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Abstract The present paper is our continuing effort to

develop a new type of sodium alginate (NaAlg) com-

posite membrane by incorporating cobalt(III)(3-acetyl-

pyridine-o-aminobenzoylhydrazone) (Co-APABZ)

complex as filler particles in different ratios. Membranes

were prepared by solution casting followed by solvent

evaporation and crosslinked with glutaraldehyde. Per-

vaporation (PV) performance of the prepared composite

membranes was assessed in terms of flux and selectivity

and these data were compared with the pristine NaAlg

membrane in PV dehydration of water–acetic acid mix-

tures. Pristine Co-APABZ particles in crystalline form

were prepared and characterized by the solid state X-ray

diffraction (XRD) technique, while the NaAlg/

Co(III)composite membranes were characterized by

thermogravimetry (TGA) and dynamic mechanical

thermal analyzer (DMTA). X-ray crystal structure of

Co-APABZ has shown that the complex formed was

crystalline in nature with six lattice water molecules,

which are interconnected by hydrogen bonds linking to-

gether to form cyclic hexamers that are analogous to

cyclohexane, creating water channels for an easy trans-

port of water molecules. TGA indicated no changes in

thermal stability of the membranes due to the presence

of Co-APABZ in the NaAlg matrix. DMTA confirmed

NaAlg crosslinking with glutaraldehyde. Effects of Co-

APABZ content, membrane thickness, temperature and

feed water compositions on membrane performance

were investigated to find an optimum PV performance of

the membranes developed. NaAlg composite mem-

branes in the presence of Co-APABZ particles prefer-

entially absorbed water molecules to facilitate diffusion

of water through the membranes and thus enhance the

selectivity to water. However, the amount of Co-APABZ

present in the NaAlg matrix and the degree of membrane

swelling has an effect on membrane performance.

Selectivity of 174 for water with a flux of 0.123 kg/m2 h

was obtained for 5 wt.% Co-APABZ containing NaAlg

matrix, when tested for the feed mixture containing 10 wt

% water. The present results are superior to the previ-

ously published data based on NaAlg membranes.

Introduction

Acetic acid is one of the most important intermediates

used in chemical industries. As the relative volatility
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of water to acetic acid is close to unity, much energy is

required if one attempts to separate acetic acid from

water by column distillation. On the other hand, per-

vaporation (PV) has been widely used as a technique

to separate aqueous acetic acid mixtures [1, 2]. Sepa-

ration of acetic acid–water mixtures by PV was

reviewed by Aminabhavi and Toti [3]. Sodium algi-

nate (NaAlg) and modified NaAlg membranes have

been widely used in PV dehydration studies of

organic–water mixtures [4–7]. In the earlier literature,

Uragami and Saito [8] used the alginic acid mem-

branes for PV separation of alcohol–water mixtures.

Mochizuki et al. [9] studied the relationship between

permselectivity of alginic acid membrane and its solid-

state structure as well as the effect of counter cations

on membrane performance. In another study, Yeom

and Lee [10] used glutaraldehyde crosslinked NaAlg

membrane for the PV separation of ethanol–water

mixtures. Huang et al. [11] prepared the crosslinked

NaAlg membranes using various divalent and trivalent

metals for the PV separation of ethanol–water and

isopropanol–water mixtures. Recently, Toti et al. [12,

13] prepared the blend membranes of NaAlg with

polyacrylamide-g-guar gum for the PV separation of

acetic acid–water and isopropanol–water mixtures.

Several asymmetric membranes and thin film com-

posites of NaAlg with different hydrophilic and

hydrophobic support materials have been employed in

PV applications [14–18]. In an effort to increase the

PV performance of NaAlg, its blends with hydrophilic

polymers like poly(vinyl alcohol), cellulose, etc., have

been attempted [19].

It has been reported in the earlier literature [20–23]

that addition of hydrophilic zeolites would improve the

PV performance characteristics of the membranes. In

continuation of our ongoing program of research to

develop filled matrix membranes, we thought of syn-

thesizing cobalt(III) complex particles prepared by

reaction of CoCl2 with 2-acetylpyridine-o-amin-

obenzoylhydrazone (Co-APABZ), which will exhibit

propensity to create water channels as evidenced by

X-ray data of the complex. Realizing that such water

channels present in Co(III) complex molecule will

further improve the membrane performance charac-

teristics of NaAlg even if these are present in small

quantities for dehydrating acetic acid. In this direction,

we have undertaken the present research to develop

novel type of composite membranes by incorporating

Co-APABZ crystals in different amounts (2, 3 and

5 wt.%) with respect to weight of NaAlg. The devel-

oped membranes have enhanced the PV performances

over that of the pristine NaAlg membrane while

dehydrating acetic acid. Sorption experiments on the

composite membranes have been performed to support

the membrane performance results. The effect of

varying amount of Co(III) complex particle loading,

membrane thickness, temperature, and feed composi-

tions have been investigated in detail in order to find

the appropriate application of the developed compos-

ite membranes of NaAlg for the selective separation of

water from acetic acid by the PV method.

Experimental

Materials

Sodium alginate, methanol, acetone, glutaraldehyde,

HCl and CoCl2 were all purchased from s.d. fine

chemicals, Mumbai, India. Deionized water having a

conductivity of 20 lS/cm was produced in the labora-

tory itself using the Permionics pilot plant (Vadodara,

India) on a nanofiltration membrane module.

Preparation of (3-acetylpyridine-o-aminobenzoyl

hydrazone)

o-Aminobenzaldehyde (1.51 · 10–2 kg, 0.1 M) was dis-

solved in 1.3 · 10–4 m3 of methanol. 2-Acetyl pyridine

(1.21 · 10–2 kg, 0.1 M) was then added to the above

solution, which upon stirring for 3–4 h yielded a crys-

talline product. The product was isolated by filtration,

washed with alcohol and dried in air. Recrystallization

from hot methanol yielded yellow colored crystals of

3-acetylpyridine-o-aminobenzoyl hydrazone [APABZ].

Preparation of (3-acetylpyridine-o-aminobenzoyl

hydrazone) Co(III) complex

[Co(APABZ)2]Cl�6H2O

Co(III) complex was prepared by adding 0.001 M

CoCl2 to a warm solution of 2-acetylpyridine-o-amin-

obenzoylhydrazone (APABZ) with continuous stirring.

A thick precipitate was formed immediately, but stir-

ring was continued for 5–6 h. The complex obtained

was filtered, washed with aqueous alcohol and dried in

air. The Co(II) has undergone oxidation to Co(III)

upon complexation. Blackish red crystals suitable for

X-ray diffraction studies were obtained by the slow

evaporation of its methanolic solution.

Preparation of cobalt(III) complex-incorporated

NaAlg membranes

Cobalt(III) complex-loaded NaAlg membranes were

prepared by dissolving 4 g of NaAlg in 1 · 10–4 m3 of
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water for 24 h with constant stirring. To this solution, a

required amount of Co(III) complex was added to

1 · 10–5 m3 of water taken in a beaker and sonicated

for 2 h. Cobalt(III) complex (2, 3 and 5 wt.% with

respect to weight of NaAlg) was added to NaAlg

solution and stirred for overnight. The mixture was cast

as membranes on a clean glass plate, dried at room

temperature and peeled off from the glass plate. The

membranes were designated, respectively, as NaAlg/

Co(III)-2, NaAlg/Co(III)-3 and NaAlg/Co(III)-5.

Membranes formed were immersed in a bath contain-

ing water:acetone (30:70, v/v), 2.5 · 10–6 m3 of glutar-

aldehyde, 2.5 · 10–6 m3 of HCl and were allowed to

crosslink for about 12 h. Membranes were removed

from the crosslinking bath, washed with distilled water,

and dried at room temperature. Membrane thicknesses

were measured by micrometer screw gauge at different

positions with standard errors being <±1.0 lm.

X-ray diffraction studies

The crystal structure of 3-acetylpyridine-o-amin-

obenzoyl hydrazone was determined with dimensions

of 0.53 < h < 25.90�. The CCDC deposit number is

269976. The crystal structure of Co(III) complex was

determined by developing a crystal with dimension

0.71 · 0.51 · 0.26 mm3. Data were collected at 293 K

with scan mode in the range 1.72 < h < 27.91. A total

of 18350 (7821 independent, R1; 0.0604 and

xR2 = 0.1269) reflections were measured. The CCDC

deposit number is 271781. The crystallographic data for

3-acetylpyridine-o-aminobenzoyl hydrazone and its

complex with Co(III) are given in Table 1.

Thermogravimetric analysis (TGA)

TGA thermograms of the membranes were recorded

on a Simultaneous Thermal Analysis (model 1500,

Surrey, U.K) system. TGA scans were done from 298

to 1073 K at the heating rate of 293 K/min in an inert

nitrogen atmosphere.

Dynamic mechanical thermal analysis (DMTA)

DMTA analyses of the pristine NaAlg, uncrossinked

NaAlg/Co(III) and crossinked NaAlg/Co(III) mem-

branes have been performed on a DMTA IV (Rheo-

metric Scientific, USA) instrument operating at 1 Hz

frequency between 298 K and 473 K at the heating rate

of 278 K/min.

Degree of swelling

The % degree of swelling was performed gravimet-

rically on all the membranes in 10, 20 and 30 wt.% of

water-containing feed mixtures at 303 K. Initial mass

of the circularly cut (dia = 25 mm) NaAlg and NaAlg/

Co(III) composite membranes was measured on a

single-pan digital microbalance (model AE 240,

Mettler, Switzerland) sensitive to 1 · 10–8 kg. Samples

were placed inside the specially designed airtight test

bottles containing 2 · 10–5 m3 of the test solvent. Test

bottles were transferred to an oven maintained at the

constant desired temperature. Dry membranes were

equilibrated by soaking in different compositions of

the feed mixture in a sealed vessel at 303 K for 48 h.

Swollen membranes were weighed immediately after

carefully blotting and weighing on a digital micro-

balance. The % degree of swelling, DS was calculated

as,

%DS ¼ W1 �W0

W0

� �
� 100 ð1Þ

Table 1 Crystal data, data collection and structure refinement

APABZ [Co(APABZ)2]
Cl�6H2O

Empirical formula C14H14N4O C28H38N8O8CoCl
Formula weight 254.29 709.04
Crystal size, mm 0.53 · 0.46 · 0.18 0.71 · 0.57 · 0.26
Crystal system Orthorhombic Triclinic
Space group Pbca P1
A, nm 1.1484(17) 1.1783(10)
B, nm 1.47591(2) 1.1839(10)
C, nm 1.51882(2) 1.2734(10)
A 90.0 90.689(13)
B 90.0 110.453(12)
G 90.0 106.79(13)
V, nm3 257.46(6) 158.1(2)
Z 8.0 2.0
q calcd, (kg/m3) 1312.1 1490
Absorption coefficient

(mm–1)
0.087 0.690

F (000) 1072 740
Range (�) for data

collection
2.62–25.90 –

Number of reflections
measured

18863 18350

Number of unique
reflections

2528 7281

R (int) 0.0592 0.0408
Number of observed

reflections
1,591 5,495

Final R indices [1 > 2r(1)] 0.0632 0.0604
Goodness-of-fit 0.801 1.069
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where W¥ and W0 are the weights of swollen and dry

membranes, respectively.

Sorption selectivity (asorption)

To compute sorption selectivity, completely equili-

brated membranes with different wt.% of water in

the binary mixtures were removed from the test

bottles and after blotting off the surface adhered

liquid drops with a filter paper, they were placed in a

glass trap surrounded by liquid nitrogen and then

heated close to the boiling temperature of the

organic liquid under consideration. The vapor was

condensed in a cold trap surrounded by liquid

nitrogen jar. Composition of the condensed liquid

mixtures was then calculated by Nucon gas chro-

matograph (model 5765, Mumbai, India) provided

with a thermal conductivity detector (TCD) equipped

with a DEGS or Tenax packed column of 3.18 mm

ID having 2 m length. Sorption selectivity was then

calculated using:

asorp ¼
Mw=Morganic

Fw=Forganic
ð2Þ

where Mw, Morganic and Fw, Forganic are wt.% of water

and organic liquid (acetic acid) in the membrane and

feed, respectively.

Pervaporation experiments

Pervaporation experiments have been performed on a

1 · 10–4 m3 batch level manifold using an indigenously

constructed instrument that was operated at a vacuum

level up to 6.67 Pa in the permeate line (see Fig. 1).

The effective membrane surface area was

1.993 · 10–3 m2 and weight of the feed mixture taken

in PV cell was 0.07 kg. Temperature of the feed mix-

ture was maintained constant by a thermostatic water

jacket. Before starting the PV experiment, test mem-

brane was equilibrated for at least 2–4 h with feed

mixture media. After establishment of steady state,

permeate vapors were collected in cold traps immersed

in liquid nitrogen up to 4–5 h. Weight of the permeate

collected was measured on a Mettler Balance (model B

204-S, Greifensee, Switzerland: accuracy 10–7 kg) to

determine the flux, J (kg m–2 h–1) using weight of liq-

uids permeated, W (kg), effective membrane area, A

(m2) and measurement time, t (h) as:

J ¼ W

At
ð3Þ

Analysis of feed and permeate samples was done

using Nucon gas chromatograph (model 5765) pro-

vided with a TCD and equipped with a DEGS or

Tenax packed column of 3.18 mm ID having 2 m

length. Oven temperature was maintained at 343 K

(isothermal), while injector and detector temperatures

were maintained at 423 K. The sample injection vol-

ume was 1 · 10–9 m3. Pure hydrogen was used as a

carrier gas at a pressure of 10.66 psi. GC response was

calibrated for column and for known compositions of

water + acetic acid mixtures. Calibration factors were

fed into the GC software to obtain the analysis for

unknown samples. The pervaporation selectivity, aPV

was then calculated using,

aPV ¼
PA

1� PA

� �
FA

1� FA

� �
ð4Þ

where FA is mass % of water in feed and PA is mass %

of water in permeate. A minimum of three indepen-

dent measurements of flux and aPV were taken under

similar conditions of temperature and feed composi-

tions to confirm the steady-state pervaporation.

Results and discussion

X-ray diffraction studies

ORTEP and molecular packing diagrams of cobalt(III)

complexes are depicted in Figs. 2–4. The molecule is

coplanar, wherein Co(III) ion is bonded through O(1),

N(1), O(1a) and N (1a), which occupy the equatorial

sites, but N(2a) and N(2) occupy axial sites, indicating

a distorted octahedral geometry around the metal

center (Fig. 2). Co(III) complex tend to crystallize with

six lattice water molecules. The crystal structure of

Co(III) complex indicates its coplanarity. The Co(III)

ion is bonded through O(1), N(1), and O(1a), which

occupy the equatorial sites, while N(2a) and N(2)

occupy the axial sites, indicating a distorted octahedral

geometry around the metal center. The equatorial

Co(I)–N(1) and Co(1)–N(1a) distances are 0.1920 nm

and 0.1925 nm, which are significantly longer than the

axial Co(1)–N(2a) and Co(1)–(2a) distances i.e.,

0.1816 nm and 0.1816 nm. The Co(I)–O (1a) and

Co(1)–O(1) bond distances are 0.1935 nm and

0.1909 nm, respectively. These values are typical of

low-spin octahedral cobalt complexes [24, 25]. The

distortion from ideal octahedral geometry is evidenced

by the ‘‘bite’’ angles [N(1a)–Co(1)–N(2a): 82.48,

O(1a)Co(1)–N(2a): 81.64, O(1)–Co(1)–N(1a): 90.15,
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O(1)–Co(1)–N(2a): 81.68 and N91)–(Co1)–O(1a):

[89.89�]. However, Co(III) atom does not deviate much

from the best least squares plane defined by N(1),

N(2), O(1), N(1a), N(2a) and O(1a). The coordinating

atoms N(1), N(1a), O(1a) and O(1) form the equatorial

plane, whereas N(2)–Co(1)–O(1a) [89.89�], N(1)–

Co(1)–N(1a) [92.39�], N(1a)–Co(1)–O(1) [90.15�] and

O(1)–Co(1)–O(1a) [91.96�]. The axial bond angle

[N(2)–Co(1)–N(2a)—178.05�] is almost close to linear

(180�). The N(2)–Co(1)–N(2a) bond angle is 178.05�,

which is almost close to linearity (180�). On the other

hand, axial coordinating atoms along with the central

Co(III) atom deviate from linearity with angles of

164.09 [N(1)–Co(1)–O(1)] and 164.12� [O(1)–Co(1)–

N(1a)].

Fig. 1 Schematics of
pervaporation unit

Fig. 2 ORTEP of Co(APABZ)2Cl�6H2O

Fig. 3 Molecular packing diagram of Co(APABZ)2Cl�6H2O
showing water hexamers

4410 J Mater Sci (2007) 42:4406–4417

123



The plane I comprising of C(9), C(10), C(11), C(12),

C(13) and C(14) makes dihedral angles of 89.59�,

11.88� and 87.27� with plane II [C(9a), C(10a), C(11a),

C(12a), C(13a), C(14a)], plane III [N(1), C(1), C(2),

C(3), C(4), C(5) and C(6), N(2), Co(1)] and plane IV

[N(1a), C(1a), C(2a), C(3a), C(4a), C(5a) and C(6a),

N(2a), Co(1)], respectively. The following conforma-

tional changes are observed in the Co(III) complex.

The C=O [O(1)–C(8) and O(1a–C8a)] are increased to

0.1308 nm compared to 0.1227 nm in free legand due

to enolization and deprotonation effects. This is indi-

cated by the changes in conformations across N(3)–

C(8)–C(9)–C(14) and N(3)–N(2)–C(6)–C(7), which are

+synperiplanar and –synperiplanar; torsional angles

are +12.29 and –1.49�, respectively. These changes

bring N(3), C(7) and C(4) [which were earlier in a trans

positions to each other in legand] to cis positions upon

complexation. Due to rotation about C(8)–N(3) bond,

the N(4) of NH2 group is trans to O(1). A decrease on

‘‘bite’’ distances of 0.2466 nm [O(1)–N(2)], 0.2496 nm

[N(1)–N(2)], 0.2472 nm [O(1a)–N(2a)] and 0.2505 nm

[N(1a)–N(2a)] is observed as compared to free ligand.

As expected from the potential donor atoms derived

from two ligands, a chloride ion and six lattice held

water molecules, a number of hydrogen bonds are

observed in the molecule. One of the hydrogens of

N(4) [NH2 group] is involved in bifurcate hydrogen-

bonding with O(1) (intermolecular) and N(3) (intra-

molecular), whereas other hydrogen is bonded to O(3)

of water molecule. A similar hydrogen-bonding inter-

action is also observed in the second ligand molecule

where one of the hydrogens of N(4) is hydrogen bon-

ded to O(5) of the lattice water molecule. Similarly, the

hydrogen of N(4) [NH2 group] is also involved in

bifurcate hydrogen-bonding with O(1A) (intermolec-

ular) and O(3) (intramolecular), whereas other

hydrogens of N(4) is hydrogen-bonded to O(5) of the

lattice water molecule. Water clusters that known to

cause structural changes of water molecule in their

isolated and bulk states, via hydrogen-bonding may

lead to various geometries that will line up to form

water channels [26]. Further, systems containing such

water channels might mimic ion and water membrane

channels, analogous to aquaporin water channels [27].

These aquaporins are a series of homologous water

channels composed of proteins and expressed in many

epithelial, endothelial and other tissues. In general,

water clusters are present in various isomeric forms, of

which water hexamer is particularly interesting. These

hexamers exist in various forms like cages, prisms,

book boat and cyclic forms [28]. The water hexamer

clusters are isoenergetic, i.e., all the forms have ener-

gies within 2.94 kJ/mol of each other. The lowest

energy conformer is the cage followed by the book,

prism, ring and bag, albeit at high temperatures, the

population of the five hexamers is almost the same.

The present Co(III) complex crystallizes with six

lattice water molecules. An interesting observation is

that these water molecules are interconnected by a

series of hydrogen-bonds, which link together to form

cyclic hexameric forms analogous to cyclohexane

molecule, each of O(2), O(5) and O(7) (Figs. 3 and 4)

reveals such hexameric water molecules to form the

extended water channels in the crystal structure

between two layers of the complex molecule. These

water channels have an appropriate width of 0.5 nm to

0.7 nm. Each hexamer is connected to the host mole-

cule through two O(7) and O(5) water molecules with

O(2) molecules remaining free. The O(7) is hydrogen-

bonded to N(4a) of the host molecule in the adjacent

layer, whereas O(5) is hydrogen-bonded to O(3), which

in turn is bonded to O(6) water molecule. The O(6) is

further involved in hydrogen-bonding with N(4) of an

adjacent molecule as well as chloride ion. The chloride

ion is further bonded to O(4) water molecule. Thus,

O(3), O(4) and O(6) water molecules do not form a

hexamer, but serve to support the cyclic hexamer

formed by O(2), O(5) and O(7) by connecting it to the

host. The hydrogen-bond angles of the water the mol-

ecules are close to linear, O–H–O, ranging from 168–

176� and the O���O distances range 0.2710 nm to

0.2850 nm, compared to the corresponding value in ice,

which is 0.2759 nm at –363 K. Similarly, O–O–O angles

vary considerably from 87�–117�, which is appreciably

distorted from the values in hexagonal ice, wherein

these values are 109.3� [27]. Further, O(3)���O(6),

O(5)����O(7), O(7)���O(2), O(2)���O(5) bond distances

of 0.2713 nm, 0.2796 nm, 0.2852 nm and 0.2953 nm

suggest the presence of strong intramolecular hydro-

gen-bonding between these oxygen atoms.

Fig. 4 A stereo regular view of the channel formed by water
hexamers shown in space filling mode
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Thermogravimetric analysis (TGA)

TGA thermograms of cobalt(III) complex, pristine

NaAlg and uncrosslinked NaAlg/Co(III) composite

membranes are shown in Fig. 5. TGA thermogram of

the pristine NaAlg membrane shows it to be stable up

to 508 K. An initial weight loss of about 6 % was

observed due to the release of moisture from the

polymer. A weight loss of about 46% was observed

between 503 K and 537 K due to degradation of the

polymer (Fig. 5b). Thermogram of cobalt(III) complex

shows a three-step degradation with an initial weight

loss of 12.3% observed between 348 K and 385 K due

to the release of bound water molecules because

Co(III) complex contains water molecules; these water

molecules are interconnected through a series of

hydrogen-bonds (channels), which link together to

form the cyclic hexameric forms. TGA thermograms

show that major weight loss of 31% observed between

508 K and 588 K is due to the degradation of chelating

agent (Fig. 5a). On the other hand, thermogram of

NaAlg/Co(III)-5 membrane shows an initial weight

loss of about 7.5% between 298 K and 384 K due to

the release of moisture from the polymer as well as due

to the release of water bound to Co(III) complex

present in the NaAlg matrix. Notice that the onset of

degradation of NaAlg is not affected by incorporating

Co(III) complex into NaAlg matrix, but weight loss

decreased from 46 to 33% (see Fig. 5c).

Dynamic mechanical thermal analysis (DMTA)

The tan d curve of the pristine NaAlg membrane shows

a glass transition temperature (Tg) of 382 K (see

Fig. 6). However, the Tg of NaAlg did not change upon

loading Co(III) complex particles into NaAlg, but Tg

has shifted to 393 K after crosslinking with glutaral-

dehyde (see Fig. 7). The room temperature modulus of

NaAlg membrane (460 · 103 MPa) has increased by

one order of magnitude due to crosslinking of NaAlg

membrane with glutaraldehyde.

Degree of swelling

The % degree of swelling obtained from swelling

experiments at 303 K for pristine NaAlg and compos-

ite NaAlg membranes measured as a function of wt.%

of water in the feed mixture is displayed in Fig. 8.

Swelling kinetics depends upon the mutual diffusion

of solvent molecules in response to polymer chain

Fig. 5 TGA thermograms of (a) Co(III)complex, (b) plain
NaAlg and (c) uncrosslinked NaAlg/Co(III)-5

Fig. 6 Tan d curves of (a) plain NaAlg, (b) uncrosslinked
NaAlg/Co(III)-5 and (c) crosslinked NaAlg/Co(III)-5 mem-
branes

Fig. 7 E¢ curves of (a) pristine NaAlg, (b) crosslinked NaAlg/
Co(III)-5 membranes

4412 J Mater Sci (2007) 42:4406–4417
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relaxation processes [29]. In the present study, swelling

increases with increasing loadings of Co(III) complex

particles. For instance, swelling is higher for NaAlg/

Co(III)-5 membrane than those observed for NaAlg/

Co(III)-3 and NaAlg/Co(III)-2 membranes; for all the

composite membranes, swelling is higher than the

pristine NaAlg membrane. These data indicate that

water molecules get sorbed preferentially and diffuse

more easily through the composite membranes than

pristine NaAlg membrane due to the availability of

pores created by the addition of Co(III) complex par-

ticles. At higher water feed concentrations, amorphous

regions of the membrane are highly swollen; hence,

polymer chain becomes more flexible, thereby giving a

decrease in diffusive transport of water molecules with

increasing flux.

Effect of Co(III) complex content

It is well known that by introducing polar monomers

like acrylamide into NaAlg backbone, it will lead to an

improvement in PV performance of the overall mem-

brane due to the effect of chemical grafting [12]. In

order to improve the PV performance of NaAlg

membrane to selectively separate water from acetic

acid, we have developed the composite membranes

loaded with different amounts of Co(III) complex. In

order to test the stability of such membranes, we have

soaked them in aqueous acetic acid to observe any

possible leaching of the complex particles from the

membranes. The UV-visible spectra of the aqueous

acetic acid solution were recorded to detect any pres-

ence of Co(III) ion the in aqueous acetic acid solution.

The absorption peak of Co(III) ion was not found in

90 wt.% aqueous acetic acid solution, suggesting that

leaching of Co(III) ions did not take place and hence,

NaAlg/Co(III) complex composite membranes are

stable and intact during PV conditions.

The effect of Co(III) complex content of the

membrane was tested to study the PV performance

(see Fig. 9). It is observed that both flux and selectivity

have increased with increasing amount of Co(III)

complex particles in the membrane. Membranes were

stable up to 5 wt.% of Co(III) complex loading into

NaAlg and hence, the present study was limited to

adding up to 5 wt.% of Co(III) complex particles in

NaAlg matrix. The observed increase in selectivity is

due to increased polymer chain packing density by

adding increasing amount of Co(III) complex particles

in NaAlg membrane. By comparing PV performances

of NaAlg/Co(III) composite membranes with that of

pristine NaAlg membrane, we find that NaAlg mem-

brane containing 5 wt.% of Co(III) complex exhibited

an improved PV performance over that of the pristine

NaAlg membrane as well as other NaAlg composite

membranes with lower loadings of Co(III) complex.

Highest selectivity of 174 and flux of 0.123 kg/m2 h

were observed for NaAlg membrane containing

5 wt.% Co(III) complex. These results are in confor-

mity with the sorption data discussed before.

Effect of feed composition

Flux and selectivity results are displayed in Table 2.

The flux of pristine NaAlg membrane increased from

0.051 kg/m2 h to 0.119 kg/m2 h for feeds containing

10–30 wt.% of water in water–acetic acid feed mix-

tures. Upon increasing water content of the feed mix-

ture from 10 to 30 wt.%, selectivity of pristine NaAlg

membrane decreased from 18 to a much lower value of

3. Parallel to this effect, wt.% of water in permeate also

decreased from a lower value of 67.18 to a still lower

value of 55.76%. However, increase in flux with

increasing amount of water in the feed is attributed to

plasticization effect of the membrane due to swelling,

thus allowing permeation of only water molecules from
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Fig. 8 Degree of swelling versus weight % of water in the feed.
(s) pristine NaAlg, NaAlg/Co(III)-2 (h), NaAlg/Co(III)-3 (r)
and NaAlg/Co(III)-5 (M) membranes
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feed mixture through the membrane. However, PV

performance of the pristine NaAlg membrane was

improved by adding different amounts Co(III) com-

plex particles (i.e., 2, 3 and 5 wt.%). For instance, the

flux for NaAlg/Co(III)-2 membrane was increased

from 0.079 to 0.192 kg/m2 h, while for NaAlg/Co(III)-

3, it increased from 0.096 to 0.262 kg/m2 h with

increasing amount of water in the feed from 10 to

30 wt.%. In case of NaAlg/Co(III)-5 membrane, flux

was increased from 0.123 to 0.315 kg/m2 h (see data

presented in Table 2 and displayed in Fig 10). Water

removed on permeate side in case of NaAlg/Co(III)-2

membrane ranged between 87.65% and 84.48%, while

for NaAlg/Co(III)-3 membrane, it ranged between

89.82% and 86.27%; on the other hand, for NaAlg/

Co(III)-5, the amount of water extracted towards

permeate side is higher, i.e., it ranged between 95.09%

and 87.87% over the studied water compositions of the

feed mixture. Such an increase in flux due to prefer-

ential absorption of water molecules as a result of

water channels intrinsically created in Co(III) complex

are further adding to the effect of increased water

transport.

At 30 wt.% of water in feed, the selectivity is 19 for

NaAlg/Co(III)-5 composite membrane, which is much

higher than observed for pristine NaAlg membrane;

however, a selectivity of only 3 is found for 30 wt.%

water containing feed mixture. This suggests that the

amount of Co(III) complex present in NaAlg matrix

plays an important role in creating extra free channels

within NaAlg matrix along with the additional water

channels that are already created or aligned in Co(III)

complex. This would allow for a better preferential

absorption of water molecules within the interstices of

Co(III) complex and Co(III) complex loaded NaAlg

membranes, leading to increased flux and selectivity

data. The decrease in selectivity with increasing

amount of water in the feed is attributed to increased

membrane swelling at higher concentrations of water

in the feed. For instance, the selectivity of NaAlg/

Co(III)-2 membrane decreased from 64 to 13 with

increasing water concentration of the feed from 10 to

30 wt.%. Similarly, the selectivity values of NaAlg/

Co(III)-3 and NaAlg/Co(III)-5 membranes decreased

from 79 to 15 and 174 to 19, respectively under similar

feed water concentrations. Selectivity and flux data

exhibited by NaAlg/Co(III) composite membranes are

higher than those of the pristine NaAlg membrane at

all compositions of water in the feed. From these

results, it is evident that both Co(III) complex content

and membrane swelling contribute jointly in improving

the PV performance of the composite membranes over

that of the pristine NaAlg membrane.

Effect of membrane thickness

To study the effect of membrane thickness, we have

typically selected the membrane (NaAlg/Co(III)-5),

which gave high selectivity and high flux. Membranes

of thicknesses of 25 lm, 50 lm, 80 lm, 120 lm, and

140 lm were prepared and subjected to PV experi-

ments performed typically for 10 wt.% water in the

feed mixture. It is observed that flux reduced sys-

tematically from 0.272 kg/m2 h to 0.021 kg/m2 h with

Table 2 Pervaporation results of water + acetic acid mixtures at
303 K under 6.67 Pa vacuum pressure

Wt.% of water
in the feed

Flux J
(kg/m2 h)

Selectivity (a) Wt.% of water
in the permeate

Pristine NaAlg membrane
10 0.051 18 67.18
20 0.094 7 62.83
30 0.119 3 55.76
NaAlg/Co(III)-2
10 0.079 64 87.65
20 0.137 24 85.59
30 0.192 13 84.48
NaAlg/Co(III)-3
10 0.096 79 89.82
20 0.173 28 87.63
30 0.262 15 86.27
NaAlg/Co(III)-5
10 0.123 174 95.09
20 0.236 40 90.83
30 0.315 19 88.87
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Fig. 10 Flux and selectivity versus weight % of water in the feed
for water + acetic acid. Symbols: (s) pristine NaAlg, NaAlg/
Co(III)-2 (h), NaAlg/Co(III)-3 (r) and NaAlg/Co(III)-5 (M)
membranes
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increasing membrane thickness from 25 lm to

140 lm. Figure 11 clearly displays this effect; for

instance, a gradual decrease in flux with an increase in

membrane thickness under identical operating condi-

tions is observed. In PV, diffusion is the rate-con-

trolling step, which decreases with increasing

membrane thickness, thereby causing a subsequent

reduction in flux. However, corresponding selectivity

values increased from 13 to as high as 488 upon

increasing membrane thickness from 25 to 40 lm. In

PV process, the upstream layer of the membrane is

swollen and plasticized due to absorption of feed li-

quid molecules, but allows only the unrestricted

transport of feed components. In contrast, the down-

stream layer is virtually dry due to a continuous

evacuation in permeate side and therefore, this layer

forms the restrictive barrier, which allows only certain

species (particularly, water in the present case) to

transport across the membrane. It is expected that

thickness of the dry layer will increase with increasing

membrane thickness, thereby resulting in an improved

selectivity as observed in the present study. Similar

effects have also been observed in our earlier reports

[30, 31].

Effect of temperature

To test the stability of all the membranes at higher

temperatures viz., 313 K, 323 K and 333 K, PV

experiments were performed for 10 wt.% of water

containing feed mixtures. These data are reported in

Table 3. It is observed that flux values increased with

increasing temperature due to an increase of vapor

pressure. However, the increased mobility of diffusing

molecules as well as the polymer chain segmental

mobility at higher temperatures is responsible for this

type of effect. According to free volume theory [32], an

increase in temperature increases the thermal mobility

of the membrane polymer chains, which will create

extra free volumes within the membrane matrix. This

will further increase the sorption and diffusion rates of

the permeating molecules, thus resulting in an easy

transport of organic component from the feed mixture.

On the other hand, membrane selectivity to water is

reduced with increasing flux [33].

Permeation flux data obtained at different temper-

atures have been fitted to Arrhenius type relationship

to estimate the activation parameters.

Jp ¼ Jp0 expð�Ep=RTÞ ð5Þ

Here, Ep is the activation energy for permeation, Jp0

is permeation rate constant, R is molar gas constant

and T is temperature in Kelvin. If activation energy

values are positive, then flux will increase with

increasing temperature. As the temperature increases,

vapor pressure on the feed side of the membrane will

also increase, whereas on the permeate side, vapor

pressure will remain constant. This will result in

increasing driving force at higher temperatures.

Arrhenius plots of ln Jp vs. 1/T are linear as displayed

in Fig. 12, suggesting that the temperature dependence

of total permeation flux follows the Arrhenius rule, a

trend that has also been observed in many earlier

reports [34]. The calculated Ep value for pristine

NaAlg membrane is 26.42 kJ/mol, whereas for NaAlg/

Co(III)-5 membrane, a quite smaller value of Ep of

13.51 kJ/mol is observed. This indicates that composite

membranes with a high selectivity have a smaller value

of Ep than the pristine NaAlg membrane; this is due to

lesser energy required for water molecules to cross

over the Eyring’s energy barrier. From the results of Ep

given in Table 3, one can see that Ep values decrease

systematically with increasing loadings of Co(III)

complex particles. As expected, flux has increased with

increasing temperature, but selectivity showed a

reverse trend.

Diffusion selectivity

In the previous literature, sorption and diffusion model

has been used to explain the PV transport of liquids

through polymer membranes [35]. For the diffusive

transport to take place, the presence of concentration

gradient across the membrane is responsible. There-

fore, one can calculate diffusion coefficient, Di of the

transporting liquid molecules through the membrane

using the following Fick’s equation [29].

Ji ¼ pi½piðfeedÞ � piðpermeateÞ� ¼
Di

h
½CiðfeedÞ � CiðpermeateÞ�

ð6Þ
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Here, Ci(feed) and Ci(permeate) are, respectively,

the composition of liquids in feed and permeate sides.

From the computed values of Dw and Do (see Table 4),

Da( ” Dwater/Dorganic) was calculated at 303 K. As ex-

pected, diffusion coefficients of water will increase

considerably with an increasing amount of water in the

feed mixture. Even though similar trends were

observed for acetic acid, but diffusion coefficients of

acetic acid are smaller when compared to diffusion

values of water. The increase in diffusion coefficients of

water and acetic acid with increasing water content of

the feed mixture is attributed to the creation of extra

free volume in the membrane matrix. It may be noticed

that diffusion coefficients will increase with increasing

amount of Co(III) complex particles in NaAlg, i.e., Dw

values will increase systematically due to an increasing

amount of Co(III) complex particles. The sorption and

diffusion selectivity values are presented in Table 5.

Diffusion selectivity decreased systematically with

increasing amount of water in the feed mixture. For

instance, NaAlg/Co(III)-5 membrane has higher dif-

fusion selectivity, indicating that it is highly selective to

water compared to other membranes. This is also in

conformity with sorption and flux data of the mem-

branes.

Conclusions

Novel cobalt (III) complex viz., [Co(APABZ)2]

Cl�6H2O, was prepared and characterized by X-ray

diffraction experiments. The Co(III) complex exhib-

ited water channels in its crystalline lattice and when

Table 3 Pervaporation
results of water + acetic acid
mixtures at higher
temperatures under 6.67 Pa
vacuum pressure

Temperature (K) Flux J (kg/m2 h) Selectivity (a) Wt.% water in the permeate Ep (kJ/mol)

Pristine NaAlg membrane
303 0.051 18 67.18 26.42
313 0.076 15 62.81
323 0.097 11 55.10
333 0.112 8 47.55
NaAlg/Co(III)-2
303 0.079 64 0.079 21.45
313 0.103 42 0.103
323 0.128 28 0.128
333 0.149 21 0.149
NaAlg/Co(III)-3
303 0.096 79 0.096 17.74
313 0.118 50 0.118
323 0.135 31 0.135
333 0.165 23 0.165
NaAlg/Co(III)-5
303 0.123 174 0.123 13.51
313 0.138 92 0.138
323 0.151 63 0.151
333 0.187 47 0.187
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Fig. 12 Arrhenius plots of ln Jp vs 1/T at 10 wt.% of water in
feed. (m) pristine NaAlg, NaAlg/Co(III)-2 (M), NaAlg/Co(III)-3
(n) and NaAlg/Co(III)-5 (s) membranes

Table 4 Diffusion coefficients of water and acetic acid at 303 K
for different feed mixtures

Wt.% of water in feed Dw · 109 (m2/s) Do · 109 (m2/s)

Pristine NaAlg
10 6.7 4.8
20 18.3 15.5
30 24.6 24
NaAlg/Co(III)-2
10 18.9 5.3
20 32.4 13.2
30 59.6 27.2
NaAlg/Co(III)-3
10 33.5 8.8
20 49.7 19.8
30 71.6 30.8
NaAlg/Co(III)-5
10 59.4 10.9
20 74.6 28.6
30 90.6 35.9
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it was incorporated into NaAlg matrix as a filler in

different loadings, the resulting composite membranes

offered improved PV performance while dehydrating

acetic acid. Among the derived composite mem-

branes, NaAlg/Co(III)-5 composite membrane exhib-

ited a much improved PV performance over that of

the pristine crosslinked NaAlg membrane in prefer-

entially extracting water from acetic acid with a

selectivity of 174 and a flux of 0.123 kg/m2 h. These

values are higher than those found for pristine NaAlg

as well as other composite NaAlg membranes with

lower loadings of Co(III) complex particles. The wa-

ter channels present in Co(III) complex are respon-

sible for this type of effect. Membrane performances

have been explained in terms of sorption and diffu-

sion data.
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