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In recent years forward osmosis (FO) process has attracted considerable attention in the field of water
treatment and desalination. However, the lack of sufficient information on all possible parameters, affect-
ing the process performance, is a major obstacle that avoids improving the function of this method. In
this study, an algorithm based upon a reliable model was developed for osmosis through asymmetric
membrane oriented in FO mode to be applied in agent-based model. This model was built in the NetLogo
platform, which is a programmable modeling environment for simulating natural phenomena. The feasi-
bility of this modeling was proven by comparing the simulation results and empirical data obtained from
literature. The influence of net bulk osmotic pressure difference between the draw solution (DS) and the
feed solution (FS) on average water flux was studied for various draw solutes. Furthermore, the effects of
process parameters, including temperature, length of module, FS cross-flow velocity, pure water perme-
ability coefficient, and structural parameter of membrane on average water flux were investigated. As a
result, it could be concluded that Netlogo agent-based model had the quite well potential to simulate the

FO process.

© 2017 Elsevier Ltd. All rights reserved.

1. Introduction

Due to scarcity of global water resources and growing demands
of population (Alnouri et al., 2016; Elimelech, 2006; Mahmoodi
et al., 2016; UNESCO, 2011), several technologies especially mem-
brane processes have been evaluated to provide clean water (Borsi
and Lorain, 2012; Lutchmiah et al., 2014; Soni et al., 2009). Amongst
these processes used to desalinate aqueous solutions, forward
osmosis (FO) has found special position in the last few decades.
It is due to the features such as less operation energy require-
ment (Chung et al., 2012), high water recovery (McCutcheon et al.,
2005), and less tendency to fouling (Achilli et al., 2009; Kumar and
Pal, 2015; Lutchmiah et al., 2014). Therefore, FO technology is now
applied to diverse fields (Jiao et al., 2004; Lutchmiah et al., 2014;
McCutcheon et al., 2006; Pardeshi et al., 2016; Thorsen and Holt,
2009; Yang et al., 2009).

The FO process utilizes the osmosis phenomenon for transport
of water across a selectively semi-permeable membrane from a
high water chemical potential solution (feed solution or FS) to a low
water chemical potential solution (draw solution or DS). In fact, this
process proceeds spontaneously with inherent osmotic pressure
difference driving force between the FS and DS (Cath et al., 2006).
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The membrane which is usually used in this process is asymmet-
ric in design. This leads to the occurrence of two common modes
depending on its orientation. One of them is FO mode (FS facing the
active layer of membrane and DS facing the porous support layer)
and the other is PRO mode (DS facing the active layer of mem-
brane and FS facing the porous support layer) (McCutcheon and
Elimelech, 2006).

The presence of concentration polarization (CP) which is known
as one of the primary difficulties to use FO technology (Dabaghian
and Rahimpour, 2015; McCutcheon and Elimelech, 2006) led to
non-linearity of this process (Phuntsho et al., 2014). Furthermore,
the FO process performance depends upon multiple agents, includ-
ing the solution characteristics (such as solute type, concentration,
and volume of FS and DS), the operational parameters (such as tem-
perature and cross-flow velocity), the membrane characteristics
(such as type, area, orientation, and structure of the membrane),
and module dimensions (Pardeshi et al., 2016; Phuntsho et al.,
2012; Shim and Kim, 2013). These lead to the complexity of the
FO process.

On the other hand, the FO process modeling allows researchers
to predict water flux of the process without actually conducting a
physical experiment. There have been pervious publications on the
modeling of FO (McCutcheon and Elimelech, 2006, 2007; Tan and
Ng,2008; Tangetal.,2010). Moreover, various modeling techniques
including the numerical simulation (Jungetal.,2011; Shim and Kim,
2013), computational fluid dynamic (CFD) (Gruber et al., 2011), and
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Nomenclature

A Pure water permeability coefficient (m/Pas)

a Effective membrane area (m?2)

Co Initial solute concentration of solution (mol/l)

D Diffusion coefficient (m?2/s)

dp Hydraulic diameter (m)

H Channel height (m)

Jwater Water flux (I/m? h or pm/s)

K Solute resistivity for diffusion within the membrane
support layer (s/m)

k Mass transfer coefficient (m/s)

L Channel length (m)

MWyater Molecular weight of water (g/mol)

Re Reynolds number

S Structural parameter of the membrane support
layer (m)

Sc Schmidt number

Sh Sherwood number

T Temperature (K)

t Thickness of the membrane support layer (m)

At Tick interval (s) defined by Eq. (9)

Vo Initial volume of solution (1)

%Vwater Volumetric fraction of water in solution

v Cross-flow velocity (m/s)

w Channel width (m)

Xwater Weight fraction of water in solution

Greek symbols

g Porosity of the membrane support layer

" Dynamic viscosity (Pas)

b Osmotic pressure (Pa)

o Density (kg/m?3)

T Tortuosity of the membrane support layer

Subscripts

b At bulk solution

D Draw solution

eff Effective

F Feed solution

m At membrane

finite elements method (FEM) (Li et al., 2011; Sagiv and Semiat,
2011) have been applied to examine the CP phenomenon in FO pro-
cess.Inarecent study, Gruberetal.(2016) demonstrated how a CFD
model can be applied to examine the way in which different geome-
try and flow parameters influence module performance. Deshmukh
et al. (2015) modeled the potential performance of a FO unit oper-
ation and evaluated the impact of membrane transport properties
on process performance. However, the lack of comprehensive anal-
ysis poses a very important problem in terms of utilizing the FO
process for future development and commercialization. Therefore,
there is a need to develop a more robust model and simulation
which provides a better understanding of the performance of FO.
In recent decades agent-based modeling and simulation has
been introduced as an almost new method for modeling of a com-
plex phenomenon (Bonabeau, 2002; Macal and North, 2010). This
model is a kind of computational simulation that has appeared to
survey complex systems. It is continued to increase in significance
and popularity as a powerful tool for simulating social and nat-
ural phenomena (Macal and North, 2010). Recently, agent-based
modeling has been applied in diverse application areas, includ-
ing economy (Damaceanu, 2008), ecology (Grosman et al., 2011),
energy analysis (Van Dam et al., 2008), medicine (Mansury and

Deisboeck, 2004), and biology (Paton et al., 2004). However, there
are few published researches using it in the field of process model-
ing (Eo et al., 2000; Katare and Venkatasubramanian, 2001; Pogson
et al., 2006).

Amongst various software platforms for scientific agent-based
models, NetLogo is a high-level environment. It provides a user-
friendly environment, a large-collection of pre-written models
in its model-library, two and three-dimensional modeling world
view, visualization abilities, and easy-to-use application with
simple programmable modeling platform for simulating natural
phenomena (Railsback et al., 2006; Wilensky, 1999). NetLogo was
designed by Uri Wilensky in 1999 (Wilensky, 1999).

In the present study, an agent-based model of osmosis through
asymmetric membrane oriented in FO mode was developed for the
first time using the NetLogo platform. The aim of this study was
to examine the feasibility of using an agent-based model to sim-
ulate and provide a robust tool for simulation of FO process. This
model would be able to predict the process performance under dif-
ferent applied scenarios. For this purpose, firstly an algorithm was
developed which is applicable in this model. Then, it was applied
in the NetLogo environment for FO process simulation. According
to this NetLogo platform and collected data library in it, the water
flux of FO process and changes in process parameters can be eval-
uated with a minimum of spending time. Furthermore, the effects
of process parameters on the simulation outputs were examined.
Experimental water flux data obtained from the use of deionized
(DI) water and brackish water (BW) as FS under specific conditions
were used for model validation.

2. Modeling and simulation
2.1. Agent-based model

Agent-based modeling offers a promising approach to deal with
complex systems based upon agents (Bonabeau, 2002). An agent-
based model typically comprises of three factors including agents,
agent relationships, and agent’s environment (Macal and North,
2010). In agent-based modeling, systems are modeled by a series
of autonomous and interacting entities called agents (Bonabeau,
2002). Agents can perceive their environment and interact with
each other and with the model’s world by a set of pre-defined goals
(Macal and North, 2010).

In the NetLogo platform, the world view in the Interface tab can
be made up of agents which are two of types: patches or stationary
agents and turtles or mobile agents. Turtles are agents that interact
with each other and move around in the grid spaces called patches
(Railsback et al., 2006; Wilensky, 1999).

2.2. Application procedure using NetLogo

The procedure applied in the Netlogo simulator comprises the
following main parts (Railsback et al., 2006; Wilensky, 1999):

¢ The definition of global variable and design of algorithm.
e “Setup procedure” to start the simulation.
e “Go procedure” which is run continuously by the system.

In the code tab of NetLogo platform, the codes related to the
planned algorithm (including the definition of variables, designing
the simulator environment, and calculating the outputs) should be
written. The process can be controlled using buttons provided on
the simulator environment. “Setup” initializes the model and “Go”
makes it run. Then, the outputs of the model are obtained by the
planned algorithm.
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Fig. 2. The arrangement of agents in the model’s world view and the definition of each agent’s specification.

2.3. Model development

The forward osmosis simulation model was created using
NetLogo 5.0.5 (available at http://ccl.northwestern.edu/netlogo/,
developed by Northwestern University Center for Connected Learn-
ing and Computer-Based Modeling). Fig. 1 illustrates a schematic
diagram of the process used in the system simulation. It was
assumed that the proposed model for graphical simulation of FO

process composed of two cells, containing an aqueous FS and DS,
separated by a semi-permeable membrane (that allows water to
pass through and solute to be retained). Thus, three kinds of breed
(turtle type) were entirely considered in this model to produce the
proposed mechanism, including membrane, module characteris-
tics, and feed and draw solution. The agent-based model including
cells and breed (turtle types) is defined in Fig. 2. The membrane
agent had specific properties such as effective membrane area,
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Fig.3. Illustration of concentrative ECP and dilutive ICP in an asymmetric membrane
oriented in FO mode.

pure water permeability coefficient, and structural parameter of
the membrane support layer specified by users according to their
desired membrane characteristics. This breed, shown by red dashed
line, separated the model’s world into two subspaces. The agent of
module characteristics included channel length, width, and height
specifications. Moreover, the agent of feed and draw solution had
specific features including solute type, solute concentration, tem-
perature, volume, and cross-flow velocity determined by users for
each simulation. The solute and water moles of FS and the solute
and water moles of DS were seen in the model’s platform by black,
light blue, yellow, and dark blue circles, respectively. These agents
were randomly moved in their cells and also some of water moles
crossed the membrane depending on the governing model. The
number of these agents was determined by the selected amount of
solute concentration and volume of both solutions. A net movement
of water moles from the feed side (lower osmotic pressure solution)
to the draw compartment (higher osmotic pressure solution) was
led to more concentrated FS and more diluted DS progressively
until thermodynamic equilibrium was reached (McCutcheon and
Elimelech, 2006, 2007). Moreover, the model’s environment was
comprised of global variables, which were accessible by all agents
at any time, such as water flux, osmotic equilibrium, and number
of water and solute moles in both solutions.

In many NetLogo models, time passes in discrete steps, called
“tick” and tick states the length of a model run. Each tick in the
model was assumed to represent one step of separation conducted
by the FO process. In each time or tick, solute and water moles of
both solutions had a random movement pattern in their cells. In
addition, depending on the conditions specified by the user the net
movement of water from the FS to the DS side would happen. Thus,
as shown in Fig. 3, considering the presence of CP phenomenon at
both sides of the membrane in this process, concentrative external

Table 1
Model equations of FO mode.
Equation Number
dy = g% (1)
Scp = P:‘lEF )
Rep = Z2Edh (3)
0.33
Rer < 2100 — Shy = 1.85(RepScy %) (4)
Rer > 2100 — Shy = 0.04(Ref)®">(Scp)*>? (5)
ke = SE2E (6)
o s

Ko=d =5 ] (7)
Jwater = Al7p,p €XP(—JwaterKp) — 77F.» eXp(2gie- )] (8)
= Uwa[era&//‘ff:ia[er'F)At 9)
mF:[WvﬁﬁV;ﬂ%w],ﬁ (10)
mp = [(VDo%\I/‘fl;‘:va[;tmrer,n) 1+t (11)
VF.new:VFO*[%‘:IVTWt:ﬁ] (12)
VD.new = VDO + [ ;DXW:[V::; ] (]3)
CF,new = % (14)
Connew = 222 (15)

CP (ECP) occurs at the membrane surface against the FS and dilu-
tive internal CP (ICP) occurs within the membrane support layer
against the DS. This process stopped when the osmotic equilibrium
was established between the FS and DS. The osmotic equilibrium
concept as the ultimate end of FO process was introduced for the
first time by Phuntsho et al.(2014). Another advantage of this model
was to consider this concept. At the osmotic equilibrium point, the
net transfer of water across the membrane vanished. This balance
would occur either at the equal bulk concentrations if the solutes
type of both solutions were the same or at the equal bulk osmotic
pressures if the solutes type of both solutions were different from
each other (Phuntsho et al., 2014).

For agent-based simulation approach, an algorithm was devel-
oped according to the reliable and suitable models for FO mode
(dilutive ICP and concentrative ECP), which were previously applied
successfully by other researches (McCutcheon and Elimelech, 2006,
2007; Phuntsho et al., 2012). Furthermore, this code was written to
be used in agent-based model.

Clearly, any modeling study contains suitable and reasonable
assumptions. Accordingly, in the current study, the FO model
incorporated ECP and ICP phenomena. In addition, the model was
developed using the following assumptions:

e The membrane characteristics were considered uniform.

e Temperature variation was neglected during the process time.

e The ECP effect was defined according to the boundary layer film
theory.

¢ The ratio of solute concentration was considered approximately
proportional to that of the osmotic pressure.

e The membrane fully rejected the solute and the solute perme-
ability was negligible.

The iteration procedures and related equations used to solve the
FO mode are reported in Fig. 4 and Table 1, respectively. It should
be noted that some of the equations presented in Table 1 were
obtained from the literature (McCutcheon and Elimelech, 2006,
2007; Phuntsho et al., 2012).

After running the simulation of FO process, output data were
exported into Microsoft Excel spreadsheets and finally statistical
parameters (for model validation) were calculated using the model
and experimental data.
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v

‘ Calculate k using Eq. (6). ‘

v

Calculate D), (data bank for physical properties of DS at T (K), solute type, concentration).

v

‘ Calculate K, using Eq. (7). ‘

Set time = time +1

v

Calculate 17 and 17, (data bank for physical properties of FS and DS at T (K), solute type,
concentration, respectively).

v

‘ Calculate J,, ., using Eq. (8). ‘

v

Calculate n (the number of water moles transport from the FS side to the DS side) using Eq. (9).

Setf'=f+n

Calculate mp, mp (the number of water moles in the FS and DS sides) using Eq. (10) and Eq. (11), respectively.

l

Calculate Vg ., Vp e (the new volume of FS and DS sides) using Eq. (12) and Eq. (13), respectively.

v

Calculate Cy ., and Cp ., using Eq. (14) and (15), respectively.

v
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A

Exit loop

Check osmotic equilibrium condition.
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Fig. 4. Iteration algorithm for solving the FO mode model.

3. Results and discussion
3.1. Building the model

Fig. 5 illustrates the developed model interface in the Netlogo
platform. As can be seen in Fig. 5(a), it was required to set the input
parameters by the user from the graphical user interface includ-
ing solute concentration, temperature, cross-flow velocity, volume
and solute type of FS and DS, channel dimensions of cell, pure
water permeability coefficient of membrane, structural parameter
of membrane support layer, and effective membrane area.

Fig. 5(b) also shows the output parameters of FO mode model in
the NetLogo platform. The principal output of this NetLogo plat-
form was the plot of average water flux. In addition, the plots
of volume, density, dynamic viscosity, solute diffusion coefficient,

osmotic pressure, Reynolds number, Schmidt number, Sherwood
number, solute resistivity for diffusion within the porous support
layer, and mass transfer coefficient of FS and DS were reported in
the graphical user interface. As can be observed in this Figure, there
are also some monitors for displaying instantaneous value of men-
tioned plots and osmotic equilibrium time. It should be noted that
one advantage of this model was to consider the changes which may
happen in process parameters as long as the simulation is running.
Consequently, it led to the improvement of the simulator outputs
and approaching to the real conditions.

The simulation parameters are described in details in Table 2.
It is also important to note that the proposed model extensively
incorporated the data library to determine various solution prop-
erties. These properties were collected from different trustworthy
references. Some of them are reported in Appendix A.



M. Taherian, S.M. Mousavi / Computers and Chemical Engineering 100 (2017) 104-118 109

oo
. o (=3}
(]
L

L
=
== (-
[ [
= ==

(@

Fig. 5. The developed model interface in the Netlogo platform (a) input parameters and (b) output parameters.

i | (Sonine
2.82E-12

Il] [¥] view updates

faster

File Edit Tools Zoom Tabs Help

Interface |[nfo|code|




M. Taherian, S.M. Mousavi / Computers and Chemical Engineering 100 (2017) 104-118

110

& |<1ani35g0
[ _
== |@ 493ua3) puewwo)
4 [ i | »
i S68 0 568 0 PETOTLTIGTEY CLPLLE +E69LFBL0CECLFEE'E
0 IJI/Q uolN|0s-me.p-jo-1ake|-3oddns-sno.od-aLp-LiL m-LolSnIp-1o)- A Asisa-8in| oS 03N 0S-ME.IP-}0-3LUN|OAL
/ S-ICTL98STOPETTISC'T 9/0EZSTE6L0L2500'T
LI03N| 05-P38)-§0-JUBII1YB00-I18)SUe §-SSely LOIJN|05-PE8)-J0-3LUn| OAL
x:chumB.mﬁ. 58| |ml = S-30'T
xnj-Ja1em-6ne s/w -1a1eM e
(HW1)xny-1a) (s /w)xny-Jay STET9ISBOETETZL6Y T 165/ ZEPbEOTERLES00°D (35L6£2PIThbLOSHET'T
68 0 68 0 S68 0 ST Jsjawelp-aijne.phy UDIRN|0S-Me |p-40-8.nssa.ad-J3owso
S0 0000ST oog
8-39655608E2/88T992'C - " LISTHEESLITTHFSEET'T
XNY-J1EA L{6Z6SITSEETLT'BYY UDI3N|05-Ppaay-jo-ainssalad-aowso
PIm Y — “E UoI3N|0S-Pasy-Jo-Iagquinu-sploukay
5 30" LT1L
(¥ SH0S Py 000zeE | |pd gy e £0£Lb8ZEETIETOES ETTOVET66ETHE86'T
***JUSBIIJ0D-13)SUBI}-SSE A **Apansisas-anjos uonnjos-jo-Ajisuap wnigyinb3-n0wso
4 5 LI03N|05-Pa84-§0-JaqUWNU-poomIays L0I3N|05-Paay-§0-Loje qusIu0I-sjn|os
S68 0 S68 0 S68 0 S68 0 o —
oot 0z 002 $-30'T C6L62092CC0SE'SEL $6005£989E0G5E00'E
U0 0S-Pag)-Jo-IaquInu-JpILLps UDIIN| 0S-ME JP-J0-LIoIE.fUSILIoI-81N|0S
sSE ||\ WS U g $££0ESOTLI9TH" LL0T z
pas 006| |pPysi LES| Iped il T 005 pupm 61100°0 uonn|os-pag)-jo-kysuag LI0J3N|0S-P&ay-Ul-3| OLL-8)N| 0S~}0-1ag NN
= ***13qUINU-1PIILIS ** I3QUINU-POOMIBYS *Jaquinu-spjoulay -Ayisoasin
FET00TZITETZE660T00'0 88PELTPELLEBPE'SS
S6e8 0 § Se8 0 Se8 0 68 0 uopn|os-paay-jo-Aysodsia-ojweuda Uonn|os-paay-uUl-8| oL~ J8)EM-JO-Jaguuinpy
0T-30'T 0 0 0
e e 6-3EbSLTTHOZ0STLL6T T 9
~
7 LI0[3N|0S-ME.IP-J0-3UBI1214303-LoISrya UI0[3N|0S-ME.Ip-LI-3| OLU-S}N|05-J0-Jaguunp
Bl )| N | ]| +@ —— = . -
PPl —————" e PAR b | |pag s | dm /i 6-3k/82T92825980662 T 0E/ZH088PPEELE 00T
. )N|0S-Jo-uoISNIP UON|OS-}0-3WNjOA UORE3UIIU0I-DIN|OS aJnssaJd-anowso UonN|0s-paay-Jo-Jusiaiyao3-uoisnuidg LIOIN| 05-ME.IP-LI-3| OLU -IS)EM-J0-J3gUINN

<

=58y

4 snonuguod

PPY R0 3P3

sajepdn main

| oo 7 g

Tuou _ ojur ; a0epiul

dpH sqe] wooz sjool Wp3 A4

e * @ o™ w v W O RETE

(b)
Fig. 5. (Continued)



Table 2

Simulation parameters (baseline data) (Phuntsho et al., 2012).
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Model parameter

Solute type of FS

Solute type of DS
Concentration polarization
Membrane type

Membrane orientation
Volume of FS (VE, 1)

Volume of DS (Vp, 1)

Solute concentration of FS (Cr,

20
18 A
Value
NaCl 16 -
NaCl
With CP consideration 14 -
Asymmetric
FO mode 12
2
2

0 (DI water) 2

——NaCl
—KCl
——NH4HCO3
—MgCI2
——CaCl2

mol/l)

Solute concentration of DS (Cp, 3
mol/l)

Temperature of FS (Tr, K) 298
Temperature of DS (Tp, K) 298
Channel length (L, m) 0.077
Channel width (W, m) 0.026
Channel height (H, m) 0.003
Cross-flow velocity of FS (v, 0.085
m/s)

Cross-flow velocity of DS (vp, 0.085
m/s)

Pure water permeability 2.82E-12
coefficient (A, m/Pas)

Structural parameter of the 3.6E-4
membrane support layer (S, m)

Membrane area (a, m?) 0.002

FS (DI water), DS (KCI)
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Fig. 6. Comparison of experimental water flux results from Phuntsho et al. (2012)
and the modeling outputs in the case using (a) DI water and (b) BW as FSs.

Table 3
Percentage of standard deviation and error.
Feed solution % Error % SD
DI water BW 4.3963 4.5604 6.0495 7.0365

Avg water flux (I/m?2.h)
S
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Fig. 7. Effect of net bulk osmotic pressure on average water flux for (a) NaCl, KCI,
NH4HCO3, MgCl,, CaCl, and (b) MgSQy4, Glucose, Na; S04, Sucrose.

3.2. Model validation

The precision and reliability of this model were established by
its ability to provide an environment for simulation of a real FO
process. Therefore, validation of the model was an important and
necessary step in the simulation. For this purpose, experimental
water flux data reported by Phuntsho et al. (2012) for dilution of
0.5-3.0 Molar aqueous KCl solutions by FO was used as a case study
to validate the simulation model based upon NetLogo environ-
ment. A cellulose triacetate (CTA) FO membrane (the characteristics
of this membrane have been widely presented (Cath et al., 2006;
McCutcheon et al., 2005; Tang et al., 2010)) was the permeable bar-
rier for separation of DI water or BW as FS and KCI in pure water
as DS. The bench-scale cross-flow FO unit was made up of sym-
metric cells on both sides of the membrane with dimensions of
0.026 m width, 0.077 m length, and 0.003 m depth. The cross-flow
was in a counter-current mode at 0.085 m/s. More information on
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Fig. 8. Average water flux versus various concentrations of FS according to the
simulation parameters (baseline data).

the experimental system and conditions can be found in the liter-
ature (Phuntsho et al., 2012). The simulation model platform was
run by using the operational conditions of Phuntsho et al. study
to investigate the water flux profile. It is important to mention
that the standard deviation and error percentage of the data were
estimated using two following equations (Abramowitz and Stegun,
1964; Juang et al., 2010):

%SD = 100 x

(16)

Z [1 - (Cmodel/Cemp)]z
n-1

1 Cmod el — Cemp
%Error =100 x | — | |
n Zn: Cmod el

(17)

where n is the number of data, Cp,,4e; is the modeling results, and
Cemp is the empirical data.

According to Fig. 6, trend of changes in water flux was well pre-
dicted by the agent-based model simulation. The model errors are
presented in Table 3. The results have shown a good agreement
between outputs obtained from the simulation and empirical data
in the case using both DI water and BW as FS. As a result, the
agent-based model provided a good simulation of FO mode.
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3.3. Effect of net bulk osmotic pressure

In order to investigate the influence of bulk osmotic pressure
difference between the DS and FS, the following simulation pro-
tocol was used for various draw solutes. The simulator platform
was first run by using DI water as FS and incrementally increasing
the DS concentration up to the specified concentration (depending
on the available data for each solute and considering the assump-
tion mentioned in Section 2.3 for the ratio of solute concentration
which is reasonable for relatively dilute solutions), to examine the
ICP effect.

After the flux determination was taken at the final DS con-
centration with DI water feed, a subsequent increase in NaCl FS
concentration was applied while keeping the specified concentra-
tion of DS constant, to investigate simultaneously the ICP and ECP
effects.

For this purpose, nine different solutes which are the most
widely used as solute of DS in FO process were selected. It is nec-
essary to mention that there are some features for selecting a DS
such as being highly soluble and recoverable, economical possibil-
ity, and being easily separable from water (Cath et al., 2006; Jung
et al., 2011). Fig. 7 shows the effect of net bulk osmotic pressure
known as the driving force of FO process versus average water flux
for various DSs. According to the aforementioned simulation proto-
col, the logarithmic increase in average water flux with an increase
in effective osmotic pressure difference can be seen in the ascend-
ing line of each solute. It was completely attributed to the dilutive
ICP because the feed was DI water. When the concentration of NaCl
as FS was raised, the flux suddenly declined due to the combined
effect of dropped osmotic pressure difference and concentrative
ECP. It should be also taken into account that each draw solute,
with respect to the driving force that creates, can produce different
amounts of water flux. Similar flux behaviors were observed in the
previous studies (McCutcheon and Elimelech, 2006; McCutcheon
et al., 2005, 2006).

3.4. Effect of the different parameters on water flux

According to the proposed model and simulation parameters,
the variation of average water flux with respect to the different con-
centrations of FS is shown in Fig. 8. The FO was simulated under the
conditions presented in Table 2 while maintaining the concentra-
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Fig. 9. Effect of FS and DS temperature on percentage of changes in average water flux.
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Fig. 10. Effect of length of module on percentage of changes in average water flux.
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Fig. 11. Effect of FS cross-flow velocity on percentage of changes in average water flux.

tion of DS at 3.0 Molar and changing the concentration of FS from 0
to 2.0 Molar. The influence of some parameters, in the following sec-
tions, including temperature, length of module, cross-flow velocity,
pure water permeability coefficient, and structural parameter of
membrane were compared to this base condition.

3.4.1. Effect of temperature

The influence of temperature on percentage of changes in aver-
age water flux was investigated in three different states of FS and
DS temperature compared to the base condition. As shown in Fig. 9,
temperature has a positive effect on water flux. Generally, tempera-
ture can affect the osmotic pressure and thermodynamic properties
of solutions such as viscosity and diffusion coefficient (McCutcheon
and Elimelech, 2006; Phuntsho et al., 2012). Based upon monitor-
ing of simulation parameters in the platform, by increasing the
temperature of each solution, dynamic viscosity was decreased but
diffusion coefficient of solutes and osmotic pressure were raised.

On the one hand, when the temperature of FS was increased,
the net osmotic pressure for driving the water in FO process was
reduced. However, increasing the mass transfer coefficient of FS
(kg), due to the rise of diffusion coefficient, resulted in reducing
the ECP modulus (McCutcheon and Elimelech, 2006). On the other
hand, the growth in temperature of DS led to the increase in the net
driving force of FO process. Furthermore, the increase in diffusion
coefficient was expected to ultimately lower the solute resistivity
of membrane support layer as indicated by Eq. (7), subsequently
declining the ICP effects. These results confirm those of other
researches which investigated the effects of temperature on water
flux (McCutcheon and Elimelech, 2006; Phuntsho et al., 2012).

3.4.2. Effect of length of module

Fig. 10 displays the effect of length of module on percentage of
changes in average water flux of the FO process in three various
conditions of length compared to the base condition. The increase
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Fig. 13. Effect of structural parameter of membrane on percentage of changes in average water flux.

in the length of module resulted in the decrease of water flux. It
was due to the decreased concentration difference of FS and DS,
thereby reducing the net driving force of FO, as the length of mod-
ule increases (Shim and Kim, 2013). Moreover, it is important to
mention that the effect of ECP modulus as an undesirable impact
was more severe by increasing the solute concentration of FS.

3.4.3. Effect of FS cross-flow velocity

The effect of FS cross-flow velocity on percentage of changes in
average water flux was studied in three different values of FS cross-
flow velocity compared to the base condition. It can be observed
in Fig. 11 that increasing the cross-flow velocity of FS increased
the percentage of average water flux. This was generally attributed
to the rise of mass transfer coefficient of FS (kr) which led to the
decline of ECP modulus and enhancement of water flux (Jung et al.,
2011). Thus, negative effects of ECP can be reduced by increasing
cross-flow velocity and turbulence. However, the adverse influ-
ence of ICP cannot be decreased by changing the cross-flow velocity
because it occurs within the porous support layer (Cath et al., 2006).

3.4.4. Effect of pure water permeability coefficient

The influence of various values of pure water permeability coef-
ficient on percentage of changes in average water flux compared
to the base condition is presented in Fig. 12. As indicated by Eq.
(8), pure water permeability coefficient has a direct effect on the
obtained water flux. As pure water permeability coefficient was
increased, the average water flux was raised. However, by increas-
ing the concentration of FS, due to the rise in adverse influence
of ECP, the percentage gain in average water flux was gradually
decreased. Therefore, enhancement in membrane characteristics
by increasing water permeability is an approach to improve water
flux (Jung et al., 2011).

3.4.5. Effect of structural parameter of membrane

The structural parameter of membrane includes thickness (t),
tortuosity (7), and porosity (¢). This parameter indicates the extent
of ICP within the porous support layer. As the membrane thickness
and tortuosity decrease (considering that control of tortuosity is
more difficult) and the membrane porous support layer becomes
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Fig. 14. A schematic diagram of (a) the overall relationship between input and output parameters and (b) the effects of process parameters on the water flux.

more porous, as shown in Eq. (7), the ICP effect can be reduced
(Dabaghian and Rahimpour, 2015; McCutcheon and Elimelech,
2006). From the results shown in Fig. 13, as the structural parame-
ter of membrane increased, the water flux was reduced due to the
rise of solute resistivity. In addition, by increasing the amount of
FS concentration, owing to the combined adverse influence of ECP
and ICP, the percentage of average water flux was declined. These
findings are in agreement with other previous researches results
(Jung et al., 2011; McCutcheon and Elimelech, 2006).

3.5. Overall relationship between input and output parameters

The influence of some process parameters have been dis-
cussed above. Fig. 14 illustrates the overall relationship between
input and output parameters. As can be seen in Fig. 14(a), after
entering the input parameters, calculating the thermodynamic
parameters using Tables A1-A4, and employing the presented algo-
rithms, output parameters are determined. Furthermore, Fig. 14(b)
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schematically represents the effects of process parameters on the
water flux.

4. Conclusions

In this study, an agent-based model for simulation of FO mode
was developed for the first time using the NetLogo platform. Fur-
thermore, the dynamic of FO process was represented in order to
comprehend its complex behavior. This simulation model allows
researchers to have a better prediction and understanding of the
output of FO process. Some of the advantages of the proposed
model were as follows: being accessible for even non-expert users,
providing the facility and flexibility for predicting the FO process
performance at various scenarios, investigating the potential of
different solutes as DS, and developing visualization tools in the
graphical user interface to show the dynamic of process.

The influence of process parameters, including temperature,
length of module, FS cross-flow velocity, pure water permeabil-
ity coefficient, and structural parameter of membrane on average

Table A1

water flux was studied. The simulation outputs revealed that
among the different process parameters, increase in length of mod-
ule and structural parameter of membrane had negative impact on
average water flux. The experimental water flux data obtained from
applying FO mode by commercial CTA membrane for diluting KCI
solution with DI water and BW solutions were also successfully
used as case study to validate the NetLogo platform.

This Simulation model provided the ability to test wide variety
of scenarios in a very short time (due to the model flexibility and
facility for creating different scenarios rapidly) and without actually
conducting a physical experiment in order to achieve the optimal
conditions.

Appendix A. Solution and solute properties

The coefficients used in each of the polynomial equations
for various physical properties of solutions are tabulated in
Tables A1-A4.

Coefficients of polynomial equations used for determination of dynamic viscosity of solutions.

Dynamic viscosity (j4[Pa.s], C [Molar]) jt=a+ BC+yC? +8C +0C*

Solute Coefficient(x1076) Remarks Ref.
o B y %
NacCl 890.7 70 1.75 - @298 K (Sagiv et al., 2014)
NaCl 798.1 64 16 - @303K (Sagiv et al., 2014)
KCl 846 35 - - @298 K (Sagiv et al., 2014)
NH4HCO3 897.1 320 —-4.5 - @298 K (Sagiv et al., 2014)
NH4HCO3 798.1 291 -7 - @303K (Sagiv et al., 2014)
Na,S04 890 428.5 - - @298 K For C <0.65 Molar (Geraldes et al., 2001)
Sucrose 890 375 1550.1 - - @298 K For C< 1.1 Molar (Geraldes et al., 2001)
MgSO4 889 647 —505 215 - @298 K (Laliberté, 2007)
MgCl, 882 397 =71 70.9 - @298 K (Laliberté, 2007)
CaCl, 904 —-45.9 467 —-178 28.1 @298 K (Laliberté, 2007)
Glucose n =2.0041 x 1076 x @298 K (Bui and Nguyen, 2004)
exp(—0.4324C) x
exp( Z4258C11889.3 )
Table A2
Coefficients of polynomial equations used for determination of density of solutions.
Density (p[kg/m?], C [Molar]) p=a + BC+yC? +5C3
Solute Coefficient Remarks Ref.
o B 4
NacCl 996.845 40.5 - @298 K (Sagiv et al., 2014)
NaCl 995.404 40 - @303K (Sagiv et al., 2014)
KCl 997.048 48 1.04 @298 K (Sagiv et al., 2014)
NH4HCO3 996.84 31 -1.2 @298 K (Sagiv et al., 2014)
NH4HCO3 995.404 30.5 -1.18 @303K (Sagiv et al.,, 2014)
Na,SO4 997.1 124.332 - @298 K For C <0.65 Molar (Geraldes et al., 2001)
Sucrose 997.1 134.058 - @298 K For C< 1.1 Molar (Geraldes et al., 2001)
MgSO4 997 109 - @298 K (Laliberté, 2007)
MgCl, 1000 69.2 - @298 K (Laliberté, 2007)
CaCl, 1000 78.3 - @298 K (“OLI Stream Analyser 3.2”)
Glucose 1000 55.4 —4.05 118 @298 K (Castaldi et al., 1998)
Table A3
Coefficients of polynomial equations used for determination of diffusivity of solutions.
Diffusivity (D[m?/s], C [Molar]) D=a+ BC+yC?+5C3 +6C*
Solute Coefficient(x10-12) Remarks Ref.
o B y 8 0
Nacl 1570 -360 300 N - @298 K For C<0.528 Molar (Sagiv et al., 2014)
NaCl 1509 -94 -6 - - @298 K For 0.528 < C<3.5 Molar (Sagiv et al., 2014)
NaCl 1780 —700 1500 —-1200 - @303 K For C<0.315 Molar (Sagiv et al., 2014)
NaCl 1707 -116 -4 - - @303 K For 0.315 <C<3.5 Molar (Sagiv et al., 2014)
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Table A3 (Continued)

117

Diffusivity (D[m?/s], C [Molar]) D=a+ BC+yC? +5C3 +0C*

Solute Coefficient(x1012) Remarks Ref.
o B 1% 8 6
KCl 1880 90 14 - - @298 K (Sagiv et al., 2014)
NH4HCO; 1429 —66 186 - - @298 K For C<0.481 Molar (Sagiv et al., 2014)
NH4HCO5 1390 96 10 - - @298 K For 0.481 <C<3.11 Molar (Sagiv et al., 2014)
NH4HCO5 1608 -82 231 - - @303 K For C<0.425 Molar (Sagiv et al., 2014)
NH4HCO3 1560 102 95 - - @303 K For 0.425 < C<3.12 Molar (Sagiv et al., 2014)
Na,S04 D=123x10"° - @298 K For C <0.65 Molar (Geraldes et al., 2001)
4.22 x 107 10¢c04
Sucrose 0.52 -0.222 - - - @298 K For C< 1.1 Molar (Geraldes et al., 2001)
MgSO4 601 —425 303 -107 14 @298 K (Rard and Miller, 1979a)
MgCl, 1030 38 64 -38 4 @298 K (Miller et al., 1984)
CaCl, 1110 43 96 -41 3 @298 K (Rard and Miller, 1979b)
Glucose 666 -143 16 -0.7 - @298 K (Castaldi et al., 1998)
Table A4
Coefficients of polynomial equations used for determination of osmotic pressure of solutions.
Osmotic pressure (m[Pa], C [Molar]) 7 = « + BC + yC? 4+ 8C3 + 6C* + ¢pC° + oCC
Solute Coefficient(x10%) Remarks Ref.
o B y $ 0 ¢ o
NaCl - 42.6 7 - - - - @298 K (Sagiv et al., 2014)
Nacl - 42.8 7.1 - - - - @303 K (Sagiv et al., 2014)
KCl - 45 047 - - - - @298 K (Sagiv et al., 2014)
NH4HCO3 - 441 -3.2 - - - - @298 K (Sagiv et al., 2014)
NH4HCO5 - 45 -3.2 - - - - @303 K (Sagiv et al., 2014)
Na;S04 77 =51.0082 x @298 K For C < 0.65 Molar (Geraldes et al., 2001)
]OSCo,QS
Sucrose - 23.22 7.02 7.04 - - - @298 K For C < 1.1 Molar (Geraldes et al., 2001)
MgSO4 -1.19 73.8 -130.44 95.32 -26.81 2.93 —0.08 @298 K (“OLI Stream Analyser 3.2")
MgCl, 9.16 51.25 39.6 -0.2 -0.09 - - @298 K (“OLI Stream Analyser 3.2")
CaCl, 8.51 50.95 20.66 4.52 -0.5 - - @298 K (“OLI Stream Analyser 3.2")
Glucose T =101325 x 0.0821 x T(K) x C(Van't Hoff's equation) For dilute solution -
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