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ABSTRACT

The removal of pyridine from aqueous phase using hollow fiber supported liquid
membranes has been investigated. Effect of several parameters such as feed concentration,
extractant concentration, type of extractants, etc. has been studied. Organic solvents such as,
2-nonyl phenol (2-NP), 4-nonyl phenol (4-NP), stearic acid (SA), and di-(2-ethylhexyl)
phosphoric acid (D2EHPA) were used as extractants. It was observed that the initial flux of
pyridine increased with an increase in extractant concentration. The investigations showed
that phenolic-based extractants (4-NP or 2-NP) were better for pyridine removal as
compared to other extractants. The equilibrium experiments have been carried out by vary-
ing stirring speed and time in order to find the reaction kinetics and equilibrium time. Mass
transfer-based model was used to explain the removal of pyridine for three different mod-
ules. Scale-up experiment shows nearly similar flux values of pyridine at both the scales.
The model results were found to be in good agreement with the experimental observations.
The results have been explained on the basis of steric effects, acidity of the extractant
molecules along with the overall mass transfer resistance for the transport of pyridine.
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1. Introduction

Pyridine is a basic heterocyclic organic compound
mainly used as precursor to agrochemicals and
pharmaceuticals. It is also an important solvent used
in the manufacture of different pharmaceutical com-
pounds, vitamins, pesticides, paints, dyes, rubber
products, adhesives, etc. Pyridine is usually present in
effluents from rubber, plastics, petrochemicals,
pharmaceuticals, and agrochemicals industries. The
pyridine concentration in the industrial effluents can

be as high as 500 mg/dm3 (0.006 kmol/m3) [1].
Beyond 0.82 mg/dm3 unpleasant pyridine odor can be
easily detected [2]. Removal of pyridine from effluent
aqueous streams is important from environmental
point of view. Pyridine is very bioactive and highly
soluble in water [3]. It has poor biodegradability in
water; thus it increases the toxicity of water. Pyridine
exposure causes several chronic effects on liver, kid-
ney, and reproductive functions [4–6]. Many of the
pyridine compounds are considered hazardous and
remain in environment for long duration. Therefore, it
is essential to remove pyridine from aqueous stream
with a suitable and efficient technique.
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Separation of pyridine has been studied by a num-
ber of researchers using conventional techniques such
as, adsorption [6–8], liquid–liquid extraction [9],
chemical oxidation, and biodegradation [10,11]. Each
of these techniques has some limitations. For example,
liquid–liquid extraction requires large quantities of
solvent; chemical oxidation produced toxic products,
while adsorption and biodegradation methods cannot
be used for high concentration of pyridine [12]. Pyri-
dine and water form azeotrope at 366.6 K with a
molar composition of 0.245 kmol/m3 of pyridine [13].
Distillation is an inefficient technique for pyridine
removal from water due to high energy consumption
and limitations of azeotrope.

Joyce et al. [14] studied the separation of pyridine
from water solution using silicalite-filled silicone com-
posite membrane. Drioli et al. [13] studied the recov-
ery of pyridine from aqueous solution by
pervaporation technique. These studies showed that
the flux of pyridine increases with an increase in feed
concentration. Singha et al. [15] employed filled styr-
ene butadiene rubber membrane for the removal of
pyridine from water. They observed that, the increase
in filler loading results in increase in the pyridine
selectivity. Based on these studies it can be concluded
that the pyridine flux and selectivity for membrane
separation processes are the functions of several
parameters such as feed concentration, filler concen-
trations, nature of membrane material, etc.

Kujawski et al. [16] employed several ion exchange
membranes, containing carboxylic, and sulfonic func-
tional groups for the dehydration of aqueous pyridine
solution. They found that, the transport mode and
selectivity are dependent on ion exchange group and
the ionic form of membranes. Lee and Oh [17] carried
out a series of experiments for separating water from
aqueous pyridine solution.

Several studies have been carried out for the
removal of pyridine and its derivatives using com-
mercially available adsorbents. Adsorbents such as
granular activated carbon (GAC) [18], zeolites [19],
sepiolite [20], and activated carbon from coconut
shells and fibers [21,22] were found useful for pyri-
dine removal from effluent. Lataye et al. [7] examined
the adsorption of pyridine from synthetic aqueous
solutions by rice husk ash (RHA) and commercial
grade GAC. They found that, the adsorption of pyri-
dine was higher for GAC compared to RHA. The
studies on adsorption of pyridine including kinetics,
equilibrium, and thermodynamics aspects have been
reported.

Extraction mechanism of pyridine and its substi-
tuted form like cynopyridine (CP) using phenol as

extractant has been discussed [23,24]. The pyridine
nitrogen is mainly responsible for complexation, due
to its strong interaction with –OH group of phenol. It
was also observed that the nitrogen in nitrile func-
tional group might interact with phenolic proton [25].
Phenolic-based extractants like 4-nonyl phenol (4-NP),
2-nonyl phenol (2-NP), etc. have lower solubility in
aqueous phase due to their strong hydrophobic nat-
ure. For these reasons phenolic-based extractants have
been tested in the present study for the pyridine
removal. In addition, acidic extractants like stearic
acid (SA) and di-(2-ethylhexyl) phosphoric acid
(D2EHPA) have been tried for removal of pyridine
from dilute aqueous solutions.

Supported liquid membrane (SLM) is a technique
in which organic extractants is immobilized with
membrane support. Aqueous stream is fed on one side
of the membrane, while on the other side a strip solu-
tion is fed. The solute gets extracted from the feed
aqueous phase into the organic extractant contained in
the membrane and gets stripped from the membrane
phase into the strip solution. In recent years, the
application of SLM has been increased because of its
low solvent inventory, single unit separation, and rela-
tively low energy requirement [26–28]. Adsorption-
based separations also require a separate regeneration
step, whereas, SLM-based separations combine the
extractant and regeneration steps in a single unit.

To the best of our knowledge, no work has been
carried out to date on the hollow fiber supported liq-
uid membrane (HFSLM) process for removal of pyri-
dine from aqueous waste streams. The novelty of this
work lies in the methodology that has been followed:
(i) liquid–liquid extraction experiments are carried out
to measure the distribution coefficient of pyridine
under various conditions, (ii) development of a mathe-
matical model, and (iii) predictions based on the
model for different modules and at two scales.

2. Experimental

2.1. Materials

Pyridine (99.5%), 2-nonyl phenol (2-NP), 4-nonyl
phenol (4-NP), di-(2-ethylhexyl) phosphoric acid
(D2EHPA), stearic acid (SA), dodecane, kerosene, and
HCl were obtained from S.D. Fine Chemical Ltd India.
All the chemicals were of AR grade and used without
further purification. Deionized water (Millipore) was
used to prepare feed solutions throughout the study.
Hollow fiber polypropylene (PP) membrane module
was procured from Membrana, Charlotte, USA. Three
different Liqui-Cel modules, X40 (0.28 m2 area), and
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X50 (0.45 and 3.24 m2 area) are used in the present
work. The specifications of hollow fiber membrane
modules are given in Table 1.

2.2. Equilibrium study

Equilibrium experiments of pyridine with various
extractants were carried out to find the extraction equi-
librium constants (Kex) and distribution coefficients (k).
In order to check the effect of diluents on pyridine
removal, dodecane and kerosene were used as diluents
to dilute organic extractants. Aqueous phases were
prepared at various concentration of pyridine in deion-
ized water, in the range 0.005–0.03 kmol/m3. This
range covers the typical pyridine concentrations found
in aqueous effluent streams. Organic phases were pre-
pared from the organic extractant such as 2-NP, 4-NP,
D2EHPA, and SA and the diluents dodecane or
kerosene. Table 2 shows the structure and acidity of
different extractants.

Equal volumes (1.5 ml) of aqueous phases contain-
ing different pyridine concentrations (0.005–
0.03 kmol/m3) were mixed with the organic phases
containing different extractant concentrations (0.01–
0.1 M) at 298 K. After shaking the mixture vigorously
for 1 h, both the phases were allowed to settle and
then separated by centrifugation at 1,000 rpm (100 g).
In order to find the kinetics of the reaction, the equi-
librium experiments were performed at various stir-
ring speed by withdrawing samples at different
intervals of time. The aqueous samples containing
pyridine were removed at 200, 500, and 1,000 rpm
stirring speed. Absorbance of the samples was mea-
sured at wavelength of 256 nm using UV–vis
spectrophotometer to determine the pyridine concen-
tration [6]. The concentration data obtained from

these experiments have been used for the calculation
of Kex.

2.3. Transport of pyridine through HFSLM

Experimental setup consisted of one HFSLM mod-
ule, two reservoirs and two peristaltic pumps (one
each for feed and strip solution) is identical to our
previous work [29]. The liquid membrane phase was
prepared by pumping organic extractants solution
through the lumen side of the module in recirculation
mode. For proper impregnation of organic liquid
inside membrane pore, the organic liquid was
pumped from lumen side (inlet), with the outlet of the
lumen side closed. The organic liquid thus permeated
from lumen to shell side through the pores of the
membrane. After finishing one set of pyridine removal
experiments; the loaded organic was removed by
washing with kerosene before loading another organic
liquid. Once a particular organic phase is loaded onto
the membrane, several pyridine removal experiments
were carried out. This indicates that the “loaded”
membrane is stable.

Aqueous feed and strip phases were prepared using
different concentration of pyridine and HCl acid in
deionized water, respectively. About 0.1 kmol/m3 HCl
acid solution was used as strip phase for all the experi-
ments. The flow rate of feed/strip phase was controlled
using peristaltic pump and experiments were per-
formed at different flow rates. The flow rates studied
are 50, 200, 300, and 500 ml/min. During the experi-
mental runs, feed solution was passed through the
lumen side, whereas strip solution was passed through
the shell side in a countercurrent flow. The exit solu-
tions from the module were recycled back to the
respective reservoirs. Approximately 2 ml of sample

Table 1
Specifications of HFSLM modules for removal experiments

Membrane type
Module 1 Module 2 Module 3
PP X50 (2.5 × 8) PP X40 (2.5 × 8) PP X50 (4 × 13)

Number of fibers (N) 10,000 10,000 48,000
Fiber internal radius (ri), μm 120 100 120
Fiber outer radius (ro), μm 150 150 150
Effective module outer diameter (da), cm 4.67 4.67 –
Effective module inner diameter (di), cm 2.2 2.2 –
Effective pore size (rp), μm 0.03 0.03 0.03
Porosity (ε), % 40 25 40
Membrane thickness, μm 30 50 30
Tortuosity (τ) 2.5 2.5 2.5
Effective fiber length (L), cm 15 15 27
Membrane effective surface area (A), m2 0.45 0.28 3.24
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was taken from both the feed and the strip phase
reservoirs at regular time intervals. The feed phase
samples containing pyridine were analyzed using
UV-absorbance technique. All the experiments were
reproducible in the range of ±5%.

Regarding solvent loss; the solubility of pure
nonyl phenol in water is 6 ppm. The solubility of the
extractants becomes smaller when organic diluent
such as dodecane or kerosene is used. During experi-
mentation, we did not encountered any visual
organic layer in any of the feed or strip aqueous
phases. Also the experiments were reproducible
which corroborates that there is no loss of organic
phase.

3. Model equations

A mathematical model developed earlier [30] by
considering the mass transfer and the complexation–
decomplexation reaction has been extended in the pre-
sent work to pyridine removal. The details of the
model have been given in our earlier work [30]. The

overall mass transfer flux (RT) from feed to strip phase
is written in terms of driving force for pyridine trans-
port and the resistances for mass transfer (feed side
film resistance and the diffusional resistance through
the membrane),

RT ¼ Cf

1
kf
þ d0

Dm

1
k

� � ¼ K :Cf (1)

where “K” is defined as the overall mass transfer
coefficient for the transport process.

1

K
¼ 1

kf
þ d0
Dm

1

k

� �
(2)

At the strip side, pyridine reacts instantaneously with
HCl to form pyridine hydrochloride. Thus, it can be
assumed that the concentration of pyridine at the strip
side is zero.

Table 2
Physical properties of organic extractants

Extractant Structural formula pKa

M.W
(gm/mol)

4-NP

OH

C9H19

10.28 220.35

2-NP

OH

C9H19
10.28 220.35

SA

O

OH
4.75 284.48

D2EHPA

O
P

O

O
OH 1.47 322.43
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The final form of differential equation for the
concentration change with respect to time can be
expressed from the material balance of feed phase
reservoir,

dCf0

dt
¼ Qf

Vf
ðCfz � Cf0Þ (3)

where Cfz is the feed phase (lumen side) module
outlet concentration,

Cfz ¼ Cf0 exp
�2e :K : L

rifuf

� �
(4)

To evaluate K, it is necessary to know the values of
“k” and “Dm”. These have been estimated as given
below.

3.1. Estimation of model parameters (k and Dm)

At the feed-membrane interface pyridine forms a
complex with acidic extractant in the organic phase. In
general, this reaction can be written as:

Pyþ nEXT�Py � nEXTðorgÞ (5)

where Py stands for pyridine and [Py · nEXT](org) is
the pyridine-extractant complex.

The extraction equilibrium constant (Kex) is
expressed as:

Kex ¼
½Py � nEXT�org

½Py�aq � ½EXT�nfree;org
(6)

The reaction equilibrium on the feed-membrane
interface is:

Kex ¼ Cimf

Cif � ½EXT�nfree;org
(7)

Mass balance of the extractant (EXT) in the membrane
phase may be expressed as:

½EXT�initial;org ¼ ½EXT�free;org þ n½Py � nEXT�org (8)

Distribution coefficient (k) is calculated from Eq. (6),

k ¼ Kex � ½EXT�nfree;org ¼
Cimf

Cif
(9)

Membrane diffusivity (Dm) signifies diffusion coeffi-
cient of the pyridine-complex diffusing through the
SLM. In the present work, Dm was estimated by fitting
the developed model with the base case of single
experiment and the same has been used for making
predictions for all other cases [28].

4. Results and discussion

4.1. Equilibrium study

The relationship between distribution coefficient
(k) and the equilibrium pyridine concentration in the
aqueous phase with 2-NP and 4-NP as extractants are
shown in Fig. 1(a) and (b), respectively. It can also be
seen from the figures that an increase in the extractant
concentration results in an increase in k of pyridine.
From Fig. 1(a) and (b) it is evident that the k values of
pyridine with phenolic extractants (2-NP or 4-NP)
reduce with an increase in the pyridine concentration.
At low pyridine concentration, large numbers of
extractant molecules are available for complexation
with pyridine molecules. As a result, higher k values
are observed at low pyridine concentration and vice
versa. Comparison of Fig. 1(a) and (b) show that the
values of k with 4-NP (1.35–5.91) are higher than those
with 2-NP (0.92–3.17).

Values of Kex for pyridine are calculated from the
slope of the plot shown in Fig. 1(c) and (d) using
Eq. (6). The pyridine-extractant stoichiometry was
found to be 1:1. The value of Kex with 4-NP as extrac-
tant is higher (60.45 m3/kmol) compared to 2-NP
(47.82 m3 /kmol). This effect may be attributed to the
presence of long alkyl chain at second position in
phenolic ring (2-NP). Because of steric hindrance,
complex formation with 2-NP becomes difficult as
compared to 4-NP. Similarly, the equilibrium experi-
ments were carried out using SA and D2EHPA as
extractants. The values of k and Kex obtained from
equilibrium study for different organic extractants are
given in Table 3. From Table 3 it is found that the k
and Kex values are higher for phenolic-based extrac-
tants (2-NP or 4-NP) compared to SA and D2EHPA
extractants. Plot of Kex vs. pKa of different organic
extractants (Fig. 2) show an interesting relationship.
At lower acidity (high pKa), it shows higher value of
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Kex and vice versa. The order of acidic strength of
organic extractants is D2EHPA > SA > NP (Table 2).
Pyridine is a weak Lewis base with one hydrogen

bond acceptor in the ring. It favors weak acid-weak
base interaction. As a result, 4-NP or 2-NP shows
higher Kex value as compared to SA and D2EHPA
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Fig. 1. Distribution coefficient (k) for (a) Py-2-NP system, (b) Py-4-NP system and equilibrium constantstant (Kex) for (c)
Py-2-NP system, (d) Py-4-NP system.

Table 3
Equilibrium study of pyridine with different organic extractants

Extractant Diluent
Distribution coefficient
(k) Kex (m3/kmol)

D2EHPA Kerosene 0.25–2.22 9.18
SA Kerosene 1.6–2.31 28.80
2-NP Dodecane 1.07–4.12 47.82
2-NP Kerosene 0.92–3.17 45.65
4-NP Kerosene 1.35–5.91 60.45

Note: In all the cases the feed phase pyridine concentrations have been varied in the range of 0.005–0.03 kmol/m3 and pyridine:

extractant stoichiometry was found to be 1:1.
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(Fig. 2). Another reason is that, strongly acidic
extractants like D2EHPA [31] and SA [32] exist in a
dimerized form in nonpolar diluents such as kerosene,
hexane, dodecane, etc. Thus, although D2EHPA and
SA have higher acidity, they are not free for com-
plexation with pyridine. The measured values of pH
for 0.005 and 0.03 kmol/m3 pyridine solutions are 7.3
and 8.1, respectively. The dissociation constant of SA
and D2EHPA are 0.03380 and 0.000017, respectively.
The two extractants can become partially neutralized.
In fact the transport of pyridine is through the acid–
base complex between pyridine and acidic extractants.
However, dimerization of these extractants is likely to
be the major reason for the lesser extraction of pyri-
dine using DEHPHA and SA extractants. It can also
be seen from Table 3 that the nature of the diluents
(dodecane or kerosene) does not significantly affect
the values of k and Kex.

The equilibrium experiments were also performed
by varying stirring speed and time. This study is per-
formed at 200, 500, and 1,000 rpm stirring speed. The
aqueous samples containing pyridine were removed at
equal interval of time (10–40 s). This study shows that
at higher stirring speed (1,000) the time required to
reach 95% of the equilibrium value is less than 10 s. This
means that the characteristic time for reaction is about
2–3 s. This means that the rate of complexation reaction
is much faster as compared to the mass transfer rate
through the pores. It is thus reasonable to assume that
the overall process can be modeled based on mass
transfer resistances along with very rapid kinetics.

4.2. Model predictions

The experimental data generated with initial con-
centration of 0.005 kmol/m3 pyridine in the aqueous
phase and 0.01 kmol/m3 4-NP (diluted in kerosene) as
extractant, is selected as base case (Fig. 3(a)). Molecu-
lar diffusion coefficient (D) and film mass transfer
coefficient (kf) of pyridine in the aqueous phase are
calculated using correlations mentioned by Vernekar
et al. [28]. The values of D and kf are 1.02 × 10−9 m2/s
and 9.80 × 10−6 m/s, respectively. These values have
been incorporated in model equations for the calcula-
tion of interfacial concentrations. The value of mem-
brane diffusivity (Dm) is fitted in the model so that the
predicted values match with the experimental data.
The fitted value of membrane diffusivity for the pyri-
dine-4-NP complex through the membrane was found
to be 3 × 10−10 m2/s. This value has been used to pre-
dict the concentration data for the validation of
remaining set of experimental data. Fig. 3(a) shows
the value of diffusivity through the membrane gives
excellent match between the model predictions and
experimental data.
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Model predictions enable us to understand the
variation of interfacial concentrations and distribution
coefficients (k) with time (Fig. 3(b)). Fig. 3(b) shows
the relationship between the pyridine concentrations
(Cif) at the feed-membrane interface and time. It is
observed that the values of Cif decreases with time.
This decrease is due to the depletion of pyridine from
the bulk of the feed phase. With time, the reaction
equilibrium shifts towards the reduced formation of
complex. As a result, the pyridine complexation (Cimf)
also decreases with time (Fig. 3(b)). As the pyridine
concentration drops, the distribution coefficient
increases with time. The initial decrease in Cif is
higher in comparison to decrease in Cimf. Therefore,
rapid increase in k is observed initially and then it
attains a constant value after 20 min.

4.3. Effect of feed phase concentration

The effect of feed phase pyridine concentration on
removal of pyridine is studied in the range of 0.005–
0.02 kmol/m3. This study is performed with 4-NP

(0.01 kmol/m3) as extractant diluted in kerosene
(Fig. 4(a)). The velocities of solutions through lumen
and shell sides of module were kept constant to 0.0074
and 0.0053 m/s, respectively. Fig. 4(a) shows the rela-
tionship between extent of pyridine removal and time
for 0.01 kmol/m3 4-NP extractant. It can be seen from
the figure that the extent of pyridine removal increases
with an increase in time. It is also noticed that the
model predictions are in good agreement with the
experimental observations. The figure shows that
about 40 to 60 min are required for complete removal
of pyridine at this range of concentrations. The rela-
tionship between overall mass transfer coefficient (K)
and time over the used range of pyridine concentra-
tions (0.005–0.02 kmol/m3) using Eq. (2) is depicted in
Fig. 4(b). Eq. (3) shows the correlation between con-
centration gradient and overall mass transfer coeffi-
cient (K). “K” is a combination of (i) feed side mass
transfer coefficient (kf), (ii) membrane diffusivity (Dm)
and most importantly, (iii) the distribution coefficient
(k). Out of these parameters, kf and Dm are indepen-
dent of the concentration of pyridine. The “K” value is
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strongly affected due to the distribution coefficient (k)
of pyridine. As concentration of pyridine in the feed
phase becomes close to zero, the distribution coeffi-
cient “k” approaches to a very large value. In Eq. (9),
the ratio of Cif/Cimf becomes very large. This is
because, at low concentrations of pyridine, the ratio of
concentration of the free extractant is very large. As a
result of this, the overall mass transfer coefficient “K”
increases with a decrease in the concentration of pyri-
dine on the feed side. “K” signifies a combined effect
of physical mass transfer “kf” and the distribution
coefficient “k”. It can be observed from Fig. 4(b) that,
overall mass transfer coefficient (K) is similar in
magnitude for the entire range of pyridine concentra-
tion after 30–40 min. As a result, similar trends of pyr-
idine removal are observed in Fig. 4(a).

The relationship between extent of pyridine removal
vs. feed concentration is shown in Fig. 4(c). The results
are plotted at the end of 10 min. Fig. 4(c) shows increase
in pyridine removal with an increase in feed concentra-
tions. However, this change is not significantly larger.

This could be because of nearly similar values of K over
the used concentration range of pyridine.

4.4. Effect of extractant concentration

The plot of extent of pyridine removal vs. time for
various extractant concentrations is shown in Fig. 5(a).
This study is performed using 0.01–0.1 kmol/m3 2-NP
extractant concentrations. Two different modules (Mod-
ule 1 and 2) given in Table 1 are used in this study. The
results obtained from both these modules show good
match between experimental and predicted data.
Fig. 5(a) shows that the pyridine removal is more at
high extractant concentration. This behavior can be
explained on the basis of mass transfer model. The rela-
tionship between overall mass transfer coefficient (K) of
pyridine and time for 0.01–0.1 kmol/m3 2-NP concen-
trations is shown in Fig. 5(b). According to the Eq. (1),
the overall mass transfer coefficient (K) is proportional
to overall mass transfer flux (RT), which result into
increase in extent of pyridine removal (Eq. (3)). The
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value of K at high extractant concentration
(0.05–0.1 kmol/m3) is approximately threefold than at
low extractant concentration (0.01 kmol/m3). Beyond
0.05 M extractant concentration, experimental data
shows almost similar trends. This could be because of
sufficient moles of extractant molecules were available
for complexation with pyridine at high extractant con-
centration. As a result, the initial flux values observed
for 0.02 kmol/m3 pyridine at 0.01, 0.025, 0.05, and
0.1 kmol/m3 2-NP are 1.25 × 10−8 (kmol/m2 s),
3.29 × 10−8 kmol/m2 s, 6.15 × 10−8 kmol/m2 s, and
6.10 × 10−8 kmol/m2 s, respectively. Approximately,
98% of pyridine removal is achieved using
0.05–0.1 kmol/m3 2-NP at the end of 15 min. It takes
longer to achieve 98% of pyridine removal using
0.01–0.025 kmol/m3 2-NP.

The relationship between extent of pyridine
removal and extractant concentration is shown in
Fig. 5(c). It can be seen from the figure that the extent
of pyridine removal increases with an increase in
extractant concentration and it attained maximum
value (82%) at 0.05–0.1 kmol/m3 of 2-NP. The active
surface area of membrane (Module 1) is 0.45 m2 and
the thickness of the hollow fiber is 30 μm. The maxi-
mum quantity of organic liquid immobilized inside
membrane support is about 10–15 ml. Extractant mole-
cules are not immobilized but trapped inside the mem-
brane pore by capillary pressure. The maximum
concentration of the organic extractant is 0.1 kmol/m3

2-NP. Therefore, number of pyridine moles transported
per mole of the impregnated organic extractant is 6.6.

4.5. Effect of feed/strip flow rate

The feed and strip flow rates were varied in the
range of 50–500 ml/min. The velocity and pressure
across lumen and shell sides of the hollow fiber mem-
brane for different flow rates are given in Table 4. It
can be seen from Table 4 that the pressure and veloc-
ity across module increases with an increase in flow
rates. The maximum values of velocity (uf) and pres-
sure (Pf) across lumen side were found to be
0.0184 m/s and 5,434 N/m2, respectively, at flow rate

of 500 ml/min. Similarly, the maximum value of
velocity (us) and pressure (Ps) across shell side were
found to be 0.0133 m/s and 1,963 N/m2, respectively,
at flow rate of 500 ml/min. The pressure developed
due this range of flow rates (50–500 ml/min) is signifi-
cantly smaller than the breakthrough pressure
(9,000 N/m2) of organic liquid across the hollow fiber
membrane pores. The flow rate beyond 700 ml/min
across lumen side can be transferred out the mem-
brane fluid. Henceforth the operating flow rate was
selected in a such way that, which will corresponds to
the pressure below its transmembrane pressure limit.

The relationship between extent of pyridine removal
and time for various feed/strip flow rate is shown in
Fig. 6(a). It can be seen from Fig. 6(a) that the extent of
pyridine removal increases with an increase in flow
rate. The extent of pyridine removal for 50-ml/min flow
rate is lower compared to 200–500 ml/min. This behav-
ior can be explained using model predictions from
Eq. (2). The plot between overall mass transfer coeffi-
cient (K) and time for various flow rates is depicted in
Fig. 6(b). It can be seen from the plot that the overall
mass transfer coefficient (K) increases with an increase
in flow rate. The flow rate below 200 ml/min shows
lower K values, which leads to reduce the extent of pyri-
dine removal. Beyond 200 ml/min no significant
change in K values observed (Fig. 6(b)). Therefore, all
the experiments in the present study are carried out
with optimized flow rate of 200 ml/min.

The effect of velocity on mass transfer coefficient
(K) and extent of pyridine removal is shown in
Fig. 6(c). The concentration of pyridine was kept con-
stant at 0.005 M during this study. It can be seen from
the figure that the K value increases with an increase
in velocity, which leads to increase in extent of pyri-
dine removal. The maximum value of pyridine
removal (80–90%) was observed at the velocity rang-
ing from 0.0074 to 0.0184 m/s.

4.6. Effect of hollow fiber module parameters

The effect of porosity (ε), fiber length (L), and
membrane thickness (d0) on extent of pyridine

Table 4
Lumen/shell side velocity and pressure calculated for different flow rates

Flow rate (ml/min)

Feed/lumen side Strip/shell side

Velocity (uf) (m/s) Pressure (Pf) (N/m2) Velocity (us) (m/s) Pressure (Ps) (N/m2)

50 0.0019 579 0.0014 196
200 0.0074 1,976 0.0053 741
300 0.0110 3,211 0.0080 1,178
500 0.0184 5,434 0.0133 1,963
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removal is shown in Table 5. This study is carried out
using 0.01 kmol/m3 pyridine and 0.01 kmol/m3 SA
concentrations. It can be seen from Table 5 that the
extent of pyridine removal increases with an increase
in porosity and fiber length. This behavior can be
understood from the model predictions using Eq. (3).
Eq. (3) shows the correlation between concentration
gradient and module parameters. With increase in
porosity and fiber length, the membrane effective area
increases. This results in higher mass transfer rate. As
a result, the extent of pyridine removal is higher at
high values of porosity and fiber length. The porosity
and fiber length does not significantly affect the over-
all mass transfer coefficient (K). It is also observed
from Table 5 that the extent of pyridine removal
decreases with an increase in membrane thickness.
Membrane thickness plays an important role in mass
transfer operations. With increase in membrane thick-
ness, the mass transfer resistance across the membrane
phase increases, which lead to decrease in mass trans-
fer coefficient (Eq. (2)). As a result, the extent of pyri-
dine removal is high at lower value of membrane
thickness (Table 5).

4.7. Comparison of different organic extractants

The effect of different extractants on the removal
of pyridine is studied using organic solvents 2-NP,
4-NP, SA, and D2EHPA. This study is performed with
0.005 kmol/m3 pyridine at constant extractant concen-
tration (0.01 kmol/m3). The stoichiometry ratio of pyr-
idine with different organic extractants was found to
be 1:1. With 0.1 M HCl solution in the strip side, it is
possible to enrich the pyridine by a factor of 5–10
times the feed value. The relationship between extent
of pyridine removal and time for different organic
extractants is depicted in Fig. 7(a). It can be seen from
the figure that the extent of pyridine removal is higher
for 4-NP and 2-NP extractants compared to D2EHPA
and SA extractants. Equilibrium studies (Table 3) and
pKa plot (Fig. 2) can be used to understand the
interaction behavior of pyridine with different organic
extractants. The distribution coefficients of pyridine
with 4-NP and 2-NP extractants are higher than those
obtained with D2EHPA and SA extractants. This sug-
gests that the interaction of 4-NP and 2-NP solvents
with pyridine is much better than D2EHPA and SA.
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As shown in Fig. 2, higher values of Kex for pyridine
at high pKa of extractants corroborates to the fact that
phenolic-based extractants have better ability to
remove pyridine over conventional extractants. It has
been reported that strong acids with protons that can
participate in hydrogen bonding like, D2EHPA [31]
and SA [32] form dimer in nonpolar solvents like ker-
osene, hexane, etc. As a result, although D2EHPA and
SA are more acidic the acid groups are not available
for complexation with the pyridine molecules. The
comparative study of removal of pyridine for different
extractants based on overall mass transfer coefficient
(K) is shown in Fig. 7(b). The figure shows higher val-
ues of K for phenolic-based extractants compared to
SA and D2EHPA. An increase in overall mass transfer
coefficient (K) results into higher initial flux, which
ultimately increases the extent of pyridine removal.
The K values observed for the case with phenolic-
based extractants (2-NP or 4-NP) are 3–4 times greater
than SA and D2EHPA extractants. The results
obtained in Table 3 and Fig. 7(b), show that high value

of Kex corresponds to higher mass transfer coefficient
(K). Therefore, the fluxes observed with 4-NP and
2-NP extractants are higher compared to D2EHPA
and SA extractants.

The relationship between extent of pyridine
removal and different extractant is depicted in
Fig. 7(c). It is observed from the figure that the pheno-
lic-based extractants has the potential to remove pyri-
dine faster compared to acidic extractants. Almost
98% removal of pyridine is achieved using 4-NP
extractant. However, acidic extractants such as
D2EHPA takes longer to achieve complete removal of
pyridine.

4.8. Scale-up study

The effect of membrane scale on pyridine removal
is studied using Module 1 and Module 3, respectively.
The detail specifications about the modules are men-
tioned in Table 1. This study is carried out at
0.005 kmol/m3 pyridine and 0.01 kmol/m3 4-NP
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concentrations. The feed/strip volume in large-scale
module (Module 3) was four times than small-scale
module (Module 1). The relationship between extent
of pyridine removal and time for different module
scales is shown in Fig. 8(a). It can be seen from the fig-
ure that, model predictions are in good agreement
with the experimental observations. Fig. 8(a) shows
nearly similar experimental trends of pyridine
removal. The flux values obtained for 0.005 kmol/m3

pyridine through Module 1 and Module 3 are
7.22 × 10−9 kmol/m2 s and 7.92 × 10−9 kmol/m2 s,
respectively. This behavior can be explained from the
plot between overall mass transfer coefficient (K) and
time shown in Fig. 8(b). The overall mass transfer
coefficient (K) does not show significant difference for
both the scale of modules. As a result, similar trends
of pyridine removal are observed in Fig. 8(a). Almost
75–80% pyridine removal is achieved using both the
scale of modules at the end of 10 min.

4.9. Comparison with previous work reported in the
literature

This work is more towards technology develop-
ment. Therefore, it is essential to compare the results
obtained in this work with alternative technologies,
such as adsorption, pervaporation, etc. The compar-
ison enables the practicing engineers to judge the
practical relevance and utility of this work. A sum-
mary of the initial flux, extent of pyridine removal,
etc. for different organic extractants is given in
Table 6. These values are also compared with the
values reported in the previous literature. The
adsorption studies with different adsorbent [6,7]
show lower values of flux compared to present

study. The pervaporation experiments with PDMS
membranes [14] show higher values of flux because
these experiments were carried out with higher con-
centration of pyridine (0.3 kmol/m3 pyridine concen-
tration). This concentration is 10 times greater than
the present work and is not relevant for separation
of pyridine from dilute aqueous waste streams. At
lower concentrations of pyridine, the flux values
reported by Singha et al. [15] using pervaporation
technique are similar in magnitude with the present
work (Table 6). It is also seen from Table 6 that 4-NP
and 2-NP extractants are most efficient from the
point of view of faster removal of pyridine, since
they give 95–98% removal at the end of 15 min. It
can be seen that the flux observed in the present
work is similar to those observed in case of perva-
poration. This implies that the surface area of mem-
branes to be used for application would be of similar
size. The value of diffusivity in SLMs is higher than
those in pervaporation. This means that concentration
driving force is substantially higher in pervaporation
processes. This happens because the solute partition-
ing in a pervaporation membrane can be substan-
tially higher.

The advantage of the SLM technique while com-
pared with the two extraction process with two con-
tactors (extraction of the contaminated water with the
selected organic phase (contactor 1) and then stripping
of the organic phase with HCl (contactor 2)) is that a
single unit does the job of extraction and separation.
The quantity of organic extractant required is thus
very small, 15 ml for 4-NP diluted in kerosene case. If
we consider the two contactor system, the solvent
requirement would be of the same order of magnitude
as the feed volume (500 ml).
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The present mass transfer model is compared with
the permeability-based model [33]. The process
parameters such as overall mass transfer coefficient
(K), membrane diffusivity (Dm), and permeability
coefficient (P) calculated from the respective models

for different organic extractants are given in Table 7. It
can be seen from Table 7 that the values of K and Dm

calculated from the present model are nearly similar
to the values of P and Dm calculated from the perme-
ability-based model. It shows the model versatility. In

Table 5
Effect of hollow fiber module parameters

Module parameter
Overall mass transfer coefficient
(K) × 106 (m/s)

Pyridine removal (%)
(within 15 min)

Porosity 0.2 2.03 51.56
0.4 2.12 75.21
0.6 2.17 86.62

Fiber/tube length (m) 0.15 2.12 75.21
0.30 2.07 91.72
0.45 2.01 96.62

Membrane thickness × 105 (m) 1 4.57 94.22
3 2.12 75.21
5 1.34 60.02

Note: This study is carried out at 0.01 kmol/m3 pyridine concentration and 0.01 kmol/m3 SA extractant.

Table 6
Comparative study of pyridine removal

Pyridine Extractant
Initial flux
(kmol/m2 s)

Removal of pyridine (%)
(within 15 min) Refs.

0.005 M 0.01 kmol/m3 D2EHPA 0.45 × 10−8 55.01 Present
work0.01 kmol/m3 SA 0.75 × 10−8 77.96

0.05 kmol/m3 SA 0.84 × 10−8 81.55
0.01 kmol/m3 2-NP (DD) 0.69 × 10−8 79.58
0.01 kmol/m3 2-NP 0.83 × 10−8 82.51
0.01 kmol/m3 4-NP 1.09 × 10−8 84.08
0.05 kmol/m3 4-NP 1.51 × 10−8 93.30

0.01 M 0.01 kmol/m3 2-NP 1.78 × 10−8 83.61 Present
work0.01 kmol/m3 4-NP 2.35 × 10−8 93.30

0.02 M 0.01 kmol/m3 2-NP (DD) 1.25 × 10−8 78.43 Present
work0.05 kmol/m3 2-NP 6.15 × 10−8 97.89

0.03 M 0.01 kmol/m3 2-NP (DD) 2.85 × 10−8 72.90 Present
work0.05 kmol/m3 2-NP 7.47 × 10−8 97.51

~0.003 M Adsorption (using 15 gm/dm3 BFA
adsorbent, within 6 h)

4.47 × 10−14 96.82 [6]
~0.004 M 6.40 × 10−14 92.38
~0.004 M Adsorption using (a) 60 gm/dm3 RHA

adsorbent, within 5 h
5.00 × 10−14 93.18 [7]

(b) 60 gm/dm3 GAC adsorbent, within 6 h 1.66 × 10−14 97.31
0.3 M Pervaporation (PDMS membrane) 60.4 × 10−8 – [14]
0.06 M Pervaporation (SBR membrane) 4.64 × 10−8 – [15]
0.12 M 5.618 × 10−8

Notes: In all the cases extractants have been diluted in kerosene except in some of the cases dodecane (DD) is used as diluent. Membrane

diffusivity (Dm) = 3 × 10−10 m2/sec, PDMS = polydimethylsiloxane, SBR = styrene butadiene rubber, BFA = bagasse fly ash, RHA = rice

husk ash, GAC = granular activated carbon.
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literature kinetic-based models are reported [34–37]. It
is already explained in Section 4.1 that the transport
process of pyridine is controlled by mass transfer
resistances across the membrane. Therefore, the
kinetic-based models are not suitable here for pyridine
removal case.

5. Conclusions

The results obtained in this work have shown
that pyridine can be removed using SLM technique.
Equilibrium studies showed that phenolic-based sol-
vents (4-NP or 2-NP) are better extractants for pyri-
dine removal compared to SA and D2EHPA. The
pKa values, steric hindrance, dimerization, and over-
all mass transfer resistance are the key factors affect-
ing the extent of pyridine removal. Phenolic
extractants were able to remove almost 99% of the
pyridine from feed. A mathematical model has been
used to predict the transport of pyridine from feed
to the strip side for three different modules. The
model predictions are in good agreement with the
experimental data. Also the results obtained from the
scale-up study show good match between experimen-
tal and predicted data. This shows the used model is
generalized and versatile in nature. The results could
be explained on the basis of extraction equilibrium
constant and membrane diffusivity. The results
obtained from the kinetics study show that the kinet-
ics of pyridine-complexation is much faster as com-
pared with the residence times and the mass transfer
rates in the hollow fiber module. This means that
mass transfer is a controlling step in pyridine
removal. The present study proves that HFSLM tech-
nique is better over the conventional technique as
there is negligible loss and very less extractant con-
sumption. The methodology proposed in the present
work can be successfully applied to study the pro-
cess of removal using SLMs.
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Table 7
Comparison of present model with permeability-based model

Extractants

Present model Permeability-based model

Overall M.T. coefficient (K),
(m/s) × 108

Membrane diffusivity (Dm),
(m2/s) × 1010

Permeability (P),
(m/s) × 108

Membrane diffusivity (Dm),
(m2/s) × 1010

4-NP 367 3 373 2.5
2-NP 311 3 304 2.36
SA 214 3 212 2.53
D2EHPA 81.5 3 82 2.75

Note: This study is carried out at 0.005 kmol/m3 pyridine with different organic extractants.

Nomenclature

Cf0 — bulk concentration of the pyridine in the feed
reservoir or the bulk inlet concentration of the
pyridine in the feed-side (lumen-side) fluid at
the fiber inlet (kmol/m3)

Cf(0) — bulk concentration of the pyridine in the feed
reservoir at initial time (t = 0), (kmol/m3)

Cf(t) — bulk concentration of the pyridine in the feed
reservoir at any time (t > 0), (kmol/m3)

Cf — bulk concentration of the pyridine in the feed-
side (lumen-side) fluid at location “Z = 0”
(kmol/m3)

Cfz — bulk concentration of the pyridine in the feed-
side (lumen-side) fluid at location Z = L
(kmol/m3)

Cif — concentration of the pyridine in the feed-side
(lumen-side) fluid at feed-membrane interface
(kmol/m3)

Cimf — concentration of the pyridine complex in the
supported liquid (membrane-fluid) at feed-
membrane interface (kmol/m3)

D — molecular diffusion coefficient of pyridine in
the aqueous phases (m2/s)

Dm — molecular diffusion coefficient of pyridine
complex in the supported liquid (m2/s)

K — overall mass transfer coefficient of pyridine
molecule (m/s)

k — distribution coefficient of pyridine (–)
Kex — extraction equilibrium constant of the pyridine

complexation reaction (m3/kmol)
kf — feed-side film mass transfer coefficient (m/s)
L — effective length of the hollow fiber module (m)
rif — inner radius of the hollow fiber tube (m)
RT — mass transfer flux of the pyridine molecule

(kmol /m2 s)
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