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ABSTRACT

In the present work, three types of hollow fiber nanofiltration membranes (NF1, NF2 and NF3) were
employed for the rejection and permeation flux of cobalt ions from aqueous wastewater. The operating
variables —initial ion concentration (10-250 ppm), feed solution pH (5.5-6.5), pressure applied (1 bar)
and feed flow rate (0.6 L/min)—were studied. It is observed that the obtained cobalt ion rejection val-
ues increase with the decrease in initial concentration and increase in pH at constant feed flow rate.
The maximum observed rejection of the metal is found to be 77%, 50.2% and 46.8% and 38%, 30%
and 29% for NF1, NF2 and NE3 for the initial feed concentration in the 10-250 ppm range, respec-
tively. In addition, the flux decreases with the increase in both pH and initial concentration. Combined
film theory-solution diffusion (CFSD), combined film theory-Spiegler-Kedem (CFSK) and combined
film theory—finely porous (CFFP) membrane transport models were employed to estimate membrane
transport parameters and mass transfer coefficient (k). Moreover, enrichment factor, concentration
polarization modulus and Péclet number were estimated using various parameters. Analysis of the
experimental data using CFSD, CFSK and CFFP models showed good agreement between theoretical
and experimental results. Effective membrane thickness and active skin layer thickness were evalu-
ated using CFFP model, indicating that the Péclet number is important for determining the mecha-
nism of separation by diffusion.
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1. Introduction

Rapid industrial growth, in developing countries in
particular, has led to an increase in industrial waste discharge
into the environment. These wastewaters comprise of
dangerous toxic, such asheavy metals, and their discharge into
the environment can pollute aquatic ecological environments
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and soil, thus threatening human health. Even an extremely
low concentration of heavy metals in human body can result
in abnormal physiological activities. Wastewaters of various
industries such as paper, metal plating facilities and pesticide
industries contain heavy metals. Unlike organic compounds,
heavy metals do not decay and tend to accumulate in living
organisms. Heavy metals in the wastewaters can also pollute
rivers and underground water resources [1]. Cobalt is one of
the heavy metals that may be present in the water. Co* is
found naturally in the environment, for example, in rocks and
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soils. It is an important element for living beings because it is
connected with the synthesis of vitamin B12. It is employed in
the manufacture of alloys, paint driers, permanent magnets
and industrial catalysts. Soil and sediment polluted with
industrial waste can contain high levels of cobalt [2]. Several
techniques have been utilized for wastewater treatment,
including coagulation—flocculation, chemical precipitation,
ion-exchange, evaporation, adsorption, biosorption and
membrane filtration. Compared with other techniques,
membrane technology has many advantages, such as (1)
energy saving; (2) no phase change involved; (3) high
separation efficiency; (4) easy to scale up and operate and (5)
environmentally friendly [3].

The rejection of ionic solutes by nanofiltration can be con-
trolled according to the following three steps: (1) The ions
are transported through the polarization layer because of
the concentration gradient attributable to the accumulation
of ions near the membrane walls and the concentration of
the bulk. (2) The solute equilibrium is established between
the membrane external interface and the surrounding solu-
tion. (3) The dissolved substances (solutes) are transferred
throughout the pores of the membrane itself. Nernst-Planck
in their approach had adequate models for all the above men-
tioned steps together, considering all the governing electrical
and dynamical effects transportation. However, these models
were limited by the assumption of the existence of a perfect
porous medium (i.e., an ideal porosity represented by a set of
identical cylinders), which follows the classical continuous
flow dynamics governing the equations. Although accurate
description for the flow of permeability with the pressure can
be achieved, the suitability of their model with practicality
can be acquired by comparing the diameter of the pores from
about 1 nm to that of the water molecules of about 0.3 nm.
Recently, Yaroshchuk [4], Szymczyk and Fievet [5], Bandini
and Vezzani [6], Bowen and Welfoot [7], and other authors
had demonstrated that the dielectric effects along with steric
and electrostatic effects can all be able to play an important
role in the rejection of ionic species out of the nanofiltration
membranes. However, if these effects are not fully under-
stood nor have their interactions with electrical effects, their
strength depends on the size of the pores in the same position
that it may not be appropriate to consider the radius of a sin-
gle pore and ignore the distribution of a pore size.

Owing to its unique rejection mechanisms steric effect
and Donnan exclusion, nanofiltration (NF) is a widely
used membrane filtration method. Compared with reverse
osmosis, NF needs a lower pressure while giving a higher
permeates flux without much compromise in rejection
[8]. For this reason, the aim of the present study was to
assess the performance of three types of NF membranes
prepared for the purpose of heavy metal (i.e., cobalt Co*
ions) removal under various conditions, such as feed solu-
tion pH and initial ion concentration. As available literature
dedicated to the description of the concentration polariza-
tion and transport phenomena through the hollow fiber
membranes is not described extensively, this work aims to
address this gap. In addition, the estimation of membrane
transport parameters and mass transfer coefficient by using
the following theories has not been studied extensively to
date: film theory, Combined film theory-Spiegler-Kedem
(CFSK), Combined film theory-solution diffusion (CFSD),
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Combined film theory—finely porous (CFFP) models,
and calculated concentration polarization model (CPM),
enrichment factor (Eo) and Péclet number (Pe). Moreover,
predictions provided by these models were compared with
the experimental results.

2. Materials and methods

Simulated wastewater was prepared by adding the
cobalt nitrate Co (NO,),.6H,O to the distilled water. Stock
solution (1,000 ppm) of Co* ions was prepared by dissolv-
ing the appropriate weight of cobalt nitrate in distilled water
and was kept in polyethylene container at room tempera-
ture. The desired concentrations were prepared by diluting
the stock solution in accurate proportions to different initial
concentrations. Three different types of polyether sulfone
(PES) NF membranes (PES type Radel, provided by Solvay
Advanced Polymers, Belgium) were prepared by dry/wet
phase inversion method under spinning parameters such
as: extrusion pressure of 1.5 bar, bore fluid flow rate of
2.5 mL/min, 5 cm as air gap distance as well as pure water
as internal and external coagulants, (denoted as NF1, NF2,
and NF3) for the purpose of heavy metal removal. More
details on the preparation of nanofiltration PES membrane
can be found elsewhere [9,10]. The surface morphology and
all the specifications of NF membranes are summarized in
Table 1. pH values were measured using a calibrated pH
meter (HQ411d, pH/mV, HACH Company, USA), whereas
metal ion concentrations in simulated and treated solutions
were tested using AAS-6200 atomic absorption flame emis-
sion spectrophotometer (Shimadzu Company, Japan). The
device was calibrated regularly and the calibration curve
was verified before each sample set.

The experiments of the nanofiltration performance using
NF1, NF2 and NF3 hollow fibers were conducted by module
cross-flow pattern filtration, as shown in Fig. 1. NF mem-
brane experiments were carried out at a transmembrane
pressure of 1 bar, solution temperature of 25°C + 3°C, dif-
ferent initial metal concentrations (in the 10-250 ppm range)
and 5.5-6.5 pH. It is obvious that the applied pressure for NF
process is usually varied from 1 to 20-30 bar as it is reported
in the literature, therefore, in this effort 1 bar was selected
as applied pressure for the removal of heavy metals due to
the low initial heavy metal concentrations. Permeate flux (J,)
(L/m? h) and heavy metal rejection (R%) were obtained from
the following equations:

v
]V:a (1)
and
R(%)=|1 S 100
(%0) = Nk @)

where Vis the permeate volume (L), ¢ is the collected perme-
ate time (h), A is the membrane surface area (m?) and Cp is
the concentration of solute in permeate and C, is an average
bulk concentration of solute in the feed (C ) and concentrate/
retentate (C).
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Table 1
Characteristics of the NF membranes
Type of membrane NF1 NF2 NF3
Material PES (29%) PES (27%) PES (27%)
Module Hollow fiber Hollow fiber Hollow fiber
Length (cm) 22.2 22.7 23.1
Active area (m?) 4.4 x10° 5.7 %107 5.8 x10°
Maximum operating temperature (°C) 45 45 45
Average pore size (nm) 52.04 58.11 47.75
Pore size distribution (nm) 25-100 35-130 20-115
Porosity (%) 52.5 67.6 58.1
Outer diameter (um) 1,012 958.4 1,005
Inner diameter (um) 620 576 603.6
Membrane thickness (um) 196 191.2 200.7
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Fig. 1. Schematic diagram of the laboratory scale NF membrane
system.

C, =1 €)

After each set of experiments for a given feed concentration,
the setup was rinsed with distilled water for 60 min at 4 bar
pressure to clean the NF membrane experimental system.
This was followed by measurement of pure water permeation
flux with distilled water to ensure that the initial membrane
flux is restored. Moreover, pH value was adjusted using 1 M
NaOH or 1 M HCL. By plotting the membrane flux (J) for a
variation of applied pressure (AP), the membrane permea-
bility (pure water permeability), L, can be obtained from the
slope of the straight line as follows:

L,
L= @

3. Membrane transport models
3.1. Film theory

Accumulation of solute concentration at the membrane
surface during separation process is termed as concentration
polarization. The solute is transported into the boundary
layer by convection and back to the bulk solution by diffu-
sion [11,12].

Fig. 2. Schematic of concentration polarization phenomenon in
hollow fiber membrane.

It can be seen from Fig. 2 that the solute flux through
the NF membranes decreases due to the concentration
polarization phenomenon, where a gel layer forms on the
surface of the membrane because of retained particles,
resulting in an osmotic pressure increase. From simple mass
balance, transport of solute at any point within the boundary
layer can be explained by the relations given below [13]:

d
(C‘Cp)f:dei )

where D is the solute diffusivity, C is the solute concentration
in the boundary layer, x is the distance from the membrane
layer and C, is the solute concentration on the permeate
side. Eq. (5) can be integrated with respect to the following
boundary conditions:

C=C,atx=0, C=C atx=0

where C is the solute concentration at the membrane
surface/water (solvent) interface, C, is the solute in the bulk
and 0 is the edge of mass transfer boundary layer. This results
in the following expressions:

CcC -C ]

m P _ I
c,—c ~ PG

) (6)

4
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where k = mass transfer coefficient and is expressed as
k=D, /5, D, =diffusivity of solute “a” in solvent “b” (cm?/s).

The exemplary expressions of the observed R and true
solute R rejections by a membrane are as follows [14]:

R =1-— @)
Cb
CP

R=1-" )

Using Egs. (7) and (8), Eq. (6) can be rewritten in the
following form [11]:

1-R ) 1
ln[ RD“]:k]Hn(PS) (9)

1-R
where PS:T'

By plotting In(1-R /R)) vs. ] based on the experimental
data, the mass transfer coefficient (k) and the overall perme-
ability coefficient (P ) can be estimated from the slope of the
straight line and the intercept on the y-axis, respectively.

3.2. Combined film theory/solution diffusion model

This model describes the transport mechanism where
the solvent and solute dissolves in the homogeneous, non-
porous surface layer of the membrane. It is given by the
equations as follows [15]:

J=L,(AP - An) (10)

J. :[D%J(j(cm -C,) 11)

where L is the permeability parameter of the solvent and can
be estimated from pure water permeability (PWP) measure-
ments and D,_K/3 is regarded as a single parameter, namely
the solute transport parameter.

Ro _ ] _]
1-R {Dﬂm K/ 6}{@(})(1{}} (12)

Eq. (12) thus describes the CFSD model employed in
the present study. By supplying R vs. | data, the parameter
D, K/5 and the mass transfer coefficient k can be estimated
numerically.

3.3. Combined film theory/Spiegler-Kedem model

Kedem and Spiegler [16] reported that an irreversible
thermodynamics (IT) model can be applied in the absence
of electrostatic interaction between solute and membrane to
describe the transport of single solute and solvent through an

NF membrane. The process is described by a sum of convec-
tive (due to the difference of pressure) and diffusive (due to
the concentration gradient at the membrane surface) fluxes.
In IT, the membrane is treated as a black box. Thus, phys-
icochemical membrane properties and solution system are
treated as model parameters. The working equations of the
nonlinear Spiegler-Kedem model [16,12] are:

J=-L,(Ap—ocAn) (13)

]S :_PMAC5+(1_G)C5] (14)

Assuming constant fluxes and constant coefficients o
and P,, Eq. (14) is integrated through the membrane thick-
ness. This leads to the well-known Spiegler-Kedem equation,
which relates the solute retention with the solvent volumetric
flux and the solute permeability:

_o(1-F)

R 15
1-oF (15
where
F =exp[-]a2] (16)
with
1-o
2=—
2= (17)

where o is reflection coefficient which assimilates the rejec-
tion capability of a membrane, thatis, o =0 indicates no rejec-
tion and o =1 denotes 100% rejection; P, is salt permeability
(L/m*h) and L is the hydraulic permeability coefficient of the
membrane. F = flow parameter. Eq. (15) can be rearranged to
give:

R

TR =al(1-F) (18)
where
c
1=
“ 1-o (19)

Now, substituting Eq. (18) into Eq. (9) results in the
following equation:

R _
1_3{ _al[l—exp(—]IJZ)J{exp(k]H (20)

0

Eq. (20) represents CFSK model. The membrane o, P, and
mass transfer coefficient k can be estimated by using a nonlinear
parameter estimation method (SPSS version 22), where R  vs. |
at different conditions serve as model inputs [17].

3.4. Combined film theory/finely porous model

The CFFP model incorporates the friction effect between
solid molecules and membrane pore wall. A factor b is
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introduced to take into account the friction impact. The
working equation is given below [18]:

b.e k-b.e
L2 e =
R |k k eb,D,,

where b,is factor measure of friction between the solute
molecules and the membrane pore wall, where calculated
from bf =1+ f_/f..; where f_ = friction coefficient between
solute and membrane, while f = friction coefficient between
solute and solvent (water).

Replacement of Eq. (21) into Eq. (9) results in the follow-
ing equation:

R, _[be ) ]

20

—_

(22)
where
b.e
| =
. [ k J )
0
b2=
b,D,, (24)

Eq. (22) is the CFFP model. The membrane parameters
and k can be estimated via a nonlinear parameter estimation
method (SPSS version 22) by supplying the data for R vs. |
taken at various conditions for each set.

3.5. Concentration polarization model and enrichment factor

Concentration polarization is usually characterized via
film theory model, where it is described by the thickness
of the boundary layer across which the counter diffusion
occurs. Here, the concentration terms of Eq. (6) are replaced
by an enrichment factor E, known as Cp/Cb. Moreover, as Eo
represents C /C, , concentration polarization can be expressed
by Péclet number (Pe), therefore, Eq. (6) can be written as fol-
lows [19]:

1/Eo-1 _

E-1 exp(Pe)

(25)

where Pe = J/k.

Any variation in solute concentration (increase or
decrease) at the membrane surface compared with the con-
centration of bulk solution determines the range of concen-
tration polarization. The ratio of the two concentrations,
C,/C, represents the CPM and is a good indication of the
range of concentration polarization. When CPM < 1, no CP
takes place. On the other hand, the model neutralized far-
ther from > 1, the impact of CP on membrane selectivity and
flux becomes important. From the definition of Eo and E, the
CPM equivalent of Eo and E and from Egs. (6) and (10) can
be written as [19,17]:

C, _ exp(Pe)

E m
Eo C, 1+Eofexp(Pe)-1]

(26)

b

Also, C, can be found from Egs. (26) and (27) below [20]:

G =(1-R))+R exp(J/k)
Cb

27)

whereR =1-C/C,

According to the enrichment code Eo of the hollow
fiber, the CP modulus could be higher or lower than one.
Eq. (26) shows the parameters that estimate the value of CP,
it mean the thickness of the boundary layer d, the hollow
fiber enrichment Eo, the volumetric flow rate across the
hollow fiber ], and solute diffusion coefficient within the
boundary layer fluid D. The most important parameter that
affects CP is 0. When d reduces, Eq. (26) presents that the
CP modulus be exponentially lower. Therefore, the import-
ant method for decreasing the CP is to decrease d by accel-
erating the turbulent around the hollow fiber surface [21].
The real enrichment of the hollow fiber Eo, also affects CP.
For example, Eo = 1, if the fiber membrane is totally unse-
lective. The concentrations of the species permeating within
the fiber membrane do not alter; therefore, in the boundary
layer the concentration difference is not created. Moreover,
when the difference in permeability of the species increases,
the real enrichment Eo of the fiber enhances, and the con-
centration difference that is created in the boundary layer
becomes higher. Also, another significant characteristic of
Eq. (26) is that Eo generated by the fiber, not the real selec-
tivity o, determines the separation performance of the fiber
and the CP modulus. Eq. (26) shows that CP increases expo-
nentially with increase of the total volumetric flow rate |
across the hollow fiber.

3.6. Comparison of model predictions and the experimental
results (5%)

Validity of the models examined in the present study
and the fitting type employed were ascertained by deter-
mining the nonlinear parameters via the relationship
below [20]:

§'= T (R, -R,) R, (28)

where R, and R, are the experimental rejection and theo-
retical rejection calculated in accordance with the models,
respectively. If R, <R, then 5* will be a small number, while
R, >R, would lead to large S°.

ex]

3.7. Determining Péclet number (Pe)

The Pe (a dimensionless number) is an important factor
in the study of transport phenomena in fluid flows. It cor-
responds to the ratio between the convective transport | of
a physical quantity and the flow and diffusive transport
k (= D_/0) of the same quantity driven by an appropriate
gradient. The Péclet number is defined as:
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_ advective transport rate
diffusive transport rate
J
Pe==
T (29)

where k denotes the mass transfer coefficient from the CFSK
model [17].

4. Results and discussion
4.1. Permeability of NF membranes

PWP measurements as a function of transmembrane
pressure (TMP) for three types of nanofiltration membranes
were carried out by using Eq. (1), as shown in Fig. 3. It can be
seen that PWP increased linearly when TMP increased from
1 to 4 bar, indicating that the membrane performance was not
significantly affected by fouling. The membrane permeability
for NF2, NF3 and NF1 was 37.9 > 16.6 > 16.4 (L/m? h bar), at
1 bar transmembrane pressure, respectively. This behavior is
due to the higher NF2 porosity relative to other membranes,
as shown in Table 1. This behavior is similar to that found by
Semiao and Schafer [22], who reported the permeability of
about 18 L/m? h bar. The concentration polarization and foul-
ing of the membranes are evaluated according to the permea-
bility of water solution as reported by Murthy and Chaudhari
[17], and accordingly the cleaning procedure is evaluated.

4.2. Effects of the feed solution pH

Figs. 4 and 5 show the effect of the pH of the feed solution
on the permeate flux and rejection of cobalt ions using three
types of NF membranes for 100 ppm initial Co* ion concen-
trations at different times. Generally, it can be noticed that
the permeate flux of all solutions decreases with the increase
in feed solution pH from 5.5 to 6.5. Permeate flux decreased
from 7.4 to 6.3 (L/m? h), 23.3 to 18.2 (L/m? h) and 13.8 to
9.5 (L/m? h) as the feed solution pH increased from 5.5 to 6.5
using NF1, NF2 and NF3 for Co* ions, respectively. Moreover,

+ NF1
m NMF2
160 & NF3
Eam
=120
£100 =
g 20 e A
- ~ill »
z ®0 ' i
£ 40 n i —%
S 20 P
“ o
i Z 3 4
Pressure, bar

Fig. 3. Pure water permeability as a function of TMP for NF
membrane.
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the cobalt rejection increased with the increase in the pH value.
The rejection increased from 19% to 28% using NF1 with
an increase in pH from 5.5 to 6.5. The rejection of Co* ions
increased from 28% to 44.5% with the increase in pH from 5.5
to 5.7, while the rejection of Co*" ions decreased to 31% at pH
value 6 using NF2. Moreover, using NF3 membrane, Co* ion
rejection increased from 23% to 35% with the increase in pH
from 5.5 to 6, while the rejection of Co* ions decreased signifi-
cantly to 33% at pH 6.5. This phenomenon is mainly attributed
to the charge of the membrane surface, as increasing pH from
5.5 to 6.5 results in a more negative membrane charge due to
the increase in OH™. Therefore, adsorption of heavy metal ions
occurs at the surface of the hollow fiber membrane because of
the electrostatic attraction, which in turn leads to a decrease
in membrane pore size, decreasing the permeation flux and
increasing rejection. Moreover, membrane charge can also
vary significantly due to equilibrium of the surface groups
of the membrane. Childress and Elimelech [23] suggested
mechanisms to explicate change in flux as a result of chang-
ing the pores size with pH, which are due to (i) expansion or
contraction associated with a network of polymer membrane,
(ii) decreased electro-viscous effect and (iii) net driving force
being higher than the osmotic pressure on the membrane sur-
face. Another explanation is due to shrinkage of the membrane

o 1 H= 5. 5
-
H=tb
. 7.5 —n—;-l:s.z
E73 i pH= 6.5
-_§ 7.1 - NF1
= 6.9
567
L
6.5
15 30 45 60
Time, min
i 1 H=5. 5
e 0 H=5.7
H=g
_— 25 ——EH:E.E
I_—::. 23 i pH= 6.5
£ % NF2
=21
¥ 19 %
=]
[T 17 I i I i
15 30 45 60
Time, min
et pH=E, 5
—=@—pH=57
= 140 i pHE 5.5
£ 13.0 ‘ h—-
=120 S ——; NF3
110 —
= 100 “\—'_&ﬂ
9.0
15 30, 45 60
Time, min

Fig. 4. Effect of feed pH solution on permeate flux of NF
membranes at different times (pH 5.5-6.5; time 15-60 min; initial
concentration of Co ion 100 ppm).
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layer as a result of differences in the hydration of membrane
ionized groups [24]. Moreover, Wang et al. [25] and Tanninen
et al. [26] posited that this change is due to concentration
polarization and membrane fouling.

4.3. Effect of initial ion concentrations

Figs. 6 and 7 show the effects of the initial concentration
of Co* ions on the permeate flux and rejection for the three
types of NF membranes (at the best initial pH value obtained
from the study of the effect of pH) at different times. It can
be observed that the permeate flux significantly decreased,
that is, from 7.6 to 5 (L/m? h), 23.9 to 20.2 (L/m? h) and 14.5
to 9.6 (L/m? h), as the initial Co?*" ion concentration increased
from 10 to 250 ppm for NF1, NF2 and NF3, respectively. In
addition, Co rejection decreases with the increase in the ini-
tial ion concentration, that is, from 10 to 250 ppm, from 77%
to 33%, 49.2% to 28.2% and 46.8% to 22% when NF1, NF2
and NF3 are used, respectively. The reason of the flux decline
is caused by electrostatic interactions that are progressively
screened due to the increase in ionic strength as reported by
Deon et al. [27].

——pH=55
=fll=pH =5.7
a5 =de=pH=16
—r=pH =5.2
40
® =
£ ===pH = 6.5 NF1
o
5 30
4]
T 25 —
= 20
15 L L L L !
15 30 45 60
Time, min
e pH=5.5
e pH=5.7
s pH=6
i H=6. 2
50 g pH=6.5
45 B — a—_ o
= T
=0 NF2
235
& 30
T 25
= 20
15 L ! L L
15 30_. 45 60
Time, min
=—#=pH= 5.5
=@=pH=5.7
=e=pH=6
i pH=6.2
45 —e—pH=6.5
® 40 NF3
S 35
@ 30
& 25
20 L L ! L
15 30 45 60
Time, min

Fig. 5. Effect of feed pH solution on rejection of NF membranes at
different times (pH 5.5-6.5; time 15-60 min; initial concentration
of Co ion 100 ppm).
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4.4. Estimation of membrane transport parameters

Based on the Levenberg-Marquardt method [28] the
experimental data were analyzed using the SPSS version 22
nonlinear parameter estimation program, where observed
rejection (R ) and permeate flux (J) were calculated at dif-
ferent parameter conditions (feed pH, NF membrane type
and initial ion concentration) for each data set. The param-
eters estimated by applying different models expressed by
Egs. (12), (20) and (22) were employed to calculate the NF
membrane transport parameters and mass transfer coeffi-
cients according to the respective relations. To obtain R of
the NF membrane for different | values, these parameters
were subsequently used with regard to the individual model,
as depicted in Table 2. Comparisons between the experimen-
tal and theoretical results are shown in Fig. 8, and can also
be discerned through the values of nonlinear parameters S?
presented in Table 2. Where, the experimental results are
substituted by the theoretical equations and the values of the
parameters are calculated. Then, these parameters were sub-
stituted again in the equations in order to find the second
values of efficiency and ] by applying a statistical program
using trial and error method.

s Cg = 10 ppm
el Co = 50 ppm

g (3 = 100 ppr
— 8.5 —— (= 200 ppm
R s e = S
=
S6s — NF1
_g 5.5 : f;
(N,
4.5 L L ! L
15 30 45 60
Time, min
s Co= 10 ppm
e C0=50 ppm
sy Co= 100 ppm
25 i (= 200 ppm
— g Co= 250 ppm
1% 23
=2 %g:::.
% X_M
T 2t ’\-*—-ﬁ\*
20
15 30 45 60
Time, min
—4—Co=10ppm
==Co=30ppm
== C0=100 ppm
15 i C0= 200 ppm
=14 == C0= 250 ppm
NE' 13 h‘:‘ NF3
=12 ﬁ—\_\__l_
Rl - S R—
ERT F\’_\_*_—’
9 ! ! 1 I
15 30 45 60

Time, min

Fig. 6. Effect of initial metal ions concentration on flux of
NF membranes at different times (time 15-60 min; initial
concentration of Co ion 10-250 ppm).
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Fig. 7. Effect of initial metal ions concentration on rejection of NF membranes at different times (time 15-60 min; initial concentration
of Co ion 10-250 ppm).

Table 2
Parameter estimated for various modules by a nonlinear estimated program
Type of No.of pH  Feed CFSD model CFSK model CFFP model
membrane set concentration Dam Ko x 104 k°x10° o pM x10° kbx10° $2 e/kP e Dab/Té x 104
(ppm) (cm/s) (cm/s) (cm/s) (cm/s)
NF1 1 55 10 245 448 09121 5.51 20.31  0.098 7.88 9.51
2 55 50 2.34 4.44 0.9098 5.88 20.11  0.104 7.96 9.57
3 55 100 2.38 445 09011 6.23 19.65 0.124 8.14 9.88
4 55 200 241 4.37 0.8971 7.19 19.55  0.157 8.18 9.92
5 55 250 2.35 3.98 0.8945 8.55 19.02  0.072 841 10.11
NF2 6 5.7 10 2.55 4.38 0.9101 5.59 2131 0.06 751 9.61
7 5.7 50 243 4.32 0.9078 5.98 21.11  0.073 7.58 9.81
8 5.7 100 2.31 4.35 0.8911 6.13 19.94 0.06 8.02 10.11
9 57 200 2.46 3.19 0.8881 7.09 19.65 0.134 8.14 9.98
10 5.7 250 2.25 3.77 0.8767 7.55 19.32 0.069 8.28 11.12
NF3 11 6 10 2.51 4.76 0.9201 5.88 21.11  0.071 7.8 9.67
12 6 50 2.53 4.56 09178 6.88 20.81  0.074 7.69 9.81
13 6 100 2.66 4.54 09011 7.13 20.14 0.121 794 9.98
14 6 200 2.58 412 0.8981 7.89 19.95 0238 8.02 10.12
15 6 250 2.67 3.97 0.8907 798 1912 0272 8.37 10.41

2Solute partition coefficient.
*Value of mass transfer coefficient of CFSD, CFSK and CFFP model.

Both outputs confirm that all the results are equally fit-
ted. Moreover, the model-predicted ion concentrations for
specific rejection values are in good agreement with the
experimental results.

The CFSK model shows a high degree of accuracy when
applied to the experimental rejection data for all of the initial

metal concentrations and NF membrane types. In sum, very
high reflection coefficients (o) and very low values of perme-
ability solute (P) were obtained by fitting the CFSK model
to the experimental data. As these parameters are based on
initial metal concentrations, P_increases as the initial metal
concentration increases due to the high solute amount
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crossing through the membrane. On the other hand, a grad-
ual decrease in the solute rejection reduction is observed with
changes in 0. The same result was obtained by Al-Zoubi [29].

These results explicate the transport mechanism of
solutes in these processes by same remarks. At low pres-
sure, a high transport diffusive of solute is dependable for
low rejection. While at high pressure, convective solute
transport is more important, this effect was not observed
in our experimental results because the rejection was high
even at low pressures. Thus, convective transport seems
to be dominant in the rejection processes under study.
Moreover, o is a measure of the hinder of the convective
solute transport within the NF membrane [30]. Therefore,
the Spiegler-Kedem parameter values ensure that the
previous results reflect the membrane structure. In 2013,
Ballet et al. [24] examined the impact of Co ion character-
istics on the solute rejection, reporting that the reflection
coefficient (o) for each solute increases with the increase

+ 10 ppm Co, %Rexp.
s 10 ppm Co, %6Rth.

4 50 ppm Co, %Rexp.
e 50 ppm Cao, $6Rth.

# 100 ppm Co, %Rexp.

55 e 100 ppn Co, 3Rith.
50 | 200 ppm Co, %Rexp.
¥ = * ¥ 200 ppm Co, %Rth.

a5k 250 ppm Co, ¥Rexp.
= 250 ppm Co, %Rth.
o 40

35

30+

25

0.55 0.555 0.6 0.65

Flux, J <107 (cm/s)

Fig. 8. Results of CFSK model for data set of NF2 membrane for
Co (NO,), at different times.

Table 3

in Co ion valence, while P decreases. Similar results were
obtained by Wang et al. [31]. For the CFFP model, the effec-
tive membrane thickness (td/¢) can be determined from
the average value of parameter b2, and was previously
calculated as 255 um [32]. If the values of membrane void
fraction (€) and tortuosity (1) are assumed to be 0.16 and 3,
respectively [33], thickness of the boundary layer (d) will
be 14, which is a reasonable value with regard to the data
submitted by the supplier.

4.5. Estimation of concentration polarization model and
enrichment factors Eo and E

To calculate the true rejection by using membrane trans-
port model which depends on concentration polarization,
Eq. (25) was applied, as it includes the factors that impact
on concentration polarization, namely the permeate volume
flux, diffusion coefficient of the solute in the thickness of the
boundary layer (0), and the membrane enrichment factor
(which depends on the C /C, ratio). In Table 3, the enrichment
factors Eo and E for the three types of NF membranes and
solute (Co*) ions are given. It can be seen that the concen-
tration of solute at the membrane surface is 1.0032 to 1.0082,
1.0097 to 1.0149 and 1.004 to 1.0083 times greater than that in
the absence of concentration polarization of NF1, NF2 and
NEF3, respectively. With respect to reverse osmosis, the con-
centration polarization models are usually about 1.1 and 1.5
[24], while Eo ranged from 0.23 to 0.64, from 0.508 to 0.67
and from 0.55 to 0.71, for NF1, NF2 and NF3, respectively.
Regarding to reverse osmosis, the enrichment factors are
usually about 0.01 [24], due to the membrane solute rejection
capability of about 100%. Similar results were obtained by
Murthy and Chaudhari [17].

The comparison between concentration polarization and
Péclet number for NF1, NF2 and NF3 membrane at differ-
ent Co® ion concentrations is shown in Table 3. When the

Summary of CPM, enrichment factors (Eo and E) and Péclet number

Type of No. of set pH Feed concentration  Enrichment factors CPM k*x10°  Permeate flux  Péclet number
membrane (ppm) E Eo c,/C, (cm/s) (x10%) (cm/s) (J/k)
NF1 1 5.5 10 0.2300 0.2281 1.0082  20.31 0.217 0.0107
2 5.5 50 0.4000 0.3975  1.0062  20.11 0.208 0.0104
3 5.5 100 0.5800 05776  1.0042  19.65 0.194 0.0099
4 55 200 0.6000 05979  1.0035  19.55 0.172 0.0088
5 55 250 0.6400 0.6380  1.0032  19.02 0.167 0.0088
NF2 6 5.7 10 0.508 05006  1.0149 21.31 0.6444 0.0302
7 5.7 50 0.518 05109 1.0139 21.11 0.6111 0.0289
8 5.7 100 0.55 05428 1.0133  19.94 0.5917 0.0297
9 5.7 200 0.627 0.6202  1.0109  19.65 0.5778 0.0294
10 5.7 250 0.67 0.6636  1.0097 19.32 0.5694 0.0295
NEF3 11 6.0 10 0.55 0.5455  1.0083  21.11 0.3889 0.0184
12 6.0 50 0.58 0.5757  1.0074  20.81 0.3667 0.0176
13 6.0 100 0.573 05690  1.0071  20.14 0.3361 0.0167
14 6.0 200 0.67 0.6669  1.0047  19.95 0.2833 0.0142
15 6.0 250 0.71 0.7071 1.0040  19.12 0.2667 0.0139

2Value of mass transfer coefficient of CFSK model and CFFP model.
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Péclet number is large (] >> k), the convective flux through
the membrane cannot be easily stabilized by diffusion in the
boundary layer, and concentration polarization models will
be large. On the other hand, when the Péclet number is small
(J << k), the convective flux through the membrane can be eas-
ily stabilized by diffusion in the boundary layer, and concen-
tration polarization models are close to unity [15]. The Péclet
number values ranged from 0.0088 to 0.0107, from 0.0303
to 0.0312 and from 0.0154 to 0.0191 for NF1, NF2 and NF3,
respectively. Therefore, the Péclet number is an important
factor for determining the mechanism of separation by diffu-
sion. It is also worth noting that similar results were reported
by Soltanieh and Gill [33].

5. Conclusions

In the present study, three NF membranes were used
for separation of cobalt from simulated wastewater. NF
membrane performance was interpreted in terms of perme-
ate volume flux and ion rejection. It was observed that the
flux decreases with the increase of feed solution pH, while
the rejection of solute increases with the increase of pH from
5.5 to 6.5. Permeate flux and rejection of NF membranes
decrease with the increase in initial ion concentration at con-
stant feed flow rate, resulting from the concentration polar-
ization and fouling. In addition, permeate flux and rejection
depend strongly on the ion type, diffusion coefficient, charge
valence and hydration energy. The maximum rejection of sol-
ute was 77%, 50.2% and 46.8% of Co* for NF1, NF2 and NF3
at 10 ppm initial ion concentration, respectively. Analysis of
the experimental data using CFSD, CFSK and CFFP models
showed good agreement between theoretical and experimen-
tal results. Moreover, the active skin layer thickness and the
effective membrane thickness were predicted by the CFFP
model. Finally, Péclet number was found to be an import-
ant factor for determining the mechanism of separation by
diffusion.

Symbols

A —  Membrane surface area, m?

b, —  Factor measure of friction between the solute
molecules and the membrane pore wall, where
calculated from b=1 +fo

C —  Solute concentration in the boundary layer,
g/m’

C, —  Average bulk concentration, g/m?

C —  Concentration of solute in the feed, g/m®

C/FFP —  Combined film theory/finely porous model

CFSD — Combined film theory/solution diffusion
model

CFSK —  Combined film theory/Spiegler-Kedem model

C, —  Solute concentration at the membrane surface/
water (solvent) interface, g/m?

CP —  Concentration polarization

C, —  Concentration of solute in permeate, g/m?

CPM —  Concentration polarization model

C, —  Concentration of solute in retentate, g/m?

D, K/6 —  Solute transport parameter, cm/s

D —  Diffusion coefficient, cm?/s

D, —  Diffusivity of solute “a” in solvent “b”, cm?/s
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D, —  Diffusivity of salt “a” on surface membrane,
cm?/s

Eo —  Enrichment factor known as Cp/Cm

F —  Flow parameter defined in Eq. (16)

fim —  Friction coefficient between solute and
membrane

fuu —  Friction coefficient between solute and solvent
(water).

I —  Solute flux through membrane, m*/m?s

I, —  Convective + diffusive mass transfer rate,
m’/m?s

K —  Solute partition coefficient

k —  Mass transfer coefficient and is expressed as
k=D, /s

Pe —  Péclet number (a dimensionless number)

PES —  Polyether sulfone

P, —  Salt permeability, L/m? h

P, —  Opverall permeability coefficient

PWP —  Pure water permeability

R —  True solute rejections

R, —  Experimental rejection

R, —  Observed rejection

R, —  Theoretical rejection

t —  Collected permeate time, h

T™P —  Transmembrane pressure, bar

\% —  Permeate volume, L

X —  Distance from the membrane layer, m

Greek letters

€ —  Membrane void fraction

T —  Tortuosity

o) — Layer thickness; thickness of the boundary

i layer, m
—  Effective membrane thickness

AP —  Transmembrane pressure, bar
ATt —  Osmotic pressure difference, bar
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