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ABSTRACT

The previous studies on nanofiltration (NF) mainly focused on the work to update the
existing predictive models to enhance its application in order to optimize the separation
prediction. There is still lack of research which successfully creates a user-friendly system for
separation process prediction optimization. In this study, a MATLAB®-based NF prediction
system (NF-BIN) utilizing Donnan Steric Pore model with application of m-file programming
and graphical user interface was developed specifically for binary salt solutions treatment.
Prior to the prediction, locally fabricated polyethersulfone membranes with three different
polymer concentrations, 19, 21, and 23%, were characterized in terms of pore radius, r, ratio
of membrane thickness to porosity, Ax/Ay and effective charge density, X; using uncharged,
and charged solutes rejection data. Further the rejection prediction performance was carried
out to predict the percentage contribution of ion transport mechanism of three transport
modes: diffusion, electromigration, and convection as described in Extended Nernst-Planck
equation. The results obtained from this study indicated that NF/BIN has a good potential
as an ideal predictor of NF membrane separation behavior.
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1. Introduction

Nanofiltration (NF) membranes, a relatively recent
type of membranes, possess properties between ultra-
filtration and reverse osmosis. The ionic transport
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mechanisms are, therefore, governed by both steric
and charge effects [1]. This combined effect offers a
value added to the membrane separation abilities,
which covers almost all range of liquid-liquid
separation system [2]. For all type of unit operation
such as membrane separation system, having a good
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predictive tool is certainly vital in process performance
prediction, hence process design and optimization.

The previous studies on NF membrane prediction
show a rigorous improvement from time to time. Most
researchers are concerned to update the existing
predictive models to enhance the application of those
models in order to optimize the separation prediction.
However, the concern to develop a user-friendly
prediction system applying an up to date and suitable
software or simulator as an appropriate predictive
tool is still inadequate.

The ability to predict the performance of NF
membrane separations is very important in the design
and operation of processes. Such prediction requires a
characterization of key membrane parameters [3]. NF
membranes are normally characterized by both the
structural parameters such as pore radius and
membrane thickness, and the electrical parameters,
such as charge density.

The assessment of the significance of each ion
transport mechanisms in the NF membrane; diffusion,
electromigration, and convection are needed to
comprehensively understand the ion transport
behavior that would be very useful in improving the
separation process. The literature shows lack of studies
on the assessment of the ion transport mechanisms. In
the preliminary stages, previous study successfully
characterized and predicted the mechanisms for
several commercial NF membranes and proved that
each of the three modes of ion transport mechanism is
significant [4]. The next stage, investigation on the
transport mechanisms shows that each mode of the
mechanisms strongly influenced by membrane charge
density, permeate volume flux, pore radius, and
effective membrane thickness to porosity ratio in
determining the dominant modes at different operating
conditions [5].

The purpose of this study is to develop a NF
membrane separation prediction system for binary
salts solutions. The graphical user interface (GUI)
component of NF/BIN was designed to transform the
conventional prediction task to be easier to perform
and to graphically display the separation behavior
including the assessment of percentage contribution of
ion transport mechanisms; diffusion, electromigration,
and convection, of the in-house-fabricated NF
membranes. NF/BIN utilizes Donnan Steric Pore
(DSP) model for membrane characterization and sepa-
ration performance prediction.

1.1. Theory of the DSP model

Transport mechanisms of NF membrane were
strongly influenced by both electrical (Donnan) and

sieving (Steric) effects. Combination of these two
effects allows NF membranes to be effective for a
range of separation of mixtures of organic and salts.
Three main ion transportation mechanisms involved,
namely diffusion, electro-migration, and convection,
which entirely governed in extended Nernst-Planck
equation (Eq. (1)):
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where j; is flux of ion-i, D; , is bulk diffusivity of ion-i,
K; 4 and K; . are hindered factors for diffusion and con-
vection, respectively. This equation served as main
components in DSP model. In order to obtain an
expression for rejection of the solute, Eq. (1) is inte-
grated across the membrane thickness with solute
concentrations at the upper (x=0) and lower (x=Ax)
surfaces expressed in terms of the external concentra-
tions (C;y and C;, using the equilibrium partition
coefficient, ®:
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Egs. (1) and (2) can be integrated and combined to give
the following expression for calculating real rejection:
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where the Peclet number, Pe,,, is defined as follows:

Ki,c VAx
Pem - @Dip@Ak (4)

In the limiting case of the Pe,, — oo, the asymptotic
rejection values (limiting rejection) will approach to
(1 — ®K;,). Thus, (1 — ®K;.) represents a parameter of
comparing the limiting rejection of solutes in
membrane separation. The Hagen—Poiseuille equation
relates the water flux to the applied pressure as well
as r, and Ax/Ag:
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where [, is flux of ion-i, r, is membrane pore size, AP
is operating pressure, Ax/Ay is ratio of effective thick-
ness to porosity, and p is viscosity. Our previous
study has shown that Donnan exclusion and Steric
effects are significant in a small pore radii membrane,
whereas steric hindrance is more prominent in
relatively large pore radii membrane [6,7].
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1.2. Ion transport mechanisms

In order to achieve the objective, the calculation of
the contribution of each term in Eq. (1), the solution
of the equation has been approximated with a one-
step central difference method [8]. Thus:

dej _ci(x = Ax) —ci(x =0)
dx Ax

(18)

dx Ax (19)

where x=0 indicates the membrane entrance and
x=Ax is the exit. The average concentration is defined
as follows:

ci(x = Ax) — ci(x = 0)
Ciavg = 5

(20)

Using the above equations, the contribution of
each transport mechanism can be calculated and
represented in terms of the percentage of the total
contribution.

Table 1
Main and supporting equations of DSP model

Donnan Steric Pore model

Potential gradient:
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Electroneutralities equations:
Boundary layer:
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Membrane:
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Hindrance factors:
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G(4,0) = 1.0 + 0.054/. — 0.9882> + 0.441,3 (16)
K™1(2,0) = 1.0 — 2.3 + 1.154/% 4 0.224/3 an

2. Methodology

The negatively charged membranes made of polye-
thersulfone/N-methylpyrolidone/water with different
of polyethersulfone (PES) concentration (19, 21, and
23% w/w). Effective membrane area used in the exper-
iment was 16.9mm?” and operating pressure of up to
10 bars. Glucose (MW =180), maltose (MW =342), and
vitamin B12 (MW =1,355) were chosen as neutral
solutes, and sodium chloride 0.01M was used as the
model for charged solutes. The experimental data were
then incorporated into the predictive tools to obtain
full range of fluxes and rejection.

The DSP model takes into account the transport
across the entire mentioned medium such as hydrody-
namic parameters, drag forces, lag coefficient etc. [9]
as described in Table 1. In this study, DSP models
were utilized for binary solution (single salt solution),
and the mathematical models were solved using
MATLAB®  m-file programming using modeling
methodology as shown in Fig. 1.

The fabricated membranes were finally assessed its
separation behavior in terms of percentage contribu-
tion of transport mechanisms; diffusion, electromigra-
tion, and convection and displayed on the designed
GUL The designing procedure of GUI is described in
Fig. 2.

INPUT
Enter the input: J,,, Ax/A;, X4, C;,, and guess value C;,

.

PROCESS
a) Solving Donnan equilibrium equations using MATLAB

programming;

e To find zero condition for non-linear equation with n
variables system modified from hybrid Powell equation.

e Initial values for ¢;(0), ¢i(Ax), Ag(0), Ap(Ax), and C;,
given.

o Find variable values automatically, suit with the equations
involve.

b) Solving transport differential equation dc/dx and d@/dx to
find ¢,(Ax) and C;, using Runge-Kutta-Gill method.

c) Stepii (a) and ii (b) are repeated until C;, and c;(Ax)
obtained from both steps are equal.

d)  Get correct value for C;,.

e) Calculate the real rejection data value;
R=1-C;,/C;,

OUTPUT
Flux and rejection, R values printed.

Fig. 1. Computer algorithm for modeling methodology.
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Designing a Graphical User Interface

Understand Specify GUI(s)

Requirements « Inputs

+ Purpose « Conirols Add
*Use cases + Displays another
«Interactivity * Behavior window or
* Functionality + Outputs dialog?

Design GUI(s)
« Sequencing

« Grouping

* Labeling

= Styling

Program GUI(s) Test GUI(s)
Generate GUI(s) « Initialization « Unusual inputs
«via GUIDE * Actions »| * Default actions
* via programming « Coordination « Error handling
+ Data management » Wrrong results
* Shutdown « Ease of use

Fig. 2. Designing a GUI flowchart.

3. Results and discussion
3.1. Membrane characterization and performance evaluation

In all cases, the water flux was a linear function of
the applied pressure, J,=P,,AP. The deviation from
average values of permeability coefficient for all three
samples of membrane were in the sequence of
PES23 < PES21 <PES19. It is postulated that the pores
of the membranes were quite nonuniform, and
thus, the membrane possibly have wide pore size
distribution.

For all membranes, the actual (real) rejection of
uncharged solutes (glucose, maltose, and vitamin B12)
was found to increase as the flux increased and
approaching toward a limiting value, R;,. Based on
limiting rejection, r, for each membrane was deter-
mined using Eqgs. (2) and (3) and shown in the third
column in Table 1. The r, obtained for all membranes
were synchronized with permeability coefficients,
which confirmed the hydraulic stability of the fabri-
cated membranes. The ratio of effective thickness over

Table 2
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porosity, Ax/A; for each membrane was then deter-
mined from Eq. (5), as shown in the 5th column of
Table 2. The value of Ax/A; for PES21 and PES23 is
quite similar, even though their pore size and charged
density are in the ratio of 1:2.

The structural parameters values of locally made
PES membranes were within the range of reported
values for commercially available membranes
reported previously [10,11]. Table 2 shows the P, 7,
X4, Ax[/Ay, and ion chlorides rejection values obtained
from DSP model.

Experiments were also carried out with NaCl at
varying concentrations. In this study, DSP model was
used to simulate experimental rejection data at a wide
range of fluxes, in order to determine the dependency
of the effective charge density (X,) on the concentra-
tions. The data input for this model, i.e. membrane
structural parameters, was obtained from Table 2. Gen-
erally, the sequence of the rejection was as follows:
PES23>PES21>PES19. Membrane PES23 showed
highest chloride rejection, due to the combination of
small pore size and large effective charge density (X,)
that caused the chloride ions to be easily rejected by
the membranes [12]. For PES21 and PES19, even
though the difference in r,, is rather small, the rejection
of PES21 was almost double the PES19 rejection. This
is postulated due to the higher X; and Ax/A; inherent
in PES21.

Fig. 3 shows the chloride rejection as a function of
flux. Simulated lines were obtained from DSP model.
The simulated and experimental data values lines
show the feasibility of the developed NF/BIN to be
used as a predictive tool of NF separation mechanisms.
Consequently, it had been demonstrated that the
fabricated membranes obeyed the DSP model which
empirically represents the NF separation behavior.

3.2. User-friendly NF membrane prediction system
(NF/BIN)

The first component of NF/BIN prediction system
is m-file programming. This method was used to
solve equations of mathematical model which
describes NF membrane separation process in
MATLAB®. Before applying any ordinary differential

Structural parameter details of PES19, PES21, and PES23 membrane obtained from DSP model

ID P,, (L/m?hbar) 7, (nm) X,; (molm™) Ax/Ax Limiting CI™ ions rejection (%)
PES19 2.58 1.36 22.8 11.8 24.5
PES21 1.98 1.11 45.8 25.4 35.0
PES23 0.72 0.76 150.8 24.5 79.2
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equation (ODE) in MATLAB®, the mathematical
model (equations) will be linearized and solved
using MATLAB® command window, one of the ele-
ments in MATLAB® desktop. Function dissolve that
symbolically was used to solve the ODE of DSP
model that describes the ion transport processes
through NF membranes.

A GUI is the link between software package and
the user. In general, it is composed of a set of com-
mands or menus, instruments, such as buttons, by
means of which the user establishes a communication
with the program [13]. The GUI minimizes the tasks
of inputting data and displaying output data.

100

90

Chloridesion rejection (%)

' ' Flux (L/m2hr)
(0] 2 4 6 8 10 12 14 16

Fig. 3. Chloride ions rejection as a function of flux of PES

——Simulated line PES19
simulated line PES23
W PES21

= simulated line PES21
¢ PES19
A PES23

membranes fabricated at various concentration.
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“User-friendly” refers to anything that makes it
easier for novices to use a computer. Menu-driven
programs, for example, are considered more
user-friendly than command-driven systems. GUIs are
also considered user-friendly. NF/BIN can visualize
the input/output parameter in one page screen. Com-
pared to conventional prediction system, NF/BIN
shortened the processing time of the simulation and
the output directly visualized on the GUI after the
program completely running [14]. By simply entering
all the inputs and clicking the RUN button, the
prediction task can be performed. Fig. 4 shows the
designed GUI for the developed NF/BIN.

This kind of programming is often referred to as
event-driven programming. In the designed GUI for
NF/BIN, a button click is one such event. In
event-driven programming, callback execution is asyn-
chronous, that is, it is triggered by events external to
the software. Callbacks, named for the fact that they
“call back” to MATLAB® to ask it to do things
[13,14]. Fig. 5 shows the call backs for push buttons
for NF-BIN GUI component in m-file editor. In the
case of MATLAB™ GUIs, most events are user interac-
tions with the GUI, but the GUI can respond to other
kinds of events as well, for example, the creation of a
file or connecting a device to the computer.

3.3. Analysis of ion transport mechanisms

As described in Section I (B), the contribution of
each transport modes in the membrane can be calcu-
lated and represented in terms of percentage of the
total contribution using Eqgs. (18-20). The analysis has

NF MEMBRANE BINARY SALT PREDICTION SYSTEM
(NF-BIN)
Binary Sokgon Predction BIPUT PARAMETER
REJECTION FFUSION Sohds Propertes
100 100 ke oy
Fis Cotion (134010 m
o — Rs Anion 1 207e10 m
& s Y : i 2 Jon Difishety
Ds Cation 1 33320 ~ mls
% 1 2 3 4 5 % 3 7] 5 e Arkon [acea || mae
Juimanzs) o 0" Jomim2s) ¢ 107 Mamernna Froperties
CORVECTION ELECTROMIGRATION A
L] iy Bp [0ss | m
™ g ™ 5l *d o malmd
.;, L Bulk concaetrtin
: o 1| motm3
GG 1 3 4 5 OD 3 ) &
somam2a) 1 DL -
21:09:13
OCopmght 2012

Fig. 4. GUI component of NF-BIN.



N. Ali et al. | Desalination and Water Treatment 52 (2014) 626-632 631

B Editor - H:\MATLAB NFBINWNFBINV1.m CER
Fle Edt Text Go Cel Took Debug Deskbop Window Hep A X
al=g ot -Aenf B-EREAAFE - "0~
BB -0 |+ |+ 11 x | % % | D
53 |
54 x E e= on button press in pushbutton RUN.
55 fun pushbutton RUN Callback(hCbject, eventdata, handles)
55
57 Insert values for mepbrane properties
58 - Rp = handles.Input_Rp;
58 - Xd = handles.Input_Xd;
60 - Cb = handles.Input_Ch;
61 %
»
r NFEINVI Ln 1 Col 1

Fig. 5. Call back m-file editor for push buttons.

Table 3

Assessment of ion transport mechanisms percentage
contribution for the PES membranes fabricated at various
concentration at the limiting rejection

ID Limiting Diffusion Electromigration Convection
Cl™ ions (%) (%) (%)
rejection

PES19 24.5 66 18 16

PES21 35.0 65 21 13

PES23 79.2 60 28 12

been carried out for NaCl, and the solute flux (j;) for
Cl™ ion has been calculated in total and in its compo-
nents. The data are represented as a function of flux.
The analysis has been carried for the fabricated PES
membrane using the data obtained in the characteriza-
tion analysis. Table 3 shows the analysis of three
fabricated PES membranes.

Inside the membrane, the diffusion, convection,
and electromigration transport components of CI™
ions will act toward the permeate side but for Na*
ions only the diffusion and convection transport
components are toward the permeate with the electro-
migration in the opposite direction [8]. All three
transport mechanisms are seen to be significant.
Elecromigration and convection show lower percent-
age contribution while convection exhibits the lowest
measurement.

Diffusion is likely to be the dominant mechanism
involved for all the locally fabricated NF membranes
with different structural parameters that strongly
influenced the separation behavior. Transport is
mainly governed by diffusion, when the membrane is
strongly charged, particularly at low permeate volume
flux and effective membrane thickness to porosity
ratio, Ax/Aj [5]. Consequently, in order to optimize
the separation process for engineering purposes, the
diffusion should be further promoted by modifying
the parameters governed in the diffusion mode to
obtain the higher and optimum possible values.

4. Conclusion

The developed NF/BIN as a NF membrane
separation predictive tool based on DSP model is very
useful in predicting and explaining the behavior as
well as in determining the structural parameters of
locally developed NF membranes. Prediction of ion
transport mechanisms is crucial to further enhance
separation performance in NF processes. This proved
that the developed NF/BIN can provide a platform
for ion transport mechanism prediction in the
conjunction to achieve process optimization.

Symbols

for — concentration in membrane (mol m™3)

Cip — concentration in the bulk solution (mol m 3
C;, — concentration in permeate (mol m~°)

Ciww — concentration at the membrane wall (mol m~3)
D;, — hindered diffusivity (m?s™h)

D;., — bulk diffusivity (m®s ")

F — Faraday constant (C mol ")

G  — the hydrodynamic lag coefficient

K' — the hydrodynamic enhanced drag coefficient
Ji — ion flux (based on membrane area) (mol m~2 s~ ')
K;. — hindrance factor for convection

Kis — hindrance factor for diffusion

P, — membrane permeability (m>s~' m 2 bar ")
r, ~ — effective pore radius (m)

R — gas constant (] mol ' K™)

Ryest — real rejection of the solute

T — absolute temperature (K)

X — distance normal to membrane (m)

Ax — effective membrane thickness (m)

X4 — effective membrane charge (mol m~%)

Z; — valence of ion

o — thickness of film layer (m)

AP — applied pressure drop (bar)

®  — coefficient as defined by Eq. (9)

Ay — potential difference (V)
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