6 wt% diethyl
phthalate was added under constant stirring for 3 h. The resulting
solution was poured onto a clean glass plate and the membrane
was dried and designated as SPDEP. Similarly, 6 wt% dibutyl
phthalate and 6 wt% dioctyl phthalate were separately incorpo-
rated into NaAlg/PSSAMA membranes and were, respectively,
designated as SPDBP and SPDOP. The amounts of NaAlg and
crosslinker were kept constant for all the membranes. Further, all
the membranes were annealed at 110 °C for 3 h. We also made an
attempt to incorporate more than 6 wt% DEP and DOP plasticizers
into the crosslinked membranes, but in all the cases, we obtained
full oily surfaced membranes due to phase separation between the
plasticizer and membrane material. Thus, we restricted to only
6 wt% plasticizers in all the membranes. The thicknesses of the
membranes were measured at different points using a Peacock
dial thickness gauge (Model G, Ozaki Mfg. Co. Ltd, Japan) with
an accuracy of 2 um, and the average thickness was considered
for calculation. The thicknesses of the membranes were found
to be 40 £ 2 um in all the cases. The preparation of the different
plasticizer incorporated PSSAMA crosslinked NaAlg membranes
is shown in Scheme 2.

To elucidate the structures of the PSSAMA crosslinked NaAlg
membrane and its plasticizers incorporated crosslinked membranes,
we performed Molecular Modeling (Schrodinger, Maestro Software)
with Disorder System and Molecular Dynamics Simulation studies to
obtain the crosslinked structure of the NaAlg/PSSAMA membrane
and possible interactions that occurred between NaAlg/PSSAMA and
the different plasticizers, and the resulting structures are presented
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in Fig. 1. Briefly, all the molecules built for the simulation were
converged with a 6-31G** hybrid B3LYP basis set with a cut off
radius of 9 A at the Density Functional Theory (DFT) level.*” Further,
the molecular dynamics were run with NPT at 300 K with 1.013 bar.

Characterization studies

The chemical crosslinking and interaction of the SP-0, SPDEP,
SPDBP and SPDOP membranes were analyzed using a FTIR
spectrometer (Nicolet, Impact 410, USA) within a range from
400 to 4000 cm . To evaluate the changes in the intensities of
the peaks in each scan, the amounts of membrane samples and
KBr were kept constant. The changes in the crystallinities of the
plasticized membranes were evaluated using a wide-angle X-ray
diffractometer (Bruker, D-8 Advance, USA) equipped with a Cu
Ko radiation source at 40 kV and 30 mA. The 20 scanning range
was operated in a transmission mode from 10 to 60° with a
scanning speed of 2° min ' The thermal behavior of the
plasticized membranes was investigated using a thermogravi-
metric analyzer (Model SDT Q600, TA Instruments, PerkinElmer
TGA/DTA, USA). The samples with weights ranging from 6 to
9 mg were heated at 10 °C min~" from ambient temperature to
600 °C under a nitrogen atmosphere. The glass transition and
melting temperatures of the membranes were analyzed using a
differential scanning calorimeter (DSC Q 20, TA Instruments,
Waters LLC, USA) at a heating rate of 10 °C min_ " under a nitrogen
atmosphere. The surface morphologies of the membranes were
studied using an atomic force microscope (Nanosurf, Model
easyScan 2 Flex AFM, USA) and a scanning electron microscope
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Scheme 2 Scheme for the preparation of different plasticizer incorporated crosslinked NaAlg/PSSAMA membranes (SPDEP, SPDBP and SPDOP).
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Fig.1 The crosslinked structures of different plasticizer incorporated
crosslinked NaAlg/PSSAMA membranes (SPDEP, SPDBP and SPDOP).

(JEOL, JSM-6390LV, Japan) at an accelerating voltage of 5 kVv.
The tensile strengths of the membranes were measured using a
universal testing machine (Lloyd LRX plus, New Delhi, India)
equipped with a 5 kN load cell. The membrane was fixed
vertically between two pairs of grips with a length of 10 em.
The membrane was then extended at a constant elongation rate
of 25 mm min* until it was broken. The hydrophilicities of the
membranes were measured by the sessile drop method via a
contact angle instrument (Kyowa Contact Angle Meter, Model
DMS-401, Japan) at room temperature. A drop of distilled water
was set on the surface of the membrane and Image analysis
software was used to measure the contact angle.

Degree of swelling

To perform swelling experiments, the dried samples of all the
membranes were weighed and immersed in different compositions
of water/tert-butanol mixtures. Each sample was weighed peri-
odically (for every 30 min) until no weight change was observed.
The constant swelling weights were obtained after 3 h, which
ensured that the swollen plasticized membranes reached an
equilibrium state. The swollen membranes were removed and
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weighed (after the superfluous liquid was wiped out with tissue
paper) in a digital microbalance (Mettler, B204-S, Toledo, Switzer-
land) with an accuracy of £0.01 mg. The results were averaged after
performing all the tests at least three times. The percent degree of
swelling (DS) was calculated as shown in eqn (1):

DS (%) = (%{1%) % 100 )

where W is the mass of the membrane. Subscripts s and d refer to
the swollen and dry membranes, respectively.

After performing the liquid sorption test, the amount of
sorption in the membrane was calculated using eqn (2).*®
Finally, a sorption curve that shows an uptake of solvent versus
the square root of time was plotted.

M,
M

= K" @)

where M, is the actual mass uptake at time t; M, is the final
mass uptake; K is a constant incorporating characteristics of
the polymer system and penetrant; and n is the diffusion
coefficient, which is an indicator of the transport mechanism.

Pervaporation experiments

The PV performance of the resulting membranes was investigated
using an indigenously designed laboratory-scale pervaporation
setup as shown in our previous paper.*® Briefly, the effective
membrane surface area in contact with the feed mixture was
34.23 em? and the capacity of the feed compartment was about
250 cm®. A two-stage vacuum pump (Toshniwal, Chennai, India)
was used to keep the vacuum [1.333224 x 10° Pa (10 Torr)] on the
downstream side of the apparatus. The membranes were enabled
to equilibrate for 3 h, in a feed compartment with different
compositions which varied from 5 to 25 mass% water in water/
tert-butanol mixtures, before performing the PV. Once the
membranes attained equilibrium, permeate was collected in a
trap submerged in a liquid nitrogen jar on the downstream side.
The experiments were carried out at 30, 40 and 50 °C. The
collected permeate was weighed on a digital microbalance to
evaluate the flux and separation factor. The compositions of
water and organic solvents in the permeate were assessed by
determining the refractive index (RI) of the permeate with an
accuracy of £0.0001 unit using Abbe’s refractometer (Atago-ST,
Tokyo, Japan) and by comparing it with a standard graph of the
refractive index, which was previously established with the
known composition of water/tert-butanol. All the experiments
were conducted at least three times and the results were
averaged. The results of the azeotropic mixtures during the
course of PV were reproducible within the permissible range.
The separation performance of the membranes was evaluated in
terms of the total flux (), separation factor (o) and pervapora-
tion separation index (PSI). These parameters were calculated,
respectively, using the following equations:

w
J:ﬂ (3)
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Kgep= ﬂ (4)
Fyy/Forg
PSI = J(oCgep — 1) (5)

where W is the mass of the permeate (kg); A is the membrane
area (m®); ¢ is the permeation time (h); P,, and P, are the
respective mass fractions of water and organic solvent in the
permeate; and F,, and F, are the mass fractions of water and
organic solvent in the feed, respectively.

Further, the permeance (Py/I) was calculated using eqn (6).
Based on the permeance, the intrinsic properties of the mem-
branes were evaluated:*>*'

Pi_DiKi _ i Ji (6)
/ / P —r°
where D; and K; are the diffusion and sorption coefficients of
the ith component, respectively; P; is the permeability of the ith
component; P{ and PP are the vapor pressures of the ith component
in the feed and permeate, respectively; / is the membrane thickness;
and j; is the molar flux of the ith component.

Results and discussion

Fourier-transform infrared spectroscopy (FTIR)

FTIR spectra of NaAlg/PSSAMA (SP-0) and different plasticizer
incorporated NaAlg/PSSAMA membranes (SPDEP, SPDBP and
SPDOP) are shown in Fig. 2. The interactions were ascertained
by frequency shifting or band broadening of specific functional
groups.”” Pure NaAlg exhibited a broad and strong band at

Intensity (a. u.)

3426

3500 3000 2500 2000 1500 1000 500
Wavenumber (cm)

Fig. 2 The FTIR spectra of NaAlg, SP-O, SPDEP, SPDBP and SPDOP
membranes.
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3400 cm ™!, which corresponded to the stretching vibrations of
the hydroxyl groups. The bands appearing at 1609 and 1412 cm ™!
were assigned to the symmetric and asymmetric stretching of C—0
groups, respectively.>* After the incorporation of a higher amount of
PSSAMA into the NaAlg matrix, the bands were shifted to higher
wavenumbers. Briefly, the bands at (i) 3426, (ii) 1617 and 1412, (iii)
1027, and (iv) 1120 cm™ " were, respectively, corresponded to the (i)
O-H stretching vibrations, (ii) asymmetric and symmetric C—0
stretching, (iii) symmetric S—O groups and (iv) asymmetric S—O
groups. The presence of DEP in the NaAlg/PSSAMA membrane
(SPDEP) was noticed by three significant bands: 1732 cm™" related
to C=0 stretching, 1280 cm™" assigned to conjugated aromatic
ester R-COOR groups and 2988 cm ' attributed to the -CH
stretching frequency.** In the SPDOP membrane, the presence
of DOP was confirmed by the strong absorption bands related
to C-O stretching ranging between 1100 and 1300 cm ™ * and
C—O0 stretching appearing at 1732 cm “.** In the SPDBP
membrane, the presence of DBP was confirmed by the appear-
ance of characteristic absorption bands at 1122 cm ™" for C-O
stretching,”® 1722 em™"' for C=0 stretching and 1598 cm ™'
for —-CH- stretching with respect to the aromatic nucleus of
the DBP. All these observations indicate that there was a
good compatibility between the plasticizer and NaAlg/PSSAMA
matrix, which could lead to good PV performance.

Wide angle X-ray diffraction (WXRD)

To study the effects of the different plasticizers on the crystal-
linity of NaAlg/PSSAMA membranes, X-ray diffraction study was
carried out for all the membranes, and the resulting patterns
are shown in Fig. 3. According to the literature, the diffraction
pattern of pure sodium alginate exhibits characteristic peaks
at around 13.4°, 19°, 22.7°, 28°, 28.9°, 32.5° and 33.5°.%%"7
The relative intensities of the characteristic peaks of pure NaAlg

—
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=
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=
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Fig. 3 The WXRD patterns of SP-0, SPDEP, SPDBP and SPDOP membranes.
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were increased after the incorporation of a higher amount of
PSSAMA into the polymer matrix (SP-0), which was attributed to
the mixture of crystalline and amorphous regions. In addition
to this, a new characteristic diffraction peak occurred at 45° due
to the incorporation of PSSAMA content and this indicates the
crystalline phase of the NaAlg/PSSAMA membrane. Further, it
was observed that the incorporation of the different plasticizers
into the highly crosslinked NaAlg/PSSAMA matrix enhanced the
amorphous domain in the membrane matrix. In particular, the
intensities of the peaks that appeared at 19°, 32.5° and 33.5°
gradually decreased. In the case of the DEP incorporated NaAlg/
PSSAMA membrane, these peaks had almost disappeared. This
is due to the increased amorphous region and chain flexibility,
which together contributes to the transport of small molecules
(preferably water molecules) through the membrane. The higher
amorphous proportion facilitates the segmental mobility and
enhances the flexibility of the membrane.

Thermal properties

Thermogravimetric analysis (TGA). The thermal stability and
degradation behavior of the NaAlg/PSSAMA membrane and
different plasticizer incorporated NaAlg/PSSAMA membranes
were investigated by TGA under nitrogen flow, and the resulting
patterns are presented in Fig. 4. The thermal degradation
behavior of all the membranes could be divided into three
distinct stages which are associated with the thermal solvation,
thermal desulfonation and thermal oxidization of polymer chains.

Weight (%)

20

T N T N 1 N 1 M T N
100 200 300 400 500 600
Temperature (°C)

Fig. 4 The TGA thermograms of SP-0, SPDEP, SPDBP and SPDOP
membranes.
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From the first, second and third stages of decomposition
temperatures and the total weight losses of all the membranes
are tabulated in Table 1. The first stage of degradation occurred
between 35 and 120 °C, which was attributed to the desorption
of physically absorbed water molecules.*® The second stage of
major degradation occurred at around 200-350 °C with 36-44%
weight loss. This is due to the molecular desulfonation in
the membranes, which was correspondingly increased in the
plasticizer incorporated membranes. The plasticizer, which was
entrapped in the polymer matrix, formed a strong interaction
between the oxygen of the plasticizer and polymer matrix. Thus,
more energy was needed to interrupt the interactive bonds and
thus lead to higher decomposition temperature.*® In the case of
the SPDOP membrane, the first and second stages of decom-
position temperatures are lower than those of the SPDEP and
SPDBP membranes. This may be due to the steric hindrance
caused by the bulky groups (alkyl chains) on the ester oxygen,
which inhibited the reactivity of the ester oxygen. The third
stage of decomposition occurred beyond 350 °C due to the
decomposition of the main polymer chains and the plasticizers.
Based on these observations, it can be concluded that the
incorporation of the plasticizers has greatly improved the
thermal stability of NaAlg/PSSAMA owing to the establishment
of interaction between the polymer and plasticizer.

Differential scanning calorimetry (DSC). The effects of the
different plasticizers on the glass transition temperature (7y) of
NaAlg/PSSAMA membranes were determined by DSC. The DSC
patterns of the highly crosslinked NaAlg/PSSAMA (SP-0) and
different plasticizer incorporated membranes were recorded
from ambient temperature to 400 °C, and the patterns thus
obtained are presented in Fig. 5. From the literature, it is found
that pure NaAlg exhibited T, and Ty, at around 81 and 230 °C,
respectively.’ It is revealed by the DSC patterns that the highly
PSSAMA crosslinked NaAlg membrane with a stiff backbone
exhibited high T, and Ty, of around 104 and 238 °C, respec-
tively. This is due to the formation of a large number of
hydrogen bonds between PSSAMA and NaAlg, which showed
wide transition as can be seen from the thermogram. This
broad transition cannot be considered or compared with the
dehydroxylation or evaporation of moisture from the polymer.*®
From the literature, it is well understood that both T, and Tp,
shift to lower temperatures upon adding the plasticizer content
to the membrane matrix, whereas in this study the three
different plasticizer incorporated membranes (SPDOP, SPDBP
and SPDEP) had T, and Ty, values of around 102, 86 and 77 °C
and 235, 231 and 227 °C, respectively. The decrease in T,
indicates that the plasticizers were readily miscible in the
NaAlg/PSSAMA matrix, which further created space between

Table 1 Decomposition temperatures and total weight loss% of SP-0, SPDEP, SPDBP and SPDOP membranes

Membrane 1st decomposition temp. (°C) 2nd decomposition temp. (°C) 3rd decomposition temp. (°C) Total weight loss (%)
SP-0 107.39 236.75 438.99 67.44
SPDEP 119.27 267.59 451.49 57.96
SPDBP 125.62 264.25 441.20 62.31
SPDOP 109.25 263.98 457.31 62.31
New J. Chem. This journal is © The Royal Society of Chemistry and the Centre National de la Recherche Scientifique 2020
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Fig.5 The DSC thermograms of SP-0, SPDEP, SPDBP and SPDOP
membranes.

the polymer chains due to the insertion of the plasticizers at the
interstitial site and thus increased the free-volume, leading to
flexibility in the membrane.”® Among all the membranes, a
relatively larger reduction in T, was achieved by the SPDEP
membrane owing to the smaller size of the DEP plasticizer.

Membrane morphology

Atomic force microscopy (AFM). Atomic force microscopy
analysis revealed a possible correlation between the average
roughness (R,) and membrane hydrophilicity. Fig. 6 shows the
AFM images of the membrane surfaces over a scan area of
10 pm x 10 pm. In the literature, it is reported that the increased
hydrophilicity of the membrane could lead to a higher water
content in the polymer matrix, and thus leads to an enhanced
flexibility of the membranes, and thus decreased the roughness
of the surface (R,).>* The highly crosslinked NaAlg/PSSAMA (SP-0)
membrane showed a surface roughness of 181.45 nm. After
incorporating the different plasticizers in the highly crosslinked
NaAlg/PSSAMA matrix, the surface roughness was greatly
reduced. Upon comparing the different plasticizer incorporated
membranes, the DEP containing membrane showed a lower
surface roughness value (72.40 nm) due to the large number of
interactions between the oxygen atoms of DEP and the -OH
groups of NaAlg. All these results signify that the addition of
the plasticizers into the highly crosslinked membrane matrix
(NaAlg/PSSAMA) enhanced the hydrophilicity of the membranes.

Scanning electron microscopy (SEM)

To assess the miscibilities and morphologies of the membranes,
scanning electron microscopy was employed. Fig. 7(A and B)
illustrates the SEM images of the surface and cross-sectional
views of the NaAlg/PSSAMA and different plasticizer incorporated
NaAlg/PSSAMA membranes. From the images, it can be seen that
the surface of the SP-0 membrane was rough and relatively dense
due to the presence of a higher amount of PSSAMA content in the
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(d) SPDOP.

Opm 10pm

membrane matrix. However, the addition of the plasticizers such
as DEP, DBP and DOP creates a porous morphology on the
surface of the membrane. The porous surface of the membrane
plays a significant role in the permselectivity and has strict
control over the membrane performance. In particular, the
SPDOP membrane exhibited numerous large pores on its surface
due to the large bulky structure of the DOP plasticizer, as
compared to SPDEB and SPDBP. Fig. 7(B) presents the cross-
sectional views of SP-0, SPDEP, SPDBP and SPDOP. From the
image of SP-0, it is found that membrane was smooth without
any macro-defects such as cracks. Also, the cross-sectional
views of the SPDEP, SPDBP, and SPDOP membranes clearly
showed sponge like structures. Thus, it can be conecluded that
the incorporation of the plasticizers not only improved the
processability of the polymer matrix, but also created free-
volume in the membrane matrix.

Mechanical properties

In PV, a membrane is kept in a cell at atmospheric pressure on
its upstream side, while very low pressure is maintained on its
downstream side. Thus, apart from the chemical resistance, the
membrane should also have sufficient mechanical stability to
maintain the constant differential pressure created across the
membrane. There should be a proper balance between tensile
strength, stability and membrane elongation in order to obtain
good mechanical strength. The effects of the different plasticizers
on the tensile strength and percent elongation of the crosslinked
membrane were studied, and the data thus obtained are sum-
marised in Table 2. The stress-strain curves of the resulting
membranes are presented in Fig. 8.
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SP-0

Fig. 7 The SEM images of SP-0, SPDEP, SPDBP and SPDOP membranes:
(A) surface views and (B) cross-sectional views.

Table 2 Mechanical properties of SP-O, SPDEP, SPDBP and SPDOP
membranes

Tensile strength ~ Young’s Elongation at

Membrane (MPa) (£5.0%) modulus (MPa)  break (%) (+3.0%)
SP-0 123.96 5.233 33
SPDEP 70.87 1.495 53
SPDBP 80.21 2.148 43
SPDOP 105.74 3.401 39

It was observed that the highly crosslinked NaAlg/PSSAMA
(SP-0) membrane exhibited a higher Young’s modulus value of
5.233 MPa with a lower elongation at break of 33% due to its
brittle nature. The incorporation of the plasticizers in NaAlg/
PSSAMA membranes improved their flexibility and softness. As
a result, the values of elongation at break increased for the
SPDOP, SPDBP and SPDEP membranes as compared to the SP-0
membrane. However, upon incorporating the plasticizer, the
tensile strength of the membrane decreased, and accordingly, it
decreased from 123.96 to 105.74, 80.21, and 70.87 MPa for the
SPDOP, SPDBP and SPDEP membranes, respectively. In particu-
lar, a maximum elongation at break was obtained for the SPDEP
membrane. This can be attributed to the lower molecular weight
of the DEP plasticizer, which allowed the movement of the
plasticizer into the bulk of the polymer matrix. Thus, it created
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Fig. 8 The stress—strain curves of SP-0O, SPDEP, SPDBP and SPDOP
membranes.

effective plasticization in contrast to the higher molecular weight
plasticizers DBP and DOP.>?

Contact angle measurement

In order to examine the hydrophilicity of the resulting membranes,
the water contact angles of the membranes were measured, and
the values are presented in Fig. 9. It can be clearly seen that the
contact angle of the highly crosslinked NaAlg/PSSAMA (SP-0)
membrane was 49.6°. With the addition of the different plasticizers
into the NaAlg/PSSAMA membrane, the contact angle values of the
DOP, DBP and DEP incorporated membranes were found to be
44.3°, 38.6° and 34.9° respectively, signifying that the developed
plasticizer incorporated membranes exhibited excellent hydrophili-
city. This is due to the higher amorphous nature of the plasticizer
incorporated membranes, which facilitates their segmental mobility
and hence enhances their flexibility. Among the membranes
studied, the SPDEP membrane exhibited the lowest contact angle.
This is due to the creation of extensive interactions (hydrogen
bonding) between the oxygen atom (carbonyl oxygen of DEP)

60
554

49.6°
%] ....

43°
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r
386°
40 349° -
*

30 . - ;
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Membranes
Fig. 9 The contact angles of SP-0, SPDEP, SPDBP and SPDOP membranes.
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having two lone pairs of electrons and the -OH groups of NaAlg.
There are relatively fewer interactions in the SPDOP membrane
because of the steric hindrance caused by the bulky groups
(alkyl chains) on the ester oxygen, and therefore hindered the
reactivity of the ester oxygen and reduced the hydrophilicity of
the SPDOP membrane.

Swelling study

In PV, membrane sorption plays a key role in the separation
performance of the membrane,’ which is generally assessed by
the swelling capacity of the membrane in different feed mix-
tures. Fig. 10 shows the swelling behavior of all the membranes
in different compositions of water/tert-butanol mixtures at
30 °C. It was observed that the degree of swelling increased
almost linearly for all the membranes upon increasing the
water composition in the feed. It could be concluded that the
water/tert-butanol molecules were absorbed by the hydrophilic
groups, such as C—O0, -O—-(alkyl group) and -OH, in the
membranes and thus facilitated the transport of the molecules
through the membranes. It is also observed that the plasticizer
incorporated membranes showed greater degrees of swelling
than the crosslinked NaAlg/PSSAMA membrane (SP-0). This is
mainly attributed to the loosening of rigidity in the NaAlg/
PSSAMA polymer membrane and thus increased free-volume.
Upon comparing the degrees of swelling of the different plasticizer
incorporated membranes, the DOP incorporated membrane
exhibited the highest degree of swelling. This is mainly attributed
to the bulky structure of DOP. This was clearly evidenced in the
SEM images.

The sorption of solvents in the membrane matrix was also
evaluated using sorption curves. The sorption curves for the
highly crosslinked NaAlg/PSSAMA (SP-0) and different plasticizer
incorporated membranes determined in different mass% of
water in the feed at 30 °C are presented in Fig. 11. It is observed
that the amount of sorption was increased upon increasing the
mass% of water in the feed. This is due to the increased

40

I SP-0

[l SPDEP
504 N SPDBP
| [ SPDOP

35

Degree of Swelling (%)
I3
=l
1

5 10 15 20 25 30

‘Water in Feed (mass%)

Fig. 10 The degrees of swelling of SP-0, SPDEP, SPDBP and SPDOP in
different mass% of water in the feed.
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hydrophilic interactions between water molecules and the
membrane. All these data support that the plasticizer incorpo-
rated membranes (SPDEP, SPDBP and SPDOP) exhibit more
hydrophilicity than the highly crosslinked NaAlg/PSSAMA
(SP-0) membrane.

Pervaporation study

Effects of feed composition and plasticizers on PV performance.
The variations in the permeation flux by the addition of the different
plasticizers into NaAlg/PSSAMA membranes determined at 30 °C for
different feed compositions of water/tert-butanol are presented in
Fig. 12. It was observed that the permeation flux was increased upon
increasing the water content in the feed. This is due to the increased
interaction between the membrane and feed mixture. In the PV
process, the overall permeation flux and separation factor of the
membrane are generally explained on the basis of three possible
interactions, between the membrane and water, the membrane and
alcohol, water and alcohol. When the first two interactions are
stronger, due to the greater affinity between the permeants and the
membrane, water or tert-butanol will be sorbed into the membrane.
If the interaction between water and tert-butanol is strong, it leads to
a coupling transport which increases the flux, while suppressing the
separation factor. A simple method was employed to assess the
material interaction based on the difference in the solubility
parameter. The solubility parameters (MPa'?) of water, tert-butanol
and NaAlg are 23.4, 10.6 and 29.6-36.1, respectively.”>>® The
difference in solubility parameter of each pair follows the order:
tert-butanol/membrane > water/tert-butanol > water/membrane.
This states that the water and membrane have the strongest
interaction since they have the closest solubility parameter as
compared to the other two sets. Consequently, the water content
not only affects the membranes’ swelling, but also favors the water
transportation across the membrane.

In contrast to the swelling study, the SPDEP membrane
showed the highest flux due to extensive hydrogen bonding
interactions between the oxygen atom (carbonyl oxygen), the
ester oxygen of DEP and the —-OH groups of NaAlg. Although
the swelling behaviour of the SPDOP membrane was high, the
permeation of molecules through the membrane was less. This
may again be attributed to the steric hindrance caused by the
bulky groups (alkyl chains) on the ester groups of DOP in the
polymer matrix. Further, in the case of highly crosslinked
NaAlg/PSSAMA (SP-0), the membrane becomes fragile and is
prone to mechanical failure due to high crosslinking, and thus
we could not perform the PV experiment.

Fig. 13 describes the effects of mass% of water in the feed
and plasticizers on the separation factor of all the membranes.
It is observed that the separation factor was increased from 5 to
10 mass% and then decreased upon increasing the mass% of water
in the feed. The same trend was observed for all the membranes. At
higher mass% of water (15 to 25 mass%) in the feed, the mem-
branes swell greatly owing to the greater interaction between the
membrane and water molecule. Thus, the separation factor was
decreased significantly at higher water compositions in the feed.

Similar to permeation flux, the DEP containing NaAlg/PSSAMA
membrane exhibited the highest separation factor. This is due to
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membranes with different mass% of water in the feed.
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the establishment of greater interactions between the oxygen
atoms (carbonyl oxygen) of DEP and the -OH groups of sodium
alginate. On the other hand, the DOP containing NaAlg/PSSAMA
membrane exhibited the lowest separation factor owing to the
bulky structure of DOP and created a porous structure, and thus
led to the permeation of water and tert-butanol. Further, it is
noticed that the permeation flux and separation factor values of
all membranes were increased simultaneously up to 10 mass%
of water in the feed and this is how; the trade-off phenomenon
generally exists between the flux and separation factor was
overcome by incorporating the plasticizers into the membrane
matrix.

To evaluate the extent of permeation of individual components,
we plotted the total flux, and the fluxes of water and tert-butanol
for the different plasticizer incorporated membranes for 10 mass%
water in the feed as shown in Fig. 14. From the plots, it is observed
that the total flux and the flux of water are close to each other and
are significant particularly for the DEP incorporated membrane,
while the flux of tert-butanol was negligibly small for all the
membranes, suggesting that the membranes developed in the
present study by the incorporation of plasticizers are highly
selective towards water.

In order to determine the membrane separation ability and
assess the overall efficiency of the membranes, the pervaporation
separation index (PSI) was calculated, and the values are plotted for
the different plasticizer incorporated membranes for 10 mass%
water in the feed (Fig. 15). From the graph, it is noticed that the
DEP incorporated NaAlg/PSSAMA membrane showed the high-
est PSI value. This is due to the lower molecular weight of DEP
in the framework of the membrane, which has not only changed
the flexibility, morphology and hydrophilicity of the membrane,
but also allowed the movement of the plasticizer into the bulk of
the polymer matrix and made the plasticization more efficient
compared to the higher molecular weight plasticizers, such as
DBP and DOP.

14
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g
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=
=06
w
< --m--Total flux
= 0.4 - —6— Water flux

—a— tert-butanol flux

0.2
0 4 A A
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Fig. 14 Effects of different plasticizers on the total flux, and the fluxes of
water and tert-butanol at 10 mass% water in the feed.
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Fig. 15 Variation of pervaporation separation index for different plasticizer
incorporated NaAlg/PSSAMA membranes at 10 mass% water in the feed.

The permeance is the key model parameter that was deter-
mined at different mass% of water in the feed. The calculated
permeance values for the different plasticizer incorporated
NaAlg/PSSAMA membranes in different mass% of water in
the feed at 30 °C are presented in Table 3. From the table, it
can be clearly seen that all the membranes exhibited greater
water permeance as compared to tert-butanol, suggesting that
the developed membranes are highly selective towards water
molecules.”” Among the membranes, the DEP incorporated
NaAlg/PSSAMA membrane showed the highest water permeance
and an improved separation factor at 10 mass% of water in the
feed. From this, we concluded that the sorption of molecules
into the polymer matrix is not only based on selectivity, but also
on the size of permeants, since the kinetic diameter of tert-
butanol (0.60 nm) is larger than that of water (0.265 nm). Thus, a
larger amount of energy is required for ter¢-butanol as compared to
water to diffuse through the SPDEP membrane containing lower
molecular size DEP. This makes the plasticization more efficient and
tends to be more hydrophilic by the creation of small free-volume
and thus enhances the permeation flux and separation factor.

Permeability represents the intrinsic transport property of a
material to a penetrant. The water permeability was calculated
using eqn (7).”®

Py=P, x L 7)

Table 3 Permeance of water and tert-butanol at 30 °C for different
plasticizer incorporated membranes at different mass% water in the feed

P,/ (GPU) Prpa/l (GPU)
Mass% water SPDEP SPDBP SPDOP SPDEP SPDBP SPDOP
5 2936 2681 2827  2.62 272 3.17
10 3264 2897 2959 228  2.38 2.89
15 3529 3017 3347 277  2.54 3.29
20 3837 3252 3522 4.9 5.44 6.04
25 4158 3358 3699 558  6.23 7.56

GPU = gas permeation unit = 10"° cc (STP) cm > s~ ' cm ' Hg .
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Table 4 Permeabilities of water and tert-butanol at 30 °C for different
plasticizer incorporated membranes at different mass% of water in the
feed

Water permeability
(1 x 10~* Barrer)

tert-Butanol permeability
(1 x 1077 Barrer)

Mass%

of water =~ SPDEP SPDBP SPDOP SPDEP SPDBP SPDOP
5 1.17 1.07 1.13 0.10 0.10 0.12
10 1.30 1.15 1.18 0.09 0.09 0.11
15 1.41 1.20 1.33 0.11 0.10 0.13
20 1.53 1.30 1.40 0.19 0.21 0.24
25 1.66 1.34 1.47 0.22 0.24 0.30

where L is the membrane thickness (cm) and P, is the water
permeability in units of Barrer = 1 x 10~ '® em® (STP) cm ™!
(em™? s cmHg ).

The estimated permeability values are presented in Table 4.
The results are in good agreement with the flux data given in
Fig. 12. According to Table 4, the highest water permeability
and the lowest tert-butanol permeability values were observed
for all the plasticizer incorporated NaAlg/PSSAMA membranes.
This suggests that the plasticizer incorporated membranes are
highly selective towards water. Among the membranes, the DEP
incorporated NaAlg/PSSAMA membrane showed the highest
water permeability with less permeability of ter¢-butanol at all
water compositions in the feed. This clearly suggested that the
DEP incorporated membrane is highly selective towards water
owing to the interaction between lower molecular size DEP and
the membrane matrix.

Diffusion coefficients. The solution diffusion mechanism
plays an important role in understanding the PV process.
According to this mechanism, the PV process involves three
consecutive steps: sorption of the permeant from the feed side of
the membrane, diffusion of the permeant across the membrane,
and desorption of the permeant on the downstream side of the
membrane.”® Thus, the permeation rate and separation factor
are governed by the solubility and diffusivity of each component
of the feed mixture to be separated. However, during the process,
the diffusion step controls the transport of penetrants owing to
the establishment of fast equilibrium distribution between the
bulk feed and the upstream surface of the membrane. Therefore,
it is obviously important to estimate the diffusion coefficients of
penetrating molecules in order to understand the mechanism of
molecular transport. From Fick’s law of diffusion, the diffusion
coefficient can be expressed as shown in eqn (8):*°

dc;
Ji=—Di— 8
! dx (8)

where J is the permeation flux per unit area (kg m™~> s~ '), D is the
diffusion coefficient (m” s~ '), C is the concentration of permeant
in the membrane (kg m ™), subscript 7 indicates water or organic
solvent, and x is the diffusion length (m). For simplicity, it is
assumed that the concentration profile along the diffusion
length is linear, and thus the diffusion coefficient D; can be
calculated with the following modified equation:®'
Jis

D; = ) ©)
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Table 5 Diffusion coefficients of SPDEP, SPDBP and SPDOP for water/
tert-butanol at different mass% of water in the feed

D,, x 10% (em® s7) Drpa X 10° (cm® s7Y)

Mass%

of water SPDEP SPDBP SPDOP SPDEP SPDBP  SPDOP
5 15.8 13.3 14.4 0.173 0.189 0.209
10 19.4 16.5 18.4 0.083 0.093 0.106
15 27.3 24.1 24.7 0.102 0.105 0.123
20 51.0 46.3 49.0 0.114 0.118 0.135
25 56.2 48.5 52.6 0.126 0.132 0.148

where 6 is the thickness of the membrane. The calculated values
of D; at 30 °C are presented in Table 5.

It is observed that the diffusion coefficient of water was
much higher than the diffusion coefficient of tert-butanol. Among
the membranes studied, the DEP incorporated membrane
exhibited the highest diffusion coefficient of water as compared
to the other plasticizer incorporated membranes. This suggests
that the membrane developed in the present study by the
incorporation of DEP has demonstrated an excellent separation
ability for the separation of water from tert-butanol. As dis-
cussed in the PV study, this was attributed to the increased
hydrophilicity, selective adsorption and establishment of hydro-
gen bonding.

Temperature effect on PV performance. Temperature is an
important operating parameter in the pervaporation process
as it greatly induces the sorption and diffusion. The effect of
operating temperature on the PV performance for water/
tert-butanol mixtures was studied for all the membranes at
10 mass% of water in the feed, and the values thus obtained are
presented in Table 6.

It is observed that the permeation rate was increased from
30 to 50 °C for all the membranes, while suppressing the
separation factor. Generally, this happens for two reasons. First,
as the temperature increases, the vapor pressure difference
between the upstream and the downstream of the membrane
increases, and this in turn enhances the driving force for the
transport. Second, an increase of temperature promotes the
thermal motion of polymer chain segments, creating more free-
volume in the polymer matrix. However, in the present study,
the latter reason is ruled out since the PV experiments were
performed well below the glass transition temperature of NaAlg/
PSSAMA. Therefore, the vapour pressure difference played a
major role in transporting the associated molecules along with
the selective permeants. This resulted in an increase of total
permeation flux while suppressing the separation factor. Thus,
the temperature dependence of permeation and diffusion

Table 6 Pervaporation fluxes and separation factors for all the mem-
branes at 10 mass% of water in the feed

Jx10?(kgm >h ) Usep
Temp. (°C) SPDEP SPDBP SPDOP SPDEP SPDBP SPDOP
30 1.306 1.160 1.185 12830 10252 9202
40 1.649 1.367 1.528 4274 4256 3323
50 1.749 1.457 1.604 3885 3207 3192
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has prompted us to calculate the activation energy using the
Arrhenius type equation:

—E,
X=X exp(Rf) (10)

where X represents permeation (J) or diffusion (D), X, is a
constant representing a pre-exponential factor of j, or D,, E,
denotes the activation energy for permeation or diffusion
depending on the transport process under consideration, R is
a gas constant, and T is the temperature (K).

Arrhenius plots of logJ and logD versus temperature are
shown in Fig. 16 and 17, respectively. In both the cases, a linear
trend was observed, suggesting that the permeability and
diffusivity follows an Arrhenius trend.

We estimated the activation energies for total permeation
(Ep) and total diffusion (Eq) using least-squares fits of these
linear plots. Similarly, the activation energies for the permeation
of water (Eyy) and tert-butanol (E,rgg) and the diffusion of water
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Fig. 16 Variation of logJ with temperature for different plasticizer incorporated
membranes at 10 mass% water in the feed.
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Fig. 17 Variation of log D with temperature for different plasticizer incor-
porated membranes at 10 mass% water in the feed.
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Table 7 Arrhenius activation parameters for permeation and diffusion and
heats of sorption of plasticizer incorporated membranes

Parameter (k] mol ) SPDEP SPDBP SPDOP
Ep 9.34 12.40 12.65
Ep 9.77 13.01 13.34
Epw 9.28 12.33 12.57
Erer 49.13 55.86 69.37
Epw 9.72 12.95 13.26
AH —0.43 —0.61 —0.69

(Epw) were estimated. The values thus obtained are presented in
Table 7.

From Table 7, it is observed that the apparent activation
energy values of water (Ep,,) are much lower than those of tert-
butanol (Eprrr), suggesting that the membranes developed with
the different plasticizers demonstrated excellent separation
efficiency towards water. The activation energy values for
permeation of water (Ep,) and total permeation (Ep) are close
to each other, signifying that the coupled transport of both
water and tert-butanol molecules is minimal because of the
higher selective nature of the membranes towards water. The E,,
values of tert-butanol and water ranged between 49.13 and
69.37 k] mol ™" and 9.28 and 12.57 kJ mol ", respectively. The
estimated E,, and Ej, values ranged between 12.65 and 9.34 kJ mol !
and 13.34 and 9.77 kJ mol ', respectively. Using these values, we
calculated the heat of sorption using eqn (11).

AH = E, — Ey, (11)

The resulting AH, values are included in Table 7. It is noticed
that the AH; values obtained in the present study are negative for all
the membranes, suggesting that Langmuir’s mode of sorption is
predominant, giving an exothermic contribution.

Conclusions

In the present study, different plasticizer incorporated cross-
linked NaAlg/PSSAMA membranes were prepared by employing a
solution casting technique. Among the developed membranes,
the DEP incorporated NaAlg/PSSAMA membrane demonstrated
an excellent permeation flux and separation factor. This was
explained on the basis of the significant enhancement of hydro-
philicity, establishment of hydrogen bonding, chain flexibility
and electrostatic interaction in the membrane matrix. The DEP
containing membrane showed the highest separation factor of
12 830 with a flux of 1.306 x 10> kg m > h™" at 10 mass% water
in the feed at 30 °C. Experimental data also revealed that the total
flux and the flux of water overlap with each other, particularly for
the DEP incorporated membrane, suggesting that the developed
membrane with DEP was highly selective towards water and this
is in good agreement with the diffusion data. All the membranes
showed lower activation energy values for water (E,,,) than for
tert-butanol (Eprer), suggesting that the plasticizer incorporated
membranes have higher separation efficiency. All the obtained
AH; values are negative, indicating that Langmuir's mode
of sorption is predominant for all the membranes. Based on

New J. Chem.



Published on 28 February 2020. Downloaded by Karolinska Institutet University Library on 2/28/2020 8:57:02 PM.

Paper

these results, it is concluded that the DEP incorporated
membrane could be a potential candidate for industrial separa-
tion of water/tert-butanol.

Nomenclature

M, Molecular weight

A Effective membrane area (m?)

Dy Degree of swelling (%)

D, Pre-exponential factor for diffusion

Ep Activation energy for diffusion (kJ mol™")

Epw Activation energy for diffusion of water (k] mol™")

E, Activation energy for permeation (k] mol ')

Epw Activation energy for permeation of water (k] mol ")

Eyrpon Activation energy for permeation of tert-butanol

E, Activation energy for permeation or diffusion
(k] mol 1)

AH; Heat of sorption (kJ mol ")

J Total flux (kg m™> h™")

Jo Pre-exponential factor for permeation

PSI Pervaporation separation index

Pand F Mass percents of the permeate and feed

R Gas constant

t Permeation time (h)

T Temperature (K)

w Mass of permeate (kg)

Ws and Wy Masses of the swollen and dry membranes

Greek letters

0 Membrane thickness (40 pm)
oL gep Separation factor
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