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a b s t r a c t

Heavy metals are important sources of environmental pollution and are non-degradable, and therefore
continue to exist in water. Membrane technology is one option for the separation of heavy metals from
wastewater without generating any pollution load. This paper presents the binary heavy metals (cadmium
and nickel) separation capability of a commercial nanofiltration membrane from aqueous solutions. The
influence of applied pressure, feed solute concentration, feed flowrate, feed pH and nature of anion on
the retention of cadmium and nickel ions is studied. It is observed that the rejection increases with
increase in feed pressure and decreases with increase in feed concentration at constant feed flowrate
The maximum observed solute rejection of nickel and cadmium ions are 98.94% and 82.69%, respectively
for an initial feed concentration of 5 ppm. The NF membrane is characterized by using the Spiegler–Kedem

model based on irreversible thermodynamics coupled with film theory. Boundary layer thicknesses, as
well as the membrane transport parameters are estimated by using the Levenberg–Marquardt method.

are used to predict the membrane performance and found that the predicted
ent
The estimated parameters
values are in good agreem

1. Introduction

Heavy metals are extremely toxic and have a tendency to bio-
accumulate in the food chain. The only way to remove them is to
change their chemical and physical states by oxidation/reduction
and precipitation. So far, there have been a number of researches
that studied physical and chemical treatments of heavy metals from
wastewater [1–5]. However, these methods may not be cost effec-
tive and contribute to other problems such as slag disposal and
extra chemical injection. Membrane technology had also gained its
popularity in metal separation/rejection by reverse osmosis (RO)
and ultrafiltration (UF) [6,7]. However, problems like high operation
and maintenance cost for application of high pressure to the system
and pretreatment necessity have led to the production of NF mem-
branes. There are successful studies utilizing NF as tool for removal
of heavy metals ions [8–10]. The rejection of solutes by NF mem-
ranes is mainly influenced by two basic membrane characteristics;
embrane charge and membrane pore size. In the charge exclusion,
Donnan potential is created between the charged anions in the NF
embranes and the co-ions in the influent.
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Separations on single metal ions from aqueous solutions were
reported in the literature, but the same on binary metals is feeble.
The present work is aimed in this direction. Separation of heavy
metals from binary aqueous solutions (CdCl2–NiSO4–water) using
a commercial thin film composite polyamide nanofiltration mem-
brane has been studied. The performance of the NF membrane
and its characterization based on an irreversible thermodynam-
ics model (Spiegler–Kedem model) is reported. The concentration
polarization boundary layer thicknesses, as well as the membrane
transport parameters from permeation data are determined. Exper-
iments with binary aqueous solutions (CdCl2–NiCl2–water) and
(CdSO4–NiSO4–water) are performed to know the influence of the
anion on the separation of nickel and cadmium ions.

2. Materials and methods

Synthetic samples of wastewater are prepared by adding
required amounts of cadmium chloride (CdCl2·2H2O), cadmium
sulphate (CdSO4·8H2O), nickel chloride (NiCl2·6H2O) and nickel
sulphate (NiSO4·6H2O) to distilled water. Several solutions are
prepared with different concentrations of cadmium chloride and
nickel sulphate (5–250 ppm). The experiments are performed on

a Perma®-pilot scale membrane system (Permionics, Vadodara,
India), shown in Fig. 1. A rectangular flat membrane housing cell
is used for the experiments. The membrane housing cell, shown in
Fig. 1, is made of stainless steel with two halves fastened together

http://www.sciencedirect.com/science/journal/13858947
http://www.elsevier.com/locate/cej
mailto:zvpm2000@yahoo.com
mailto:zvpm@ched.svnit.ac.in
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Nomenclature

CAi concentration of A at any position i (kmol/m3)
DAB diffusion coefficient of solute A in solvent B
JV permeate volume flux (m3/m2 s)
LP hydraulic permeability (m/s kPa)
�P pressure difference across the membrane (kPa)
PM overall solute permeability (m/s)
Ps local solute permeability in the membrane
R true solute rejection
Rg universal gas constant (8.314 J/gmol K)
RO observed solute rejection
T temperature (K)
x coordinate direction perpendicular to the mem-

brane (m)
�x total membrane thickness (m)

Greek letters
ı boundary layer thickness on high pressure side of

the membrane (m)
�� osmotic pressure difference across the membrane

(kPa)
� reflection coefficient
� total number of ions dissociated from 1 mol of salt
� osmotic coefficient based on the solute concentra-

tion at the membrane surface
ˇ JV(1 – �)/PM

Subscripts
A solute
B solvent
M membrane
1 feed solution
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2 boundary layer solution
3 permeate solution

ith high tensile bolts. The top half of cell contained the flow dis-
ribution chamber and the bottom half is used as the membrane
upport system. The upper half of the test cell contains a groove for
he arrangement of HDPE ‘O’ ring to avoid leakage at high pressure
peration. Experiments are performed with a commercial thin film
omposite polyamide membrane Perma-TFC-NF-300 (Permionics,
adodara, India), hereafter referred as NF-300 membrane. This
embrane has three layers. The first layer is a 5–20 �m polyamide

ayer that does the actual separation/rejection. The second layer is
ade of polysulfone substrate of about 50 �m thickness. The third

ayer, used for resistance and strength, is made of polyester with a
hickness of about 200 �m. The Perma-TFC membranes are capable
f withstanding pH in the range 2–12, pressure up to 30 atm and
emperatures up to 50 ◦C. In the present work all the experiments
re performed at a pH of 5.0. The NF-300 membrane is characterized
y 300 Da cut-off. The effective membrane surface area is 150 cm2

length 15 cm and width 10 cm). The 2 mm thin channel passage
n the membrane test cell and the high cross-flow feed rates used
n the experimentation will enable the system in controlling the
oncentration polarization to some extent. Before conducting the
ctual experiments, the NF-300 membrane is subjected to stabi-
ization at 20 atm, which is the maximum pressure used in the
xperiments, for 2 h to avoid possible membrane compaction dur-

ng the experimentation. Experiments are performed for 2 h, for
ach set of separation data, in batch circulation mode and the per-
eate samples are collected from high pressure to low pressure for
particular feed concentration and feed flowrate. Both permeate

nd concentrate are returned to the feed vessel in order to keep
gineering Journal 150 (2009) 181–187

the constant concentration. Samples of permeate are collected at
a given time interval, to measure the observed salt rejection, RO
(=1 − CA3/CA1); where CA1 is the bulk feed solute concentration and
CA3 is the permeate solute concentration; and permeate volume
flux (JV). The metal ion concentrations are measured by an Atomic
Absorption Spectrophotometer SL-173 (M/S. ELICO Limited, Hyder-
abad, India) according to standard methods [11]. After each set of
experiments, for a given feed concentration, the setup is rinsed
with distilled water for 30 min at 4 atm to clean the system. This
procedure is followed by measurement of pure water permeabil-
ity (PWP) with distilled water to ensure that the initial membrane
PWP is restored. The experiments are carried out for different feed
concentrations (5, 50, 100, 150, 200 and 250 ppm each of cadmium
and nickel salts), feed flowrates (5, 10 and 15 L/min), applied pres-
sures (4, 8, 12, 16 and 20 atm), feed pH (1, 3, 5, 7 and 9) and the
corresponding RO and JV are measured.

3. Membrane transport parameters and boundary layer
thickness

3.1. Combined membrane transport and concentration
polarization model

Concentration polarization must be incorporated into an
RO/NF/UF model in order to determine the true solute rejection,
R (=1 − CA3/CA2), of the membrane that is based on the solute con-
centration at the high pressure side of the membrane surface (CA2)
in contrast to the observed rejection which is based on the bulk feed
concentration. Concentration polarization is typically described via
a film theory model whereby it is characterized by the thickness
of the boundary layer across which the counter diffusion occurs,
as shown schematically in Fig. 2. This boundary layer thickness
decreases with increase in the feed flowrate. Hence, some prior
studies have attempted to eliminate concentration polarization by
using high feed flowrates. However, Yaroshchuk [12] has mentioned
that to ignore concentration polarization, the boundary layer thick-
ness must be less than 10 �m, which may not be possible with
laboratory-scale experiments. Gupta et al. [13] developed a novel
protocol to characterize NF and RO membranes that employ the
Spiegler–Kedem membrane transport model coupled with the film
theory description of the concentration polarization. Attempts have
been made to correct the boundary layer thicknesses determined
from literature correlations for the transmembrane flow effects,
which are described in the excellent review of Gekas and Halstrom
[14].

It can be seen from Fig. 2 that the solute flux through the mem-
brane is given by the product of the permeate volume flux (JV) and
permeate solute concentration (CA3). From simple mass balance,
transport of solute at any point within the boundary layer can be
described by the relation [15],

JV CA − DAB
dCA

dx
= JV CA3 (1)

where x is the coordinate perpendicular to the membrane surface.
The mass balance, Eq. (1), can be integrated over the thickness of
the boundary layer to give well-known polarization equation [15],(

CA2 − CA3

CA1 − CA3

)
= exp

(
JV ı

DAB

)
(2)

where ı represents the boundary layer thickness in high pressure
side and DAB is the diffusivity of solute A in solvent B.
3.2. Modified irreversible thermodynamics model

An irreversible thermodynamic Spiegler–Kedem model [16] was
applied to explain the separation performance of an uncharged



Z.V.P. Murthy, L.B. Chaudhari / Chemical Engineering Journal 150 (2009) 181–187 183

scal

s
t
S
fl
i
t

J

R

w
p
ˇ

R

t
�
i

F
s

Fig. 1. Perma®-pilot

olute. Many authors [17–19] have extended this model to explain
he retention of electrolyte with an NF membrane that is charged.
piegler and Kedem [16] applied the linear relationship between
uxes and driving forces on a local level at steady-state and

ntegrated them across the membrane to obtain the following equa-
ions:

V = LP(�P − ���) (3)

= �[1 − e−JV (1−�)�x/Ps ]
1 − �e−JV (1−�)�x/Ps

(4)

here Ps is the local solute permeability and �� is the osmotic
ressure difference across the membrane. Let PM = Ps/�x and
= JV(1 − �)/PM, then Eq. (4) becomes

= �(eˇ − 1)
eˇ − �

(5)
Here, reflection coefficient (�) represents the solute separa-
ion capability of a membrane, i.e., � = 0 means no separation and
= 1 means 100% separation, PM is the overall solute permeabil-

ty and Lp is the hydraulic permeability of the membrane. The

ig. 2. Schematic of concentration profile on the solute in the feed and permeate
olution near the membrane surface.
e membrane system.

Spiegler–Kedem model was used widely to interpret/predict the
performance of RO/NF/UF membranes [20–24]. The �� is given by
the van’t Hoff equation [13],

�� = ��(CA2 − CA3)RgT (6)

Here, � is the osmotic coefficient for a non-ideal solution that
is based on the solute concentration at the membrane surface, �
is the total number of ions dissociated from 1 mol of salt, Rg is
the Universal gas constant, and T is temperature. The values of
osmotic coefficients of the salts studied here are taken from the
literature [25,26]. It is important to note that, due to the concentra-
tion polarization, the salt solution at the membrane surface cannot
be assumed to be dilute. The values of osmotic coefficients used
in this study are 0.534 and 0.584 for cadmium chloride and nickel
sulphate salts, respectively. Substituting �� from Eq. (6) into Eq.
(3), will give:

JV = Lp[�P − ���(CA2 − CA3)RgT] (7)

The JV and R cannot be directly used to analyze the perme-
ation data since they contain boundary layer concentration (CA2)
that cannot be measured directly. Combining Eqs. (7) and (2) will
eliminate the term (CA2 − CA3) and the resulting equation for the
permeate flux can be written as [13],

JV = Lp

[
�P − ���(CA1 − CA3)RgT exp

(
JV

DAB/ı

)]
(8)

By rearranging Eq. (8), one can get

�P = JV
Lp

+ ���(CA1 − CA3)RgT exp
(

JV
DAB/ı

)
(9)

Eq. (9) is the combined membrane transport and concentration
polarization model used in the study.

4. Results and discussion
4.1. Influence of operating variables

The RO is plotted against JV at different feed solute concentra-
tions (see Fig. 3). It can be seen from Fig. 3 that the RO increases
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ig. 3. Relation between permeate volume flux and observed solute rejection
or CdCl2–NiSO4–water system of different feed concentrations and feed flowrate
L/min.

lightly with increase in permeate flux for different feed concen-
rations from 5 to 250 ppm. Figs. 3 and 4 show the effect of applied
ressure on JV and RO of binary salts at different concentrations.
he rejection increases with increase in feed pressure from 4 to
0 atm. A high diffusive transport of solute through the mem-
rane, compared to convective transport, may be the reason for

ow retention at low pressure and high feed concentrations [18].
he NF-300 membrane shows the following rejection in sequence:
O(Ni2+) > RO(Cd2+) for NiSO4–CdCl2–water system, which is typ-

cal phenomena of NF membrane [18,27]. The chloride ions are
ess hydrated than the sulphate ions (1047 and 325 kJ mol/L for
hloride and sulphate, respectively) resulting in less rejection of
ation associated to chloride ion [17,18,28]. Rejection will increase
ith higher valency of the anion owing to increased electrostatic

epulsion by the membrane [28]. The rejection percentages with
hange in applied pressure at different feed flowrates in the range of
–15 L/min, at 5 ppm feed solute concentration are shown in Fig. 5. It
an be seen from Fig. 5 that increase in feed flowrate leads to slight
ncrease in the rejection of cadmium and nickel ions. It can also
e seen from Fig. 6 that the permeate flux increases with increase
n feed flowrate at the same applied pressure. These observations
ndicate that there is a concentration polarization boundary layer
t the surface of the membrane. The main aim of increasing the feed
owrate is to increase the mass transfer coefficient, DAB/ı, which in

ig. 4. Influence of applied pressure on the observed solute rejection of
dCl2–NiSO4–water system with different feed concentrations at feed flowrate
L/min.
Fig. 5. Influence of applied pressure on the solute rejection of CdCl2–NiSO4–water
system at different feed flowrates and feed concentration 5 ppm.

turn increases the solute rejection. Similar results were found for
the nickel ions by Ahn et al. [10] and for the zinc ions by Frares et
al. [29]. Although the repulsion of the anion mainly determines the
rejection of salt from a solution, it is also interesting to compare the
rejection of salts when the same anion is associated with different
cations. It can be seen from Figs. 7 and 8 that the rejection of Ni2+ is
higher than the rejection of Cd2+. An explanation for the experimen-
tally determined rejection sequence can be found by comparing the
diffusion coefficients of the different cations. The diffusion coeffi-
cient of cations Ni2+ and Cd2+ in water at 25 ◦C are 1.32 × 10−5 and
1.44 × 10−5 cm2/s [30]. It is assumed that the diffusion coefficients
in the membrane can be approximated by those in aqueous solu-
tions. The order of diffusion coefficients is inversely reflected in the
rejection sequence, so the diffusion seems to be an important trans-
port mechanism. As the diffusion coefficient of Cd2+ is higher than
that of Ni2+, a high diffusion contribution can be expected resulting
in a lower rejection. Similar trends were observed by Mohammad
et al. [8]. It can also be seen from Figs. 7 and 8 that the separation
of both Cd2+ and Ni2+ are enhanced when the charge valency of the
associated co-ion is increased.
Fig. 9 shows the effect of pH on rejection of nickel and cadmium
ions for CdSO4–NiSO4–water and CdCl2–NiCl2–water systems. The
pH is adjusted by the addition of HCl and NaOH, depending
upon the need. The concentration, pressure and flowrate are

Fig. 6. Influence of applied pressure on the permeate volume flux of
CdCl2–NiSO4–water system at different feed flowrates and feed concentration
5 ppm.
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Fig. 7. Influence of applied pressure on the observed solute rejection of
CdSO4–NiSO4–water system with different feed concentrations at feed flowrate of
15 L/min.

F
C
5

fi
C
r
S
b
t

F
C
a

model is still longer valid for a wide range of concentration (from 5
to 250 ppm) for binary salts.

The concentration of the solute at the surface of membrane
ig. 8. Influence of applied pressure on the observed solute rejection of
dCl2–NiCl2–water system with different feed concentrations at feed flowrate of
L/min.

xed at 5 ppm, 12 atm and 15 L/min, respectively. In the case of
dSO4–NiSO4–water system, there is no significant change in the

ejection percentages of nickel and cadmium ions with pH change.
imilar results were observed for nickel ion by Ahn et al. [10]. It can
e seen from Fig. 9 that in the case of CdCl2–NiCl2–water system,
he rejection is sensitive to pH change; RO reached high at pH 1,

ig. 9. Influence of pH on the observed solute rejection for CdCl2–NiCl2–water and
dSO4–NiSO4–water system (feed concentration = 5 ppm, applied pressure = 12 atm,
nd feed flowrate = 15 L/min).
Fig. 10. Results from combined membrane transport and concentration polarization
model for CdCl2–NiSO4–water system by using NF-300 membrane at different feed
concentrations and a feed flowrate of 5 L/min.

then decreased to minimum at pH 5 and then increased at pH 7.
In the present case, it may be said that at pH 5 the membrane iso-
electric point (IEP) is approached. Similar IEP for cadmium ion was
observed by Garba et al. [9] and Ballet et al. [17].

4.2. Determination of membrane transport parameters and
boundary layer thickness

The non-linear parameter estimation program used to estimate
the parameters, namely; hydraulic permeability (Lp), reflection
coefficient (�) and DAB/ı; is based on the Levenberg–Marquardt
method [31]. The permeate flux is taken at different operating pres-
sures keeping feed flowrate and feed solute concentration constant
for each set of data. The parameters Lp, �, and DAB/ı are estimated
from Eq. (9). Theses parameters are then used to calculate applied
pressure for different values of permeate flux (JV). It can be seen
from Fig. 10 that the model predictions for the pressure values
are in good agreement with experimental results. The difference
between experimental and model results increases when the pres-
sure increases at lower concentration. It can be concluded that the
(CA2) is calculated using the film theory model given by Eq.

Table 1
Summary of the calculated values of LP and DAB/ı at various operating conditions for
the binary salt system (PWP = 3.64 × 10−9 cm3/s dyn).

Set Feed rate
(L/min)

Feed concentration
(ppm)

LP, Caculated

(cm3/s dyn) × 109
DAB/ı (cm/s) × 103

1 5 5 2.33 8.70
2 10 5 2.78 8.89
3 15 5 3.13 9.09
4 5 50 2.22 8.51
5 10 50 2.71 8.73
6 15 50 2.95 8.89
7 5 100 2.13 8.34
8 10 100 2.50 8.52
9 15 100 2.78 8.74

10 5 150 1.89 8.17
11 10 150 2.27 8.34
12 15 150 2.63 8.53
13 5 200 1.79 8.01
14 10 200 2.13 8.16
15 15 200 2.50 8.35
16 5 250 1.72 7.85
17 10 250 2.04 7.99
18 15 250 2.27 8.15
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Table 2
Summary of the membrane transport parameters at various operating conditions for binary salt system.

Set Feed rate (L/min) Feed concentration (ppm) Solute permeability PM × 104 (cm/s) Reflection coefficient, �

Cadmium Nickel Cadmium Nickel

1 5 5 5.60 1.30 0.8920 0.9998
2 10 5 5.90 1.00 0.8864 0.9979
3 15 5 5.70 0.80 0.8749 0.9961
4 5 50 6.60 1.20 0.8641 0.9942
5 10 50 7.10 1.00 0.8548 0.9924
6 15 50 7.20 0.70 0.8455 0.9905
7 5 100 6.20 1.10 0.8381 0.9886
8 10 100 7.40 1.00 0.8236 0.9868
9 15 100 7.70 0.60 0.8121 0.9864

10 5 150 8.00 1.00 0.8047 0.9857
11 10 150 8.90 0.80 0.7972 0.9853
12 15 150 8.70 0.70 0.7809 0.9849
13 5 200 9.40 1.00 0.7749 0.9842
14 10 200 8.80 0.90 0.7638 0.9838
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15 15 200 8.90
16 5 250 9.00
17 10 250 9.60
18 15 250 9.00

2). The estimated parameters for the binary salt system used
CdCl2–NiSO4–water) in the present work are shown in Table 1.
t can be observed from Table 1 that with increase in feed flowrate,
rom 5 to 15 L/min, the value of DAB/ı is increasing at same feed
oncentration; that means the concentration polarization bound-
ry layer thickness directly affected by the flowrate in cross-flow
ode. Thus, the straightforward way of minimizing concentration

olarization, to some extent, is to reduce the boundary layer thick-
ess by increasing shear force at the membrane surface with high

eed flowrates [32]. Eq. (5) can be rearranged by putting the value
f ˇ, to get [13],

V = PM

1 − �
ln

[
�(1 − R)
(� − R)

]
(10)

In case of binary salt (CdCl2–NiSO4–water) system, the PM can
e obtained from the slope of plot of JV vs. the coefficient of PM on
he right-hand-side of Eq. (10); by non-linear curve fitting method.
hese plots are shown in Fig. 11 for the cadmium ions and in Fig. 12
or nickel ions at different feed concentrations (5–250 ppm) and
feed flowrate of 5 L/min. The membrane parameters estimated
y this method are summarized in Table 2. It can be seen from
able 2 that the � decreases with increase in feed solute concentra-
ion, while the PM decreases with co-ion valency. Such trend was

ig. 11. Plot of permeate volume flux as a function of R for the cadmium ions to
etermine the overall solute permeability by non-linear curve fitting method at a
eed flowrate of 5 L/min.
0.60 0.7508 0.9834
1.00 0.7433 0.9827
0.90 0.7303 0.9823
0.50 0.7065 0.9819

observed in the literature in the case of Spiegler–Kedem model for
NF membranes for different salts of cadmium and copper [17,18].
Mehiguene et al. [18] investigated the effect of the nature of co-
ion on the retention, and found that the � for each salt increases
with co-ion valency, while the PM decreases with co-ion valency.
Ballet et al. [17] found that the value of Ps is highly dependent on
the type of anion of the electrolyte solute. Strongly solvated anions
(SO4

2−) lead to lower values of Ps in comparison with the less sol-
vated anions (NO3

−). The � is higher for sulphate than monovalent
anions. Similar trend was observed by Garba et al. [9] and Ahn et al.
[10] in the case of cadmium and nickel salts, respectively. The plot
of true solute rejection (R) vs. JV is shown in Fig. 13. It can be seen
from Fig. 13 that the R calculated at various operating conditions
increases with increasing feed flowrate and collapse onto a single
line when plotted against the JV. This unique correlation between
the R and the JV follows from the equation of irreversible thermody-
namics model as given by Eq. (10). These plots exhibit a generalized
relationship in a sense that they incorporate the effect of operating
pressure and feed flowrate. It can be observed from Fig. 13 that the

R is higher for the sulphate ions as compared to the chloride ions,
which can be explained by the fact that the size of the former ion
is larger than the latter [33].

Fig. 12. Plot of permeate volume flux as a function of R for the nickel ions to deter-
mine the overall solute permeability by non-linear curve fitting method at a feed
flowrate of 5 L/min.



Z.V.P. Murthy, L.B. Chaudhari / Chemical Eng

F
w
C
a

5

b
c
r
N
m
i
b
t
s
r
t
i
f
b

A

f
o
a
I

R

[

[

[

[

[

[

[

[

[

[

[

Applications, 2nd ed., John Wiley & Sons, NJ, 1993.
[32] S.Y. Vaidya, A.V. Simaria, Z.V.P. Murthy, Reverse osmosis transport models eval-

uation: a new approach, Indian J. Chem. Technol. 8 (2001) 335–343.
[33] A.W. Mohammad, N. Hilal, H. Al-Zoubi, N.A. Darwish, Prediction of permeate

fluxes and rejections of highly concentrated salts in nanofiltration membrane,
J. Membr. Sci. 289 (2007) 40–50.
ig. 13. Plot of true rejection (R) vs. permeate flux (JV) and its comparison
ith the values calculated using irreversible thermodynamics model for the
dCl2–NiSO4–water system by using NF-300 membrane at different feed flowrate
nd feed concentration 5 ppm.

. Conclusions

In the present study performance of a Perma-TFC-NF-300 mem-
rane has been studied to separate heavy metals (nickel and
admium) from aqueous binary metal solutions. The observed
etention sequence is observed to be RO(Ni2+) > RO(Cd2+). Also, the
F-300 membrane is characterized by using the Spiegler–Kedem
odel coupled with the film theory of the concentration polar-

zation. The estimated membrane transport parameters and the
oundary layer thickness (in terms of DAB/ı) are used to predict
he performance of the membrane, in terms of �P and R, which
howed about 10% deviation from the experimental results. The
esults show that � and PM depend on the type of anion of the par-
icular salt, which is in line with the published literature. The model
ndicated that the true solute rejection of a membrane is a unique
unction of the permeate volume flux through the membrane for a
inary salts under the operating conditions used in this study.
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