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a b s t r a c t

Removal of heavy metals from wastewater is of critical importance due to their high toxicity and tendency
to accumulate in living organisms. In the present work, performance of a nanofiltration (NF) membrane
has been studied to separate cadmium and nickel ions from multicomponent aqueous solutions at dif-
ferent operating conditions. It is observed that the separation of cadmium and nickel ions increases with
increase in applied pressure and decreases with increase in feed concentration at a constant feed flow
rate. The maximum observed solutes rejection of cadmium and nickel ions are 80.57% and 85.27% for
CdCl2–NiCl2–water system and 97.26% and 98.90% for CdSO4–NiSO4–water system, respectively, for an
initial feed concentration of 0.005 g/L. This difference in rejection is due to the charge density of the
ejection

embrane transport model
embrane characterization
etal

anions. It is also observed that the order of solute rejection sequence is inversely proportional to the
diffusion coefficient. The NF membrane is characterized by an irreversible thermodynamics (IT) based
Spiegler–Kedem model, coupled with film theory. Boundary-layer thickness and membrane transport
parameters are estimated using Levenberg–Marquadt method. The estimated parameters are used to
predict the membrane performance and found that the predicted values are in satisfactory agreement

sults.
with the experimental re

. Introduction

Due to the increasingly stringent environmental legislations,
reatment of wastewater laden with heavy metals has received
onsiderable attention. Heavy metals are harmful to the envi-
onment because of their higher toxicity, non-biodegradable and
ersistent nature [1]. The pollution sources of these metals in
ater are industrial activities, such as electroplating, mining,

attery manufacturing, metal finishing, textile industries, and auto-
otive industries [2–4]. Different treatment techniques, such as

oagulation-flocculation, chemical precipitation, ion exchange and
oatation have been tried to treat these wastewaters [5–9]. How-
ver, these methods may not be cost effective and contribute to
ther problems such as slag disposal and extra chemical injection.
ue to the high efficiency and convenient operation, membrane

ltration operations such as reverse osmosis (RO), complexation-
ltrafiltration (UF) and microfiltration (MF) [10–18] have gained
opularity in the treatment of wastewater having heavy metals.
ompared with RO, nanofiltration (NF) processes have low energy
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consumption due to the loose structure of NF membranes. There
are several successful studies reported using NF as a tool for the
removal of heavy metals like Ni, Cd, Cu, Co, and Pb [19–25]. These
results show that NF is a promising technology for the treatment
of heavy metals from wastewaters.

In our previous study [25] on CdCl2–NiSO4–water system, it was
observed that the overall solute permeability decreases with co-
ion valency, while the reflection coefficient increases. Separations
on single metal ions from aqueous solutions were reported in the
literature, but the same on multicomponent metals is feeble. In
the present work, separation of metal ions from multicomponent
aqueous solutions (CdCl2–NiCl2–water and CdSO4–NiSO4–water)
is performed using a commercial thin-film composite polyamide
nanofiltration membrane (Perma-TFC-NF-300, hereafter referred
as NF-300 or NF membrane). The performance of the NF membrane
and its characterization using the Spiegler–Kedem model, an irre-
versible thermodynamics model, are reported. The concentration
polarization boundary-layer thicknesses, as well as the membrane
transport parameters from permeation data are determined.
2. Materials and methods

The NF experiments are performed on a Perma®-pilot scale
membrane system (Permionics, Vadodara, India). A rectangular flat

http://www.sciencedirect.com/science/journal/03043894
http://www.elsevier.com/locate/jhazmat
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Nomenclature

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

(
− (1−�)

PM
JV

)
Greek
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 one mole of

salt
� osmotic coefficient based on the solute concentra-

tion at the membrane surface

Subscripts
A solute
B solvent
M membrane
1 feed solution
2 boundary-layer solution
3 permeate solution
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�P = JV
Lp

+ ���(CA1 − CA3)RgT exp
JV

DAB/ı
(7)
embrane housing cell is used for the experiments. The details of
he setup, characteristics of the NF-300 membrane and experimen-
al procedure are given elsewhere [23–25]. Synthetic samples of
astewater are prepared by adding required amounts of cadmium

hloride (CdCl2·2H2O), cadmium sulphate (CdSO4·8H2O), nickel
hloride (NiCl2·6H2O) and nickel sulphate (NiSO4·6H2O) to distilled
ater. All the experiments are performed at a pH of 5.0 ± 0.1, except

o study the pH effect on solutes rejection. The NF-300 membrane is
haracterized by 300 Da cut-off, whose effective membrane surface
rea is 150 cm2 (length 15 cm and width 10 cm). For each set of sep-
ration data, experiments are performed for 2 h, in batch circulation
ode and the permeate samples are collected from high pressure

o low pressure for a particular feed concentration and feed flow
ate. Both permeate and concentrate are returned to the feed vessel
n order to keep constant feed concentration. Samples of permeate
re collected at a given time interval to measure the observed salt
ejection, RO (= 1 − CA3/CA1); where CA1 is the bulk feed solute con-
entration and CA3 is permeate solute concentration; and permeate
olume flux (JV). The metal ion concentrations are measured by
n atomic absorption spectrophotometer (SL-173, ELICO Limited,
yderabad, India) according to standard methods [26]. The setup is

insed with distilled water for 30 min at 20 atm to clean the system
fter each set of experiments. This procedure is followed by mea-
urement of pure water permeability (PWP) with distilled water to
nsure that the initial membrane PWP is restored. Experiments are
arried out for different feed concentrations (0.005–0.25 g/L each

f cadmium and nickel salts), feed flow rates (5–15 L/min), applied
ressures (4 × 105 to 20 × 105 N/m2), feed pH (1, 3, 5, 7 and 9) and
he corresponding RO and JV are measured.
ardous Materials 180 (2010) 309–315

3. Membrane transport model

3.1. Concentration polarization

Transport of solute through NF membranes can be described by
irreversible thermodynamics (IT) where the membrane is consid-
ered as a black box. In a membrane separation process, the solute
concentration near the membrane surface increases when a solute
is rejected by the membrane. The build up in the concentration at
the membrane–liquid interface is termed as concentration polar-
ization. Gupta et al. [27] developed a novel method 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 corre-
lations for the transmembrane flow effects, which are described in
the excellent review by Gekas and Hallstrom [28]. According to the
film theory, a simple mass balance for the solute in a differential
element, using relevant boundary conditions, will give [29]:

(
CA2 − CA3

CA1 − CA3

)
= exp

(
JV ı

DAB

)
(1)

3.2. Modified irreversible thermodynamics model

As mentioned earlier, transport of a solute through NF mem-
branes can be described by an IT model, named the Spiegler–Kedem
model [30–33]. Spiegler and Kedem [30] proposed relations for per-
meate volume flux and solute flux through a membrane to obtain
the following relations:

JV = LP(�P − � ��) (2)

R = �
(1 − F)

(1 − �F)
(3)

F = exp
(

− (1 − �)
PM

JV

)
(4)

The Spiegler–Kedem model was used widely to inter-
pret/predict the performance of RO/NF/UF membranes [34–38].
The �� is given by the van’t Hoff equation [27]:

�� = ��(CA2 − CA3)RgT (5)

The values of osmotic coefficients of the salts studied here are
taken from the literature [39–41]. It is important to note that, due to
the concentration polarization, the salt solution at the membrane
surface cannot be assumed to be dilute. The values of osmotic coef-
ficients used in this study are 0.534, 0.8907, 0.388 and 0.584 for
cadmium chloride, nickel chloride, cadmium sulphate and nickel
sulphate salts, respectively. Substituting �� from Eq. (5) into Eq.
(2) will give:

JV = Lp[�P − � � �(CA2 − CA3) RgT] (6)

The JV and RO cannot be directly used to analyze the permeation
data since they contain boundary-layer concentration (CA2) that
cannot be measured directly. Combining the Eqs. (6) and (1) will
eliminate the term (CA2 − CA3) and the resulting equation for the
permeate flux can be written as [27]:

( )
Eq. (7) is the combined membrane transport and concentration
polarization model used in the study.
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ig. 1. Influence of permeate volume flux on the observed solute rejection of
dCl2–NiCl2–water system at different feed concentrations and feed flow rate of
0 L/min.

. Results and discussion

.1. Effect of applied pressure, type of anion and feed
oncentration

Rejection of cadmium and nickel ions from CdCl2–NiCl2–water
nd CdSO4–NiSO4–water systems is plotted against the permeate
olume flux at different feed concentrations (see Figs. 1 and 2).
s shown in Figs. 1 and 2, rejection of cadmium and nickel

ons increases slightly with increase in permeate volume flux for
ifferent feed concentrations (0.005–0.25 g/L), with the applied
ressure ranging between 4 × 105 and 20 × 105 N/m2. The maxi-
um observed rejections of cadmium and nickel ions are found

o be 80.57% and 85.27% for CdCl2–NiCl2–water system and
7.26% and 98.90% for CdSO4–NiSO4–water system, respectively,
or an initial feed concentration of 0.005 g/L, applied pres-
ure 20 × 105 N/m2 and feed flow rate of 15 L/min. It can be

een from Figs. 1 and 2 that the rejections of cadmium and
ickel ions from CdSO4–NiSO4–water system are higher than the
dCl2–NiCl2–water system, which is typical phenomena of NF
embrane [32,42]. Rejection efficiency increases with increase in

alency of the anion due to the increased electrostatic repulsion by

ig. 2. Influence of permeate volume flux on the observed solute rejection of
dSO4–NiSO4–water system at different feed concentrations and feed flow rate of
0 L/min.
Fig. 3. Influence of permeate volume flux on the observed solute rejection of
CdCl2–NiCl2–water system at different feed flow rates and feed concentration of
50 ppm.

the membrane, which is a characteristic property of NF membranes.
In our previous work [25], we have reported that the NF membrane
showed the following rejection sequence: RO(Ni2+) > RO(Cd2+) for
NiSO4–CdCl2–water system. It can be interpreted from this result
that the rejection was higher for cation (Ni2+) associated with sul-
phate than cation (Cd2+) associated with monovalent anion (Cl−).
The chloride ions are less hydrated than the sulphate ions (1047
and 325 kJ mol/L for chloride and sulphate, respectively) resulting
in less rejection of chloride ions [31,32,43]. For the same valency
anions, rejection sequence can be found by comparing the diffusion
coefficients of the cadmium and nickel ions. The diffusion coef-
ficients of nickel and cadmium in water at 25 ◦C are 1.32 × 10−5

and 1.44 × 10−5 cm2/s [44]. The order of diffusion coefficients is
inversely reflected in the rejection sequence; hence the diffusion
seems to be an important factor in the transport mechanism. As
the diffusion coefficient of cadmium is higher than that of nickel,
a high diffusion contribution can be expected, resulting in a lower
rejection, which is in line with the reported trends [19,42,45].

4.2. Effect of cross-flow velocity

Figs. 3 and 4 show the effect of cross-flow velocity from 0.0055
to 0.017 m/s (or 5–15 L/min) on the rejection of cadmium and nickel
ions with change in applied pressure. The percentage rejection of
solute increases on increasing the cross-flow velocity at the same
operating pressure. The main purpose of increasing the cross-flow
velocity is to increase the mass transfer coefficient, DAB/ı, which in
turn increases the solute rejection. Similar results were found for
the nickel ions by Ahn et al. [21] and for the zinc ions by Frares et
al. [46].

4.3. Effect of pH

Fig. 5 shows the rejection of ions at various pH values. The
pH is adjusted by the addition of HCl and NaOH, depending upon
the need. The concentration, pressure and flow rate are fixed at
0.05 g/L, 8 × 105 N/m2 and 15 L/min, respectively. It can be seen
from Fig. 5 that for CdSO4–NiSO4–water system there is no sig-

nificant change of rejection of cadmium and nickel ions with pH.
Similar results were observed for nickel ions by Ahn et al. [21]. For
CdCl2–NiCl2–water system, rejections are dependent on pH. The
rejection is sensitive to pH change, where RO reached high at pH
1, then decreased to minimum at pH 5 and then increased again.
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Fig. 4. Influence of permeate volume flux on the observed solute rejection of
CdSO4–NiSO4–water system at different feed flow rates and feed concentration of
50 ppm.

Fig. 5. Influence of pH on the observed solute rejection for CdCl2–NiCl2–water
and CdSO4–NiSO4–water system (feed concentration = 50 ppm, applied pres-
sure = 8 × 105 N/m2, feed flow rate = 10 L/min).

Fig. 6. Results from combined membrane transport and concentration polarization
model for CdCl2–NiCl2–water system by using NF-300 membrane at different feed
concentrations and feed flow rate of 10 L/min.

Fig. 7. Results from combined membrane transport and concentration polarization
model for CdSO4–NiSO4–water system by using NF-300 membrane at different feed
concentrations and feed flow rate of 10 L/min.

Table 1
Summary of the calculated values of LP and DAB/ı at various operating conditions for the binary salt system (PWP = 3.64 × 10−11 m3/s N).

Set Feed rate (L/min) Feed conc. (ppm) LP,Caculated (×1011 m3/s N) DAB/ı (×105 m/s) �

CdSO4 NiSO4 CdCl2 NiCl2 CdSO4 NiSO4 CdCl2 NiCl2 CdSO4 NiSO4 CdCl2 NiCl2

1 5 5 1.86 1.85 2.33 2.29 8.73 8.66 8.65 8.61 0.9873 0.9958 0.9032 0.9218
2 10 5 2.23 2.22 2.78 2.70 8.93 8.85 8.88 8.83 0.9868 0.9955 0.8976 0.9162
3 15 5 2.33 2.44 3.13 3.03 9.13 9.05 9.08 9.03 0.9863 0.9951 0.8861 0.9051
4 5 50 1.79 1.79 2.22 2.17 8.55 8.47 8.50 8.45 0.9852 0.9944 0.8753 0.8939
5 10 50 2.33 2.33 2.71 2.64 8.77 8.70 8.73 8.67 0.9847 0.9941 0.8660 0.8846
6 15 50 2.34 2.33 2.95 2.87 8.93 8.85 8.88 8.83 0.9842 0.9938 0.8567 0.8753
7 5 100 1.70 1.69 2.13 2.08 8.38 8.31 8.33 8.28 0.9832 0.9931 0.8493 0.8679
8 10 100 2.00 2.00 2.50 2.44 8.56 8.48 8.51 8.47 0.9827 0.9927 0.8348 0.8534
9 15 100 2.18 2.17 2.78 2.70 8.94 8.33 8.73 8.68 0.9822 0.9924 0.8233 0.8419

10 5 150 1.49 1.49 1.89 1.85 8.40 8.14 8.17 7.52 0.9811 0.9921 0.8159 0.8344
11 10 150 1.79 1.79 2.27 2.22 8.47 8.31 8.33 8.29 0.9806 0.9917 0.8084 0.8270
12 15 150 2.09 2.08 2.63 2.56 8.56 8.49 8.52 8.48 0.9801 0.9914 0.7921 0.8106
13 5 200 1.43 1.43 1.79 1.75 8.75 7.98 8.01 7.96 0.9791 0.9904 0.7861 0.8047
14 10 200 1.76 1.76 2.13 2.08 8.92 8.12 8.15 7.50 0.9786 0.9900 0.7750 0.7935
15 15 200 1.93 1.93 2.50 2.44 9.09 8.31 8.34 8.29 0.9781 0.9897 0.7620 0.7805
16 5 250 1.37 1.37 1.72 1.69 8.56 7.82 7.84 7.81 0.9771 0.9890 0.7545 0.7731
17 10 250 1.62 1.62 2.04 2.00 8.73 7.96 7.99 7.95 0.9765 0.9887 0.7415 0.7601
18 15 250 1.79 1.79 2.27 2.22 8.91 8.12 8.14 8.11 0.9760 0.9883 0.7177 0.7363
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ig. 8. Plot of permeate volume flux as a function of R for the cadmium ions
CdCl2–NiCl2–water system) to determine PM (feed flow rate = 10 L/min).

n the present case, it may be said that at pH 5 the membrane iso-
lectric point (IEP) is approached. Similar IEP for cadmium ions was
bserved by Garba et al. [20] and Ballet et al. [31].

.4. Determination of membrane transport parameters

The Levenberg–Marquardt method [47], a non-linear parame-
er estimation method, is used to estimate the parameters; namely
ydraulic permeability coefficient (Lp), reflection coefficient (�)
nd DAB/ı. The data supplied are �P and JV taken at different operat-
ng pressures keeping feed flow rate and feed solute concentration
onstant for each set of data. The parameters Lp, �, and DAB/ı esti-
ated from Eq. (7) are shown in Table 1. It can be observed from

able 1 that with increase in feed flow rate, from 5 to 15 L/min, the
alue of DAB/ı is increasing at same feed concentration; that means
he concentration polarization boundary-layer thickness directly

ffected by the flow rate in cross-flow mode. Thus, one way of min-
mizing concentration polarization, to some extent, is to reduce the
oundary-layer thickness by increasing shear force at the mem-
rane surface with high feed flow rates [48]. It can be seen from

able 2
ummary of the membrane transport parameters at various operating conditions for bina

Set Feed rate (L/min) Feed conc. (ppm)

1 5 5
2 10 5
3 15 5
4 5 50
5 10 50
6 15 50
7 5 100
8 10 100
9 15 100

10 5 150
11 10 150
12 15 150
13 5 200
14 10 200
15 15 200
16 5 250
17 10 250
18 15 250
Fig. 9. Plot of permeate volume flux as a function of R for the cadmium ions
(CdSO4–NiSO4–water system) to determine PM (feed flow rate = 10 L/min).

Table 1 that the � decreases with increase in feed solute concen-
tration. It is found that the � for each salt increases with co-ion
valency. These parameters are then used to calculate the applied
pressure for different values of JV. It can be seen from Figs. 6 and 7
that the model predictions for the pressure values are in satis-
factory agreement with the experimental results. The difference
between experimental and model results increases when the pres-
sure increases at lower concentration. It can be concluded that the
model is valid for a wide range of concentration (from 0.005 to
0.25 g/L) for binary salts. It can also be seen from Figs. 6 and 7 that
with increasing concentration from 0.005 to 0.25 g/L the permeate
volume flux decreases.

Eq. (3) can be rearranged by putting the value of F to get [27]:

PM
[

�(1 − R)
]

ry salt system.

Solute permeability PM (×107 m/s)

CdSO4 NiSO4 CdCl2 NiCl2

8 6 40 30
6 4 30 20
5 3 30 20
8 6 40 30
6 5 40 20
6 3 40 30
8 6 30 30
7 5 40 30
4 2 40 20
8 6 50 40
6 5 40 20
3 3 40 20
8 6 60 50
6 5 50 50
3 3 50 40
7 6 60 50
6 5 40 20
2 2 40 40

(1 − �) (� − R)

In case of binary salt (CdCl2–NiCl2–water and
CdSO4–NiSO4–water) systems, the PM can be obtained from
the slope of plot of JV vs. the coefficient of PM on the right-hand-
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ig. 10. Plot of true rejection (R) vs. permeate flux (JV) and its comparison
ith the values calculated using irreversible thermodynamics model for the
dCl2–NiCl2–water system at different feed concentrations and feed flow rate of
0 L/min.

ide of Eq. (8); by non-linear curve fitting method. These plots
re shown in Figs. 8 and 9 for the cadmium and nickel ions, using
dCl2–NiCl2–water and CdSO4–NiSO4–water systems, respec-
ively, at different feed concentrations (0.005–0.25 g/L) and a feed
ow rate of 10 L/min. The membrane parameters estimated by
his method are summarized in Table 2 and the percent error is
n the range of 0.5–6.7. It can be seen from Table 2 that the PM

ecreases with co-ion valency. The value of PM is highly dependent
n the type of anion of the electrolyte solute. Strongly solvated
nions (SO4

2−) lead to lower values of PM in comparison with the
ess solvated anions (Cl−). Similar trends are reported in literature
or different monovalent and divalent salts by several researchers
20,21,25,31,32].
The plots of true solutes rejection (R) vs. JV are shown in
igs. 10 and 11 for CdCl2–NiCl2–water and CdSO4–NiSO4–water
ystems, respectively. It can be seen from Figs. 10 and 11 that
he R calculated at various operating conditions increases with

ig. 11. Plot of true rejection (R) vs. permeate volume flux (JV) and its compari-
on with the values calculated using irreversible thermodynamics model for the
dSO4–NiSO4–water system at different feed concentrations and feed flow rate of
0 L/min.

[

[

ardous Materials 180 (2010) 309–315

increasing applied pressure. This unique correlation between the
R and JV follows Eq. (8). These plots exhibit a generalized rela-
tionship in a sense that they incorporate the effect of operating
pressure. It can be observed from Figs. 10 and 11 that the R is
also higher for the CdSO4–NiSO4–water system as compared to the
CdCl2–NiCl2–water system. The difference between experimental
and model results (see Fig. 11) decreases with increase in pressure.
The present model does not fit properly at lower pressures in case of
CdSO4–NiSO4–water system, which was also reported in literature
[48].

5. Conclusions

In the present study, rejection experiments are performed to
evaluate the ability of an NF membrane for removing cadmium
and nickel ions from multicomponent aqueous solutions. At con-
stant applied pressure of 20 × 105 N/m2 and feed concentration
of 0.005 g/L, the observed rejections of cadmium and nickel ions
are found to be 80.57% and 85.27% for CdCl2–NiCl2–water system
and 97.26% and 98.90% for CdSO4–NiSO4–water system, respec-
tively. It may be concluded that this membrane has a potential
for the purification of wastewater with heavy metals. In case of
CdCl2–NiCl2–water system, the rejections of cadmium and nickel
ions are strongly affected by the variation of pH. Also, the NF mem-
brane is characterized by the Spiegler–Kedem model coupled with
the film theory. The estimated membrane transport parameters
and the boundary-layer thickness (in terms of DAB/ı) are used to
predict the performance of the membrane, in terms of �P and R,
which showed about 14% and 20% deviation from the experimen-
tal results for CdCl2–NiCl2–water system and CdSO4–NiSO4–water
system, respectively. The results show that � and PM depend on
the type of anions of the particular salt, which is in line with the
published literature.
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