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ABSTRACT

The present work deals with the application of a thin-film composite polyamide nanofiltration membrane
for the rejection of nickel ions from aqueous wastewater. The operating variables studied are feed concen-
tration (5-250 ppm), applied pressure (4-20 atm), feed flowrate (5-15 L/min) and pH (2-8). It is observed
that the observed rejection of nickel ions increases with increase in feed pressure and decreases with
increase in feed concentration at constant feed flowrate. The maximum observed rejection of the metal is
found to be 98% and 92% for an initial feed concentration of 5 and 250 ppm, respectively. The effect of pH
on the rejection of nickel ions and permeate flux are studied, and found that the variation in pH is having
more effect on the latter than the former. The experimental data are analyzed using membrane transport
models; combined-film theory-solution-diffusion (CFSD), combined-film theory-Spiegler—-Kedem (CFSK)
and combined-film theory-finely porous (CFFP) models; to estimate membrane transport parameters and
mass transfer coefficient, k. Also, enrichment factor, concentration polarization modulus and Peclet num-
ber are found from various parameters. From CFFP model the effective membrane thickness and active
skin layer thickness are found.

© 2008 Elsevier B.V. All rights reserved.

1. Introduction

Wastewaters containing heavy metals are discharged to the
environment by several industries, such as mining, metallurgi-
cal, electronic, electroplating and metal finishing. The removal of
heavy metals from wastewaters is of critical importance due to
their high toxicity and tendency to accumulate in living organ-
isms. Moreover, heavy metals cannot be degraded or destroyed.
Membrane separation processes with different types of membranes
show great promise for commercial application [1,2]. Nanofiltration
(NF) is the intermediate process between reverse osmosis (RO) and
ultrafiltration (UF). NF is a promising technology for the rejection
of heavy metal ions like nickel [3-5], cadmium [6,7], chromium
[8], copper [9-11], and arsenic [12] from wastewater. NF pro-
cess benefits from ease of operation, reliability and comparatively
low energy consumption as well as high efficiency of pollutant
removal [13-15]. Solute rejection in NF membrane involves mainly
electrostatic interaction of membrane and solutes on the mem-
brane surface and size exclusion [16]. Numerous models were
used/proposed to describe and predict solute rejection/flux by
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NF based on extended Nernst-Planck equation [17]. The mem-
brane properties were determined based on the charged and
uncharged solute permeation test and the hypothetical mecha-
nistic structure (pore size, effective thickness/porosity, and fixed
charged density) was determined using Donnan steric pore-flow
(DSP) model [18]. Straatsma et al. [19] developed an NF model
based on the Maxwell-Stefan transport equations. The DSP model
is used to predict permeate flux and rejection of multicompo-
nent liquid feeds as a function of membrane properties (mean
pore size, porosity, thickness, and surface-charge characteristics)
and applied feed pressure. These models are mathematically com-
plex, computationally expensive and they ideally require a very
detailed knowledge of the filtration process as well as character-
ization of the membrane [20]. Therefore, there is a need to find an
alternative means for predicting process performance by exploit-
ing available process data and extending it to unavailable data.
Spiegler-Kedem model and solution-diffusion model are capable
of modelling highly complex and nonlinear systems for NF mem-
branes. Spiegler-Kedem model [21-24] treats membrane cell as a
black box and characterizes it in terms of salt permeability, Py;, and
reflection coefficient, . Murthy and Gupta [25] suggested that the
combined-film theory-Spiegler-Kedem (CFSK) model may be the
better method for estimation of membrane transport parameters
and mass transfer coefficient, simultaneously, for a given mem-
brane cell of reverse osmosis, and which may also be applicable
to nanofiltration.
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Nomenclature

a constant in Eq. (24)

a a/(1-o0)

a (1-0)/Pm

A proportionality constant in Eq. (5) (mol/cm? atm)

b constant in Eq. (24)

b channel height (cm)

bs friction factor in finely porous model

b] (be/K) -1

b, 78/(¢Dpg)

c constant in Eq. (24)

Cai concentration of A at any position i (ppm)

DamK[6  solute transport parameter (cm/s)

Dag diffusivity of solute A in solvent B (cm?/s)

Dam diffusivity of solute A in membrane (cm?2/s)

Eo enrichment factor defined as Ca3/Ca1

E enrichment factor in the absence of boundary layer
defined as Ca3/Caz

F factor in Eq. (11)

v solvent volume flux (cm/s)

k mass transfer coefficient (cm/s)

K solute partition coefficient

1 thickness of the concentration boundary layer (cm)

L channel length (cm)

Lp hydraulic permeability coefficient (cm/s atm)

Ap pressure difference across the membrane (atm)

Pym overall permeability coefficient (cm/s)

Q feed flowrate (mL/min)

R true rejection

Re Reynolds number

Ro observed rejection

Sc Schmidt number

Sh Sherwood number

U linear circulation velocity (cm/s)

Greek letters

1) effective thickness of a membrane (cm)

£ void fraction of the membrane

Am osmotic pressure difference across the membrane
(atm)

o reflection coefficient

T tortuosity of the membrane

Subscripts

A solute

B solvent

M membrane

1 feed solution

2 boundary layer solution

3 permeate solution

The main aim of the present work is to investigate nickel ion
removal from aqueous wastewater by a commercial NF-300 mem-
brane by changing operating parameters; feed concentration, feed
flowrate, pH and applied feed pressure. Also, the membrane trans-
port parameters and mass transfer coefficient are found by using
solution-diffusion, Spiegler-Kedem and finely porous models in
combination with film theory model. In addition, the enrichment
factors, concentration polarization modulus and Peclet number are
estimated for the NF-300 membrane.

Valve (V)
NF Module
1 |
v Reject

Permeate
Feed R Rotameter
(R)
A4
4

Bypass I
=
3 \ 4 y

Pump
i Cooling
< water

unit

Feed Tank

Fig. 1. Perma® pilot scale membrane system.
2. Materials and methods

Synthetic samples of wastewater are prepared by adding
required amounts of nickel sulphate (NiSO4-6H,0) to distilled
water (pH 5.9+ 0.2 and conductivity 1.0 uS/cm). Several solutions
are prepared with different concentrations (5-250 ppm) of nickel
sulphate. The experiments are performed on a Perma® pilot scale
membrane system (Permionics, Vadodara, India). The experimen-
tal set-up is shown in Fig. 1. A rectangular flat membrane cell is
used for the experiments. The membrane-housing cell, shown in
Fig. 1, is made of stainless steel with two halves fastened together
with high tensile bolts. The top half of cell contained the flow dis-
tribution chamber and the bottom half is used as the membrane
support system. The membrane required support to prevent rup-
ture at high hydrostatic pressures. The following arrangements of
special supports are used: a perforated 1 mm thick stainless steel
plateislaid over with a stainless steel gauge of 300 mesh size, which
is topped by a Whatman filter paper and followed by the actual
membrane with its active thin layer exposed to the high-pressure
fluid. This arrangement provides sufficient mechanical support to
the test membrane at high pressures. The upper half of the test cell
contains a groove for the arrangement of HDPE ‘O’ ring to avoid leak-
age at high-pressure operation. Experiments are performed with
a commercial thin-film composite polyamide membrane, Perma-
TFC-NF-300 (Permionics, Vadodara, India), hereafter, referred as
NF-300 membrane. This membrane has three layers. The first layer
is a 5-20 wm polyamide polymer layer that does the actual rejec-
tion. The second layer is made of polysulfone of 50 wm thickness.
The third layer, used to bear resistance and strength, is made of
polyester with a thickness of about 150 pm. The Perma-TFC mem-
branes are capable of withstanding pH in the range 2-12, pressure
up to 30atm and temperatures up to 50°C. The NF-300 mem-
brane is characterized by 300 Da cut-off. The effective membrane
surface area is 150cm?2. The 1 mm thin channel passage in the
membrane test cell and the high cross-flow feed rates used in the
experimentation will enable the system in controlling the concen-
tration polarization. Before conducting the actual experiments for
the rejection of nickel ions, the NF-300 membrane is subjected to
stabilization at 20 atm, which is the maximum pressure used in the
experiments, for 2 h to avoid possible membrane compaction dur-
ing the experimentation. Experiments are performed for 2 h, for
each set of rejection data, in batch circulation mode and the per-
meate samples are collected from high pressure to low pressure for
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a particular feed concentration and feed flowrate. Both permeate
and concentrate are returned to the feed vessel in order to keep
constant feed concentration. Samples of permeate are collected at
a given time interval, to measure the observed salt rejection (Ry)
and permeate volume flux (Jy). The nickel ion concentrations are
measured by an atomic absorption spectrophotometer (Model SL-
173, M/S. ELICO Limited, Hyderabad, India) according to standard
methods [26]. After each set of experiments for a given feed concen-
tration, the set-up is rinsed with distilled water for 30 min at 4 atm
to clean the system. This procedure is followed by measurement of
pure water permeability (PWP) with distilled water to ensure that
the initial membrane PWP is restored. The experiments are car-
ried out for different feed concentrations (5, 50, 100, 150, 200 and
250 ppm), feed flowrates (5, 10 and 15 L/min), feed pressures (4, 8,
12,16 and 20 atm), feed pH (2, 4, 6, 8 and 10) and the corresponding
R, and Jy are measured.

3. Membrane transport models
3.1. Film theory

The build up of solute concentration at the membrane-liquid
interface during separation process is termed as concentration
polarization. A material balance for the solute in a differential
element, according to film theory and using relevant boundary
conditions, will give [25]

Caz —Caz\ _ Jv
(CAl_CAB)_exp<k> (1
where the mass transfer coefficient, k, is equal to Dag/I. All the nota-

tions are given in the nomenclature. Eq. (1) can be rearranged to
give a relation between the observed rejection

R, = CA1—Ca3 )
Ca1
and the true rejection
R— Caz — Cas (3)
Caz
as
Ro [ R v
&~ [ [0 (7)) @

The above Eq. (4) with an appropriate membrane transport model
may now be used for determining the membrane parameters as
well as mass transfer coefficient k.

3.2. Combined-film theory-solution-diffusion model

The working equations of the solution-diffusion model [27] are

Jv=A(Ap - Arm) (5)
Ja= (DA(ISVIK) (Caz — Ca3) (6)

where A is the permeability parameter of the solvent and can
be estimated from pure water permeability measurements, and
(DamK]/$) is considered as a single parameter, namely the solute
transport parameter. Eqs. (5) and (6) may be combined with Eq.
(3), as illustrated by Pusch [22], to give

o (259 ()

Eq. (7) predicts that R approaches 1.0 for infinite permeate flux.
This is not realistic for many solutes, which do not approach

perfect rejections at high permeate flux rates [28]. Eq. (7) can be
rearranged to

RN
1-R_ DauK/S

Now, Eq. (8) can be substituted into Eq. (4) to give

(8)

Ro Jv Jv
=% = [ omeirs) [0 ()] ®)
Eq. (9) is the present working equation of the combined-film
theory-solution-diffusion (CFSD) model. By supplying R, vs. Jy
data, taken at different pressures but at a constant feed rate and
constant feed concentration for each set, the parameter (DayK/$5)
and the mass transfer coefficient, k, can be estimated numerically.

3.3. Combined-film theory-Spiegler-Kedem model

Asreported in the literature [21], an irreversible thermodynam-
ics (IT) model can be applied to explain the rejection performance of
an uncharged solute and when there is no electrostatic interaction
between membrane and solute. This is the case when the mem-
brane is uncharged such as RO membrane or when the solute is
neutral. Many authors [6,24] have extended this model in retention
of electrolyte with an NF membrane that is charged. The working
equations of the nonlinear Spiegler-Kedem model [21,22,25] are

Jv=1Lp(Ap -0 Am) (10)
o(1—-F)
R= 1—-oF (1
where
F = exp[-Jvaz] (12)
with
1-0
a; = W (13)

Here o is the reflection coefficient which represents the rejection
capability of a membrane, i.e., =0 means no rejection and o =1
means 100% rejection, Py is the overall permeability coefficient and
Lp is the hydraulic permeability coefficient of the membrane, which
is similar to A given in Eq. (5). Eq. (11) can be rearranged to give

R

ﬁ:al(l—F) (14)
where

o
a; 1o (15)

Now, substitution of Eq. (14) into Eq. (4) results in the following
equation:
J;

150&) = a1[1 —exp(—Jvaz)] {exp (—,—Z)} (16)

Eq. (16) is the working equation for the combined-film theory-
Spiegler-Kedem (CFSK) model. It may be noted that Eq. (16) reduces
to Eq. (9) for o value approaching 1. Once again, by using a non-
linear parameter estimation method by supplying the data of R,
vs. Jy taken at different pressures, but at constant feed rate and
constant feed concentration for each set, we can estimate the mem-
brane parameters o and Py and the mass transfer coefficient, k,
simultaneously.

3.4. Combined-film theory-finely porous model

The working equation for finely porous model is [29,30]

1 (bee K — bge 1)
1-R "~ (?) +( K ) exp (_JVSDAB> (7)
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Fig. 2. Schematic of concentration profile on the solute in the feed and permeate
solution near the membrane surface.

Using Eq. (4) with Eq. (17), one can get

R,  (bse 76
1-Ro (7 - ]> {] - exp <_1V8DAB

Here the parameters are

exp (—%’) (18)

_ bf&‘
by = (7) -1 (19)
™5
- &eDpp (20)

Eq. (18) is the combined-film theory-finely porous (CFFP) model.
Using a nonlinear parameter estimation method, by supplying the
data of R, vs. Jy taken at different pressures but at constant feed
rate and constant feed concentration for each set, one can estimate
the membrane parameters and k, simultaneously.

3.5. Enrichment factors and concentration polarization modulus

As mentioned in Section 3.1, the concentration polarization is
typically described via film theory model whereby it is charac-
terized by the thickness of the boundary layer across which the
counter diffusion occurs as shown schematically in Fig. 2 [31]. The
solute flux through the membrane is given by the product of the
permeate volume flux J, and the permeate solute concentration
Cas. In the boundary layer this net solute flux is also equal to the
convective solute flux towards the membrane J, C4 minus the diffu-
sive solute flux away from the membrane, expressed by Fick’s law.
From simple mass balance, transport of solute at any point within
the boundary layer can be described by the well-known film the-
ory relation [32], Eq. (1). An alternative form of Eq. (1) replaces the
concentration terms by observed enrichment factor E,, defined as
Ca3/Ca1 and true enrichment factor E, defined as Ca3/Cao, and can
be written as [31]

1/E, —1 k
The increase or decrease of the solute concentration at the
membrane surface, compared to the bulk solution concentration,
determines the extent of concentration polarization. The ratio of the
two concentrations, Caz/Caz, is called the concentration polariza-
tion modulus and is a useful measure of the extent of concentration
polarization. When the modulus is 1.0, it can be said that no con-
centration polarization occurs, but as the modulus deviates farther
from 1.0, the effect of concentration polarization on membrane
selectivity and flux becomes important. From the definitions of E,

100 4
90 4
g 80
=
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Fig. 3. Flux vs. rejection for different feed solute concentrations (feed
rate=15L/min).

and E, the concentration polarization modulus is equal to E,/E and,
from Egs. (1) and (21), it can be written as [31]:

Es  Cax _ exp (Jv/k)
E ~ Ca1 1+Eo[exp(Jy/k)—1] (22)

4. Results and discussion
4.1. Membrane permeability

Before the solute rejection experiments, the PWP of the mem-
brane using distilled water is measured at 30+ 1 °C. A plot of PWP
vs. pressure will give a slope Lp, known as the PWP coefficient of
the membrane. The Lp is found to be 13.29 L/(h m2 atm), which is a
typical value of nanofiltration membranes [6,33]. The Lp is consid-
ered to be areference to evaluate cleaning procedure, concentration
polarization and fouling of the membrane.

4.2. Effect of applied pressure and feed concentration

Experiments are carried out to study the effect of applied pres-
sure ranging from 4 to 20atm at fixed pH 3. As shown in Fig. 3,
percentage rejections of nickel ions increase slightly with increase
in permeate flux for different feed concentrations (5-250 ppm).
It is worthwhile mentioning that a high flux with high rejection
was obtained at low salt concentration, while the flux and rejec-
tion were relatively low at high concentration [23]. Fig. 4 shows
the effect of applied pressure on the permeate flux for differ-
ent feed concentrations. The permeate flux increases linearly with
increasing applied pressure, which suggests that there may be neg-
ligible concentration polarization in the membrane cell. As the feed
concentration increases, the permeate flux decreases due to the
increase of concentration difference between the two sides of the
NF membrane and subsequent increase in the osmotic pressure that
opposes the permeate flow [3,34].

The effect of applied pressure on nickel ions rejection is reported
in Fig. 5. It can be seen from Fig. 5 that the rejection increases with
increase in applied pressure till 12 atm, because the ion transport
due to convection becomes significant compared to diffusion, and
thereafter the increase in rejection is negligible reaching a limit-
ing value at 20 atm. The maximum rejection of nickel ions by NF
is found to be 98% and 92% for 5 and 250 ppm feed concentration,
respectively. In the case of NF, limiting value of rejection depends
on the nature of the co-ion (5042~ ). As a result, salts with SO42~ ion
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Table 1
Parameter estimated using data-fitting method for various models for nickel salt
Set no. Feed conc. (ppm) Feed rate (L/min) CFSD model? CFSK model® CFFP model®
DamK/8 x 10* k x 103 (cm/s) o Py x 10° (cm/s) k4 x 103 (cm/s) elK eDpg /T8 x 10%
1 5 5 2.50 4.35 0.9145 5.03 19.23 11.70 5.60
2 5 10 2.45 434 0.9107 5.33 20.20 11.20 9.30
3 5 15 249 4.39 0.9099 5.60 20.62 11.90 9.30
4 50 5 2.47 4.32 0.9056 5.94 19.05 10.59 9.20
5 50 10 2.48 4.25 0.9052 6.02 20.20 10.55 9.30
6 50 15 2.51 4.15 0.9047 6.14 2041 10.50 9.20
7 100 5 2.54 4.30 0.9043 6.25 18.87 10.45 9.20
8 100 10 2.53 4.10 0.9020 6.49 19.42 10.50 9.30
9 100 15 249 4.05 0.9000 6.71 20.20 10.40 8.70
10 150 5 2.45 3.95 0.8969 6.98 18.69 10.15 9.30
11 150 10 243 4.15 0.8947 7.19 19.60 10.35 9.30
12 150 15 2.39 4.14 0.8919 7.40 19.60 10.25 9.30
13 200 5 2.35 4.18 0.8889 7.64 18.52 9.95 9.30
14 200 10 1.75 4.16 0.8863 7.84 19.80 10.05 9.30
15 200 15 2.34 3.97 0.8844 7.98 19.80 9.80 9.30
16 250 5 2.33 4.15 0.8823 8.14 18.35 8.56 10.0
17 250 10 2.38 4.16 0.8802 8.30 19.42 9.88 9.80
18 250 15 2.39 4.25 0.8780 8.47 19.37 8.35 9.50

2 CFSD is combined-film theory-solution-diffusion model.

b CFSK is combined-film theory-Spiegler-Kedem model.

¢ CFFP is combined-film theory-finely porous model.

d Mass transfer coefficient value of CFSK model and CFFP model.
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Fig. 4. Influence of applied pressure on the permeate flux for different feed solute
concentrations (feed rate=15L/min).

Table 2
Comparison of experimental and calculated k values for nickel sulfate-water system

Set no. kexp x 10° (Eq. (16)) keal x 103 (Eq. (25)) Error in k (%)
1 19.29 19.23 0.31
2 20.33 20.20 0.64
3 20.75 20.62 0.63
4 19.06 19.05 0.05
5 20.29 20.20 0.44
6 20.38 2041 —0.15
7 18.92 18.87 0.26
8 19.98 19.42 2.80
9 20.18 20.20 —0.09

10 18.63 18.69 —0.32

11 19.77 19.60 0.86

12 19.88 19.60 141

13 18.48 18.52 —0.22

14 19.72 19.80 —0.41

15 19.72 19.80 —0.41

16 18.24 18.35 —0.60

17 19.40 19.42 —0.10

18 19.34 19.37 —-0.15

were rejected more than salts with the Cl~ ion [3,4]. It is observed
that the rejection of nickel ions decrease when the concentration
increases. This is common for NF membranes [34]. The increase
in the feed solution concentration involves a screen formation of
cations adjacent to the membrane on high-pressure side. This for-
mation neutralizes the negative charges of the membrane. The total
charge of the membrane decreases and the repulsion between the
membrane and anion is reduced. As a result, the co-ion will eas-
ily pass through the membrane and due to electro-neutrality, the
counter-ion will also be rejected less [4]. The same is also true with
RO/NF/UF membranes [32-37].

4.3. Effect of feed flowrate

Fig. 6 shows the rejection percentages with change in applied
pressures at different feed flowrates (5-15 L/min) for 250 ppm feed
concentration. It can be seen from Fig. 6 that the increase in feed
flowrate leads to an increase in the solute rejection. The main aim
of increasing the feed flow rate is to increase the k, which in turn
increases the solute rejection. Similar results are found for the
nickel ion [3] and for the zinc ion [37].

120 4
100 4
= 804
2
=
g
E 60 —e—5ppm
< —8— 50 ppm
40 + —A— 100 ppm
—%— 150 ppm
20 | —%— 200 ppm
—e— 250 ppm
0 T T T T 1
0 5 10 15 20 25

Pressure (atm)

Fig. 5. Influence of applied pressure on the rejection of solute for different solute
feed concentrations (feed rate = 15 L/min).
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Fig. 6. Influence of applied pressure on the rejection of solute at different feed flow
rates (feed concentration =250 ppm).

4.4. Effect of pH

Fig. 7 shows the effect of pH on the rejection of nickel ions and
the permeate flux. The pH is adjusted by the addition of HCl and/or
NaOH, depending upon the need. The feed concentration, applied
pressure and feed flowrate are fixed at 5 ppm, 15 atm and 15 L/min,
respectively. It can be seen from Fig. 7 that there is no significant
change in the rejection of nickel ions with respect to change in feed
solution pH, and this trend is in line with the results observed by
other researchers for the same solute [3,4,38]. The pH variation is
having more effect on permeate flux, and the permeate flux reduced
considerably with increase in feed solution pH. According to Freger
et al. [39] the decrease of membrane permeability at higher pH is
due to shrinking of the skin layer due to differences of hydration of
ionized groups of the membrane.

4.5. Membrane transport parameters and mass transfer
coefficient estimation

The data supplied to the nonlinear parameter estimation pro-
gram, based on the Levenberg-Marquardt method [40], are R, and
Jv taken at different operating pressures keeping feed rate and feed
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Fig. 7. Influence of pH on the rejection of solute and permeate flux (feed
rate =15 L/min; feed concentration=5 ppm; applied pressure = 15 atm).
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Fig. 8. Results for combined-film theory-solution-diffusion model for 14th set of
data for nickel sulphate-water system.

concentration constant for each set of data. The parameters esti-
mated for various models from Egs. (9), (16) and (18) are used to find
the membrane transport parameters and mass transfer coefficients
from the respective relations. These parameters are in turn used
to calculate observed rejection (R, ) of the membrane for different
values of permeate flux (Jy), with respect to the individual model.
Sample graphical comparison is also made through Figs. 8 and 9,
showing that all the sets are equally fitting. It can be seen from the
Figs. 8 and 9 that the model predictions for the rejection values are
in good agreement with the experimental results.

The membrane parameters estimated from Egs. (9), (16) and
(18) are given in Table 1. It can be seen that the values of solute
permeability Py and reflection coefficient o are dependent on the
feed concentration. Py; increases with feed concentration due to
the high amount of solute passing through the membrane, while o
slightly decreases due to the reduction in solute rejection. The same
trend for NF membranes was observed by Al-Zoubi et al. [23]. Bal-
let et al. [6] and Mehiguene et al [33] investigated the effect of the
nature of co-ion on the solute rejection, and found that the reflec-
tion coefficient o for each solute increases with co-ion valency,
while the solute permeability Py; decreases with co-ion valency.
Similar results were found in literature [6,33,41]. The k values esti-
mated from both the models are used to obtain a simpler relation
shown below

kaQn (23)

here, n=0.5963 for CFSK model, and 0.2877 for CFSD model. The
mass transfer coefficient is a function of feed flowrate, cell geome-
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Fig. 9. Results for combined-film theory-Spiegler-Kedem model for 2nd set of data
for nickel sulphate-water system.
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Table 3

Summary of the enrichment factors (E, and E), concentration polarization modulus (Ca/Ca1) and Dag/l for NF-300 membrane of nickel sulphate-water system at different

concentrations and feed flow rates (applied pressure 4 atm)

Set No. Feed Concen- Feed Flow Enrichment factors Concentration k x 103 (cm/s) Permeate Peclet number
tration rate (L/min) polarization flux x 103 Uv/k)
(ppm) modulus (cm/s)
(Ca2/Ca1)
ED E

1 5 5 0.1725 0.1655 1.0419 19.23 0.952 0.0495

2 5 10 0.1815 0.1734 1.0466 20.20 1.120 0.0554

3 5 15 0.1695 0.1612 1.0511 20.62 1.232 0.0597

4 50 5 0.2063 0.1987 1.0382 19.05 0.896 0.0470

5 50 10 0.1961 0.1875 1.0458 20.20 1.120 0.0554

6 50 15 0.1889 0.1806 1.0458 20.41 1.120 0.0549

7 100 5 0.2165 0.2081 1.0405 18.87 0.952 0.0505

8 100 10 0.2042 0.1950 1.0472 19.42 1.120 0.0577

9 100 15 0.1932 0.1847 1.0460 20.20 1.120 0.0554
10 150 5 0.2335 0.2256 1.0352 18.69 0.840 0.0449
11 150 10 0.2275 0.2196 1.0361 19.60 0.896 0.0457
12 150 15 0.2164 0.2078 1.0414 19.60 1.008 0.0514
13 200 5 0.2442 0.2365 1.0327 18.52 0.784 0.0423
14 200 10 0.2255 0.2177 1.0359 19.80 0.896 0.0453
15 200 15 0.2288 0.2199 1.0403 19.80 1.008 0.0509
16 250 5 0.2562 0.2481 1.0325 18.35 0.784 0.0427
17 250 10 0.2514 0.2428 1.0353 19.42 0.896 0.0461
18 250 15 0.2498 0.2412 1.0355 19.37 0.896 0.0463

try and solute system. Generalized correlations of mass transfer, in
the form of Dittus-Boelter type relation, which have been used by
several authors [25,30,42], suggest that the Sherwood number, Sh,
is related to the Reynolds number, Re, and Schmidt number, Sc, as

Sh = aScPRe¢ (24)

where a, b and c are parameters that need to be determined exper-
imentally. The Leveque’s equation [42] is used to evaluate the mass
transfer coefficient for flow through thin-channel in laminar flow,

6uD2. \ °**
AB > (25)

k= 0.816( bl

The k values estimated from CFSK model, Eq. (16), and the Lev-
eque’s relation, Eq. (25), for 18 sets of data are shown in Table 2.
It can be seen from Table 2 that the maximum deviation observed
between the experimental and calculated k values is less than 3%.
The k values estimated using CFSK model are more realistic than
those from CFSD model [25,30] and in the present case too the
same is observed. Henceforth, these k values are used for further
calculations.

The effective membrane thickness (té/¢) can be calculated from
the average value of parameter by, and it is found to be 255 pm.
If the tortuosity () and the void fraction of the membrane are
assumed to be 3 and 0.16, respectively [29], then the membrane
active skin layer thickness (8) will be 14 um, which is a reasonable
value with respect to the data provided by the supplier.

4.6. Estimation of enrichment factors and concentration
polarization modulus

Concentration polarization must be incorporated into an
RO/NF/UF membrane model in order to determine the true rejec-
tion of the membrane that is based on the concentration at the
membrane surface in contrast to the observed rejection that is
based on the feed concentration. It can be seen from Table 3 that
the enrichment factors (E, and E) for NF-300 membrane are less
than 0.16. In the case of reverse osmosis, the enrichment factors
are typically about 0.01 [31], because the membrane solute rejec-
tion capability will be nearly 100%. Depending on the enrichment
term of the membrane, the concentration polarization modu-

lus (Caz/Ca1) can be estimated by using Eq. (22) and it can be
larger or smaller than 1.0. For NF-300 membrane the concentra-
tion polarization modulus is found to be in between (see Table 3).
It indicates that the concentration of solute at the membrane sur-
face is 1.0325-1.0511 times larger than it would be in the absence
of concentration polarization. In the case of RO, the concentration
polarization modulus is normally between 1.1 and 1.5 [31].

The balance between convective transport and diffusive trans-
port in the membrane boundary layer is characterized by the
term (Jy/k). This dimensionless number represents the ratio of the
convective transportJ, and diffusive transport k(=Dag/l) and is com-
monly called the Peclet number [31]. The comparison between
concentration polarization modulus and Peclet number for NF-300
membrane with nickel sulphate-water system at different concen-
trations and feed flow rates are also shown in Table 3 when applied
pressure is 4 atm. When the Peclet number is large (Jy > k), the con-
vective flux through the membrane cannot easily be balanced by
diffusion in the boundary layer, and the concentration polarization
modulus will be large. When the Peclet number is small (Jy « k),
convection is easily balanced by diffusion in the boundary layer,
and the concentration polarization modulus is close to unity [31],
and this trend is observed in the present case and the Peclet number
is between 0.04 and 0.06 when applied pressure is 4 atm, and the
maximum being between 0.2 and 0.5 at applied pressure is 20 atm
(not shown in Table 3).

5. Conclusions

In the present work performance of NF-300 membrane has been
studied to separate nickel ions from dilute wastewaters at different
operating conditions. It is observed that the rejection of nickel ions
increase with increase in feed pressure and decreases with increase
in feed concentration at constant feed flowrates. The maximum
rejection of the metal is found to be 98% and 92% for an initial feed
concentration of 5 and 250 ppm, respectively. Since the mass trans-
fer coefficient increases with increase in feed flowrate, which in
turn reduces the concentration polarization, the rejection increases
as the feed flowrate increases at constant feed pressure. The pH
effect on the rejection and flux are studied and found that the vari-
ation in pH is having not much effect on rejection, where as the flux
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decreases with the increase in pH of feed solutions. The membrane
transport models; combined-film theory-Spiegler-Kedem (CFSK),
combined-film theory-solution-diffusion (CFSD) and combined-
film theory-finely porous (CFFP) models; have been used fit the
experimental data. CFSK model showed that there is good agree-
ment between the theoretical and experimental rejection data with
maximum deviation being less than 10%. The k values calculated
from CFSK model are nearer to that of real values with maximum
deviation being less than 3%. The CFFP model predicted the effective
membrane thickness and the active skin layer thickness, which are
in line with data provided by the supplier. The enrichment factors
and the concentration polarization modulus have been found for
the system and interpreted with the experimental data. The Peclet
number found from the data has shown that the mechanism of
separation is due to the diffusion.
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