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ABSTRACT

Electrodialysis (ED) is a feasible method for acid recovery because it has the capability of separating ionic
chemicals from non-ionic chemicals in process or waste streams to achieve product purity or eliminate
wastes. At the same time, it can also enrich the separated chemicals. In this work, a model based on first
principle was developed in order to understand the behavior of electrodialysis process. The Nernst-Planck
derived relationship was used to build the ED process model which contains a set of ordinary differential
equations (ODE). A degree of freedom analysis was carried out and a unique solution with 38 unknown
parameters were identified. The parameters were determined from the literature and various equa-
tions. The developed model was then simulated and the results were compared to that from previous
experimental work. The accuracy of the developed model was high with 99% degree of confidence. The
sensitivity analysis of various ED parameters towards its performances was also analyzed. It was found
that process time and energy consumption increased when higher initial HCl concentration in the dilute
and concentrate tanks, higher current density and lower Vconc/Vy; ratio were applied. However, the effect

of flowrate on process time and energy consumption was found to be insignificant.

© 2010 Elsevier B.V. All rights reserved.

1. Introduction

The percentage of fresh fruit bunch of oil palm which is recov-
ered as palm oil is only 21.6% (by weight), leaving the remaining
as by-products, and this includes the palm kernel and solid wastes
which comprise of empty fruit bunch (EFB), fiber and shell [1]. From
the EFB, sugar can be produced through the hydrolysis process by
using hydrochloric acid (HCI) [2]. The remaining acid from hydrol-
ysis must be separated from the sugars in order to yield pure sugar
and to reduce the processing costs by recovering and recycling the
hydrochloric acid. With the conventional neutralization process,
the acid is neutralized using large amount of alkali. This ren-
ders the acid unrecoverable, and the process costly, because large
amount of alkali is needed for the neutralization. Here, electrodial-
ysis is found to be a feasible technique because it not only recovers
and concentrates the hydrochloric acid but also prevents unnec-
essary consumption of the alkali for the neutralization process
[3].

Electrodialysis (ED) is an electrochemical process for the sep-
aration of ions across charged membranes from one solution to
another under the influence of electrical potential difference which
is used as the driving force. It is used to remove ionized substances
from liquids through selectivity ion permeable membranes. In the
process, the ions are selectively transported through the appro-
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priate membrane while non-ionic and macromolecular species are
rejected [4].

In a conventional electrodialysis stack, cation and anion-
exchange membranes are placed alternatively between the cathode
and the anode. When a potential difference is applied between
both electrodes, the cations move towards the cathode and anions
towards the anode. The cations migrate through the cation-
exchange membranes, which have negative fixed groups, and they
areretained by the anion-exchange membranes. On the other hand,
the anions migrate through the anion-exchange membranes, which
have positive fixed groups, and they are retained by the cation-
exchange membranes. This movement produces a rise in the ions
concentration in some compartments (concentrate compartments)
and the decrease in the adjacent ones (dilute). Fig. 1 shows a
schematic diagram of a typical ED cell arrangement consisting of a
series of anion- and cation-exchange membranes (AEM and CEM).

The principal ionic transport process that is used in electro-
dialysis is the migration of charged species in electric fields. The
electrolyte and membranes are subjected to an electric field, and
a transport of current by ionic conduction is induced. In the mem-
brane this is dominated by migration, whereas in the electrolyte
solutions this transport is complemented by diffusion and convec-
tive processes. Water transport across ion-exchange membranes
accompanies electrodialysis and may consist of solution trans-
port corresponding to primary hydration of the ions and also an
additional quantity. The total solution transport caused by cur-
rent is generally referred to as electro-osmosis. Osmotic transport
also is a natural phenomenon in electrodialysis and the osmotic
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Nomenclature

Symbol

a limiting current density coefficient
(cm3a—b—2 sb mol*"‘)

AgRs electrode surface area (cm?)

me effective membrane surface are per each cell pair
(cm?)

Am overall membrane surface area (cm?2)

b limiting current density coefficient

Cge bulk concentrate concentration (molL~1)

Cap bulk dilute concentrations (molL~1)

Cprc concentration of membrane interface in concentrate
compartment (molL~1)

Cerp concentration of membrane interface in dilute com-
partment (molL-1)

co initial concentration of hydrochloric acid in the feed
stream (molL~1)

ct final concentration of hydrochloric acid in the feed
stream (molL~1)

Cl e concentration of hydrochloric acid (HCI) in concen-
trate tank (molL-1)

Ceonc concentration of hydrochloric acid (HCl) in concen-
trate compartment (molL~1)

ACg difference of acid concentration in Conc (concen-
trate) and Dil (dilute) compartments (molL-1)

C;.l concentration of hydrochloric acid (HCI) in dilute
tank (molL~1)

Cail concentration of hydrochloric acid (HCI) in concen-
trate compartment (molL~1)

D concentration diffusion coefficient of acid through
membranes (dm?s~1)

Dq diffusion coefficient of CI~ through anion exchange
membranes (dm?s~1)

D. diffusion coefficient of H* through cation exchange
membranes (dm2s—1)

Ep Donnan potential differences (V)

Eq electrode potentials (V)

E; junction potential differences (V)

F Faraday constant (C mol-1)

h thickness of the electrolyte solution involved (mm)

1 current (A)

j current density (Acm—2)

Jiim limiting current density (Acm=2)

Ji overall ion flux (kmolm2s-1)

Jw overall water flux (kmolm?s~1)

Jwa flux water based on different concentration
(kmolm?2s-1)

km mass transfer coefficient (dimensionless)

kp cost of electrical power in ED stack (RM/kWh)

l average thickness of membranes (cm)

Ig thickness of anion exchange membrane (cm)

I thickness of cation exchange membrane (cm)

L membrane gap (mm)

Lw membrane constant for water transport by diffusion
(cms™1)

N number of cell pair (dimensionless)

p vector of time independent parameter

Qe flowrate of concentrate solutions discharge from the
concentrate tank pump (cm3s-1)

Qe flowrate of concentrate solutions discharge from the
concentrate compartments (cm3s—1)

Q;“ flowrate of concentrate solutions discharge from the

dilute tank pump (cm3s-1)

Qi

R
Rc

flowrate of concentrate solutions discharge from the
dilute compartments (cm3s—1)

electrical resistance (£2)

gas-law constant (mol~1K-1)

price of acid yielded (RM/mol)

anion transport number in the AEM (dimensionless)
cation transport number in the AEM (dimension-
less)

cation transport number in the CEM (dimension-
less)

anion transport number in the CEM (dimensionless)
transport number cation in solution (dimension-
less)

the final time (s)

time taking measurements (s)

water transport number (dimensionless)

absolute temperature (K)

potential drop (V)

volume compartment (cm3)

molar volume of pure water (dm3 mol~1)

linear velocity (cms=1)

width of membrane (cm)

electrical energy consumption (Wh)

actual value (dimensionless)

simulated value (dimensionless)

mean of the y value (dimensionless)

ion charge (dimensionless)

Greek variables

o
r
n
1)
Ap
A

limiting current density coefficient
product recovery percentage

current efficiency

boundary layer

equivalent conductance at infinite dilution
molar conductivity in solution

01, 03, 03 constant value in molar conductivity

X electrical conductivity

Subscripts

dil dilute

Bf,C the membrane surfaces in C

Bf,.D the membrane surfaces in D

C concentrate compartment

D dilute compartments

D,c Donnan potential of CEM

D,a Donnan potential of AEM

fa,C boundary layers adjacent to the AEM in the C com-
partment

fa,D boundary layers adjacent to the AEM in the D com-
partment

fd,C boundary layers adjacent to the CEM in the C com-
partment

fd,D boundary layers adjacent to the CEM in the D com-
partment

ERS electrode rinse

ja,C junction potential of AEM in C compartment

ja,D junction potential of AEM in D compartment

jc,C junction potential of CEM in C compartment

JeD junction potential of CEM in D compartment

Supercripts

L lower bound
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upper bound
tank

initial

cation

anion

+oHc

transport takes places in the same direction as the ionic transport
[6].

Many researchers have studied the separation of acid and sugar
using electrodialysis experimentally. These experiments include
separation of lactic acid from fermentation broth which contained
glucose [7], recovery of propionic and acetic acid from sugarin a fer-
mentation broth [8], recovery of acid from acid-sugar hydrolyzate
[9], separation of acetic acid from unreacted glucose and other
nutrients from fermentation broths [10], deacidification of sugar
in synthetic cane juice [11], separation of lactic acid from glucose-
acid solution [12], and recovery of hydrochloric acid from synthetic
glucose—hydrochloric acid mixture [13].

Only a few studies used models to predict the behavior of the ED
and these models were basically empirical in nature. The empirical
model that was employed was derived from facile mathematical
tool effective within the range of phenomenological dependent
coefficients obtained from experimental work such as in the recov-
ery of acid from sulfuric acid-glucose-xylose [4], enrichment of
tartaric acid from glucose in the grape juice industry waste [14],
enrichment of the citric acid from fermentation broth [15], and
recovery of citric acid from sugar in pineapple juice solution [16].
While this approach is very simple, it fails to represent the detailed
behavior of the electrodialysis process. Due to the limitations of
the empirical models, there is a need to develop another model
based on a first principle that can give detailed behavior of elec-
trotransport in the ED cell, especially on the mechanism of ion
transport.

In order to gain better insight of electrodialysis, the parameters
that are affected by the process must be understood and distin-
guished. There are three main process parameters that affect the
electrodialysis performance: (1) initial concentration of feed and
product solution, (2) current applied and (3) flowrate. In addition,
the initial volume in the dilute and concentrate tanks, to a cer-
tain extent, also affect the ED performance due to the influence of
the water transport as a result of volume difference [17]. Another
parameter that indicates the performance of electrodialysis stack
is product recovery percentage. Product recovery percentage gives

a picture of how much the product in the feed stream can be
transferred into a desired product stream. In this case, the prod-
uct recovery percentage also means the separation percentage. It
refers to the difference in the initial and final concentration of the
electrolyte solution. Other equally important parameters that affect
economy of the process include current density, potential drop
across the ED stack and operating time [18,19].

In this work, development and simulation of a mathematical
model based on first principle to represent the behavior of an ED
unit for recovering hydrochloric acid from feed solution containing
hydrochloric acid, glucose and water were endeavored. The model
was validated by comparing the observed results of the previous
experimental work [28]. The effects of current density, initial con-
centration in the dilute and concentrate tanks, initial volume in the
dilute and concentrate tanks and feed flowrate on product recov-
ery percentage, energy consumption and process time were also
evaluated by the model simulation.

2. Development and sensitivity analysis of first principle
model

The first principle model was derived based on the
Nernst-Planck equation. The degree of freedom analysis (DOF)
was carried out to ensure a unique solution can be achieved. Based
on the DOF analysis, the unknown parameters were identified. The
data were obtained from the manufacture data sheet and various
literatures.

2.1. Model for mass transport in ED

A mathematical model based on the first principle was devel-
oped to describe electrodialysis. A Nernst-Planck (NP) equation,
the irreversible thermodynamic (IT) approach, was selected due
to its simplicity for use as a mathematical tool to link the flux of
the species through the membrane with interfacial concentrations.
The NP equation contained two terms that reflect the contribution
of diffusion and electro-migration in the ionic transport. However,
in this study, only one diffusion coefficient per ionic species in
each phase was employed in order to be able to integrate it with
other equations describing water transport through the electro-
membranes.

In this study, two different compartments were considered in
ED, i.e., feed (dilute) and product (concentrate) compartments. The
ED dilute compartment consisted of hydrochloric acid, glucose and
water while the concentrate compartment consisted of hydrochlo-
ric acid and water. Glucose (CgH1,0¢) does not decompose as it has

Fig. 1. Electrodialysis process with series of cation and anion exchange membranes [5].
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Fig. 2. Schematic diagram of ED unit.

covalent bonds which do not release free moving ions. Therefore,
it remained in the feed compartment. 5gL~! concentration of glu-
cose in dilute was used and this is based on Radzi’s work [20]. The
schematic diagram of the ED with batch recirculation is presented
in Fig. 2.

2.1.1. The overall flux of acid
The ion flux through a generic electro-membrane can be rep-
resented as the sum of two terms; the first term is related to the

applied electric field and the second term is related to ion diffusion
[17]:

i Da(Chyc — Crp)  De(Ceyc — Corp)

Ji=F Ia Ic (1)

where z is ion charge; 7 is current efficiency; F is the Faraday con-
stant; j is the current density; Cgsc and Cgpp are hydrochloric acid
(HCI) concentrations on the surface membranes in the sides of
the concentrate and dilute solutions; D, and D, are the diffusion
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coefficients of Cl~ through the anion exchange membranes and
H* through the cation exchange membranes respectively; and I,
and [ are the thickness of the anion exchange membrane and the
cation exchange membrane respectively. Current efficiency can be
expressed by Eq. (2) [3]:

F
I(I/am)

where tf and t; are the cation and anion transport number in
the CEM and AEM, D is the diffusion coefficient of HCI through
membranes, [ is the average thickness of membranes and (I/am) is
current densities.

Based on the assumption that the boundary layers established
are invariant, the concentrations of Cgc and Cggp can be calculated
on the basis of the bulk concentrations, current density, and limiting
current density as shown in the following equations [21]:

n=(t¢+ty —1)—D(Cpc — Cpp) (2)

Corc = Cloe (1 + ) 3)
Jiim
Cor.p = G (1 - ) “
Jiim

where Cl;,,., CI is the HCI concentration in the concentrate and
dilute tanks respectively and jj;,, is the limiting current density. jjn,
can be described as the empirical equation related to the dilute tank
concentration, Cgﬂ, and its velocity and is shown as follows:

Jiim = aC*v® (5)

The a and b coefficients in Eq. (5) should be determined by mea-
suring jj;, for different linear flow velocities for each specific cell
design. The « coefficient should be determined by measuring ji;,
with different dilute concentrations while v = Q/wWLN where w is
the width of membrane, N is the number of cell pairs, Q is the
flowrate of the solution and L is the membrane gap [3].

2.1.2. The overall flux of water

In the same ED cell pair, the overall water transport through
the electro-membranes from the dilute to the concentrate stream
can be expressed by accounting for electro-osmosis (the migration
of water molecules associated with ions) and the concentration
osmosis phenomenon [22].

Jw ="+ (6)

where tyy is the water transport number.

According to the Spiegler-Kedem model, Jy4 is proportional to
the net pressure difference across the membranes. The pressure dif-
ference (AP)between the inter-membrane can be neglected since it
is very small if compared to the overall AP.J, is mainly controlled
by the corresponding instantaneous osmotic pressure difference
(Am). Osmotic pressure difference can be assumed as proportional
to the difference in HCI concentration across the membrane. Thus
Jwad can be expressed as:

Jwa = Lp(Amo — AP)~ L,Ano ~ Ly ACp (7)

where Ly is the membrane constant for water transport by dif-
fusion and ACg is the difference of HCl concentration in the
concentrate and dilute compartments [22].

2.1.3. Mass balances in an ED system
The assumptions made in developing a small scale of ED model
following the Nernst idealization [17,23,24] were:

e Osmotic pressure difference was equal to the difference in HCl

concentration across the membrane.

Boundary layers adjacent to the membranes were completely

static.

¢ The influences of the flow profile of the fluid on the model were
negligible for both dilute and concentrate channels. Thus, the
solutionin the interior of a solution compartment was thoroughly
mixed so that the concentration of the electrolyte at any point in
this zone was similar.

e There was no change in the thickness of the boundary layer or
the gradient along the flow channel.

¢ The flow dynamics were similar in all compartments.

e The distribution of pressure and current was uniform.

e Trans-membrane pressure was zero.

e There was no solution leakage in the membrane.

e Transport due to convection is ignored.

2.1.3.1. Mass balance in the ED compartments. The mass balances
for the ED stack which include the solute (HCI) and the solvent
(water) in the ED compartments and in the tanks are as follows.

2.1.3.1.1. Concentrate compartment. Water transport which
occurs in the concentrate compartments can be expressed by the
following equation:

chonc = Qc]onc + JwAmVw (8)

where Ap, is the overall membrane surface area, Q. is the flowrate
of the concentrate solutions discharge from the concentrate tank
pump, Q2. is the flowrate of the concentrate solutions discharge
from the concentrate compartments and Vjy is the molar volume
of pure water.

For the solute transport, the mathematical expressions are
shown by the following equation:

dCCOTlC

VCOT"P dt = ngncC;ronc - choncCCOﬂC +JiAm (9)

where Ceonc is HCl concentration in the concentrate compartment
and Veomp is the volume compartment.

By replacing Eq. (8) with Eq. (9), the following equation can be
obtained:

dcC,
‘;?nc = chonc(ccronc — Ceonc) +JiAm — JwAmVwCeonc (10)
2.1.3.1.2. Dilute compartment. The equation shown below rep-
resents the mathematical expression for water transport in the
dilute compartments.

Qi = Qg —JwAmViw (11)
where Qﬂ}il is the flowrate of the dilute solution discharge from the
dilute tank pump and Qjﬂ is flowrate of dilute solution discharge
from the dilute compartments.

The solute transport in the dilute compartments can be
expressed as:

dCy;

Vcomp% = QJ,-,C(E, - Qgﬂcdil —JiAm (12)
where Cg; is the HCI concentration in dilute compartments.

By replacing Eq. (11) with Eq. (12), the following equation can
be obtained:

dCy;
Vcomp% = Q(}i,(cgﬂ - Cdil) —JiAm + JwAmVwCeonc (13)

Veomp

2.1.3.2. Mass balances in the tanks.
2.1.3.2.1. Concentrate tank. Water transport in the concentrate
tank is described by the following equation:

dVCI;)T]C

T = chonc - chonc (14)
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By substituting Eq. (7) with Eq. (14), Eq. (15) can be formed:

chTonc
dt

:]wAme (15)

The solute transport in the concentrate tank can be expressed
by the equations below:

T T
% = choncCCOTlC - ngnccgonc (16)

Replacing Eq. (6) with Eq. (16), the following mathematical

expression is derived:
dccr VI
W = chanc(cconc - Cg;mc) +JwAmeCconc (]7)

By splitting the derivative part of Eq. (17) on the left side, the
following equation is formed:

ngonc
dt

dVg;Jnc
dt

Vg;mc = Qc10nc(cconc - Cgunc) + JwAmVwCeonc

(18)

T
+ Cconc

Substituting Eq. (15) with Eq. (18), the following complete math-
ematical expression can be obtained:

dC(_TOnC
dt
2.1.3.2.2. Dilute tank. The mathematical expression related to

water and solute transport in the dilute tank can be derived as
shown in Egs. (20) and (21) respectively.

VZ;mc = chonc(cconc - Cg-onc) + JwAmVw(Ceonc — Cgonc) (19)

avy,
dt = —JwAmVw (20)
T dCZi-il 1 T T

Vdil dr = Qdi[(cdil - Cdil) *.]WAmVW(Cdil - Cdil) (21)

If Qlync = Q; = Q, the entire mass balances derived in the concen-
trate and dilute compartments and in the concentrate and dilute
tanks can be rearranged as Egs. (22)-(27).

2.1.4. Overall potential drop, resistances and energy consumption
across an ED stack

The overall potential drop across an ED stack can be written as
Eq. (28) [22].

E —Eo + (E; + Ep)N =RI (28)

where [ is the current flowing through the ED device; E, is the
electrode potentials for the anode and cathode processes; R is the
overall resistance of the membranes, the bulk solutions, the bound-
ary layers, and the electrode rinsing solutions and E; and Ep are
the overall junction and Donnan potential differences across the
boundary layers and membranes pertaining to any cell respec-
tively; N is the overall number of cells, each one composed of a
couple of anionic and cationic membranes.

The junction potential difference adjacent to the AEM and CEM
membranes (Ejq  and Ej.x), can be expressed in Egs. (29)-(32) [25].

RcT _ Cer.c
E®M = —~_(tT —t7)In < : (29)
ha F CgOnC
dit _ ReT G
i _ + _ = 1,
Efil = S (e — )In <CBf,D) (30)
ReT cr
conc __ + _ = conc
B = ZC2 (¢~ ¢)In <C3f,c> 31)
Edil _ @(ﬁ —t)In Cerp (32)
e F Ci

where Ej,, and Ej, are the junction potential differences for AEM
and CEM; Cgsy is the solute concentration at the AEM and CEM
surfaces in the concentrate and dilute compartments; R is the gas-
law constant; T is the absolute temperature and ¢t~ and t* are the
transport numbers for the anion and the cation in the solution.
The Donnan potential differences (Ep, and Ep.) in a cell pair
with the presence of a couple of anionic and cationic membranes

d(Coone)  QUClone = Ceone) + (¢ + tg = 1) = D(Chyne — CFF/i)j = (Da(Cay,c — Cof,p))/la) NAm

dt NVcomp

- CL)) NAmViw

" (_(DC(CBf,C - CBf,D))/lC)NAm - C;ronc ((tW/F)j + LW(Cgonc

N chmp

d(Ca)  QChy — Can) — (((¢d +tg = 1) = D(Clonc — Cy)F/ili/F — (Da(Cef.c — Caf.p)/la) NAm

dt NVeomp

N (+Dc(Cpr.c — Cor.p)/1c)NAm — Clone (—(fW/F)i — Lw(Clyne — Cg,-,)) NAMVw

NVcomp

d(CcTonC) _ Q(CCDHC - C&)nc) + ((tWJ/F) + (LW(Cg-onc - C;;‘[)))(CCOHC - Cg-onc)NAMVW

(23)

(24)

dt Vg;mc
d(Ch)  Q(Cair — CLp) — (twj/F) + (Lw(Clone — CE))(Cait — Cly INAMViwy
- T
dt Vdil
dv’? tw .
‘;‘?nc = (TW] + Lw(CZ;mC — Cgﬂ)) NAMVW
davrt

i tw .
78 = (=4 ~ Lw(Clone ~ Cly) ) NAw Vi

(25)
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are expressed by [25]:

C
Epa= R;J(t; —tH)n (CBfD> (33)
Bf,C
C
Ep.c= E(rc+ —t7)In [ 22 (34)
F CBf,C

where t/ and ¢ are the cation and anion transport numbers in the
CEM and t, and t; are the anion and cation transport numbers in
the CEM and AEM.

The overall electric resistance of the ED stack can be expressed

as follows [22]:
R=(Rc+Rsp+Rp+Rsp+Ra+Rsgc +Re+ Ry, c)N +2Reggs  (35)

where Ry and Ry are the resistances of the boundary layers
adjacent to the AEM and CEM membranes in the generic kth com-
partment; R and Rq, R¢ and Rp, and Rggs are the resistances of the
cationic and anionic membranes, the bulk solution in the concen-
trate and dilute compartments, and the electrode rinsing solution
respectively.

Except for the membrane resistances, any other generic kth
ohmic resistance can be determined by applying the second Ohm’s
law [26]. The resistances mentioned above can be expressed math-
ematically with the following equations [22]:

2DF

Ripc = -
fa.C JameAO,conc(tg— —t+)
< In Ao, conc + 01 V CZ—onc V Cquc (36)
Ao, conc +01+/Carc \/Ch e
o 2DF
TP jame Aau(ts — )
I Ao.git +02+/Corp VCL (37)
Ag git +62+/Cly v/ Ceip
— 2DF
feb = Jame Ag gty —t7)
x In Aoai +62/Corp Cg“ (38)
Ag git +62+/Cly v/ Cer.0
o 2DF
fec Jame Ao, conc(tg —t~)
«In AO,conc + 6, V CZonc V CBf»C (39)
Ao, conc +01+/Car,c \/Ch e
h
Re=— " (40)
¢ amecgoncAconc
h
Rp= ——— (41)
ameCZ”Adil
hegs
Regs = —1ERS 4
5 ™ s Cers Agrs (42)

where anme and aggs are the effective membrane and electrode sur-
face areas involved in the ion flow pattern; h is the thickness of the
electrolyte solution involved; Ay is the equivalent conductance at
infinite dilution; Aggs is the molar conductivity of the electrode
rinse solution and 61, 6, are constant values.

The molar conductivities of each compartment are calculated
with the Kohlrausch equation, if the temperature and HCl concen-
tration are known [27].

Aconc = AO,conc + 91 V CZonc (43)

Agit = A git + 021/ CL (44)

1

Aggs = Ao grs + 603/ Cegs (45)

where 61, 0,, 03 are the constant values.

The energy considered in this study is the electrical energy
required to transfer ions from the dilute solution to the concentrate
while the energy pumps which flow in the solution is neglected.
This is because the pressure drop inside the ED stack for the lab-
oratory scale is quite small [19]. Electrical energy consumption in
this ED process is calculated with the following expression:

Electrical energy consumption (Ws):

tf
Wetee = / [Giame)?R + (Eet — (Ej + Ep)N)jame] dt (46)
0

2.2. Degree of freedom analysis

The degree of freedom (DOF) analysis is conducted to ensure
the equations representing the ED process can be solved. In other
words, the output variables, typically the variables on the left side
of the equations, can be solved in terms of the input variables on
the right side of the equation. In order to have a unique solution,
the number of unknown variables must equal the number of inde-
pendent model equations.

For the ED system under consideration, the following informa-
tion can be extracted:

e Parameter of constant values:
hERS’ CERS? hv Qme, t+a t, F7 RGa T7 Ia AMa laa lCa VW? VCOTI’!P?
N,w,L,a,b,a,Dq, D, t;,z,Ra, Re

e (27 known parameters—values taken from the literature)
Ag kgs, 02,, 01, 03, Ao conc> Ao it t& 5 D, tw, Ly, Eel

¢ (11 unknown parameters—to be determined by using various
equations)

e Variables whose values can be externally fixed (Forced variable):
JiQ

¢ Remaining variables: C%,., Cgl.l, Ceonc» Caits Veones Vait, Welee, and E.

e Number of equations: eight (Egs. (22)-(27), (28), and (46)).

The parameter of the constant values comprised of the known
and determined parameters. The known parameters as tabulated
in Table 1 were depicted from the manufacture data sheet and liter-
atures. The determined parameters would be calculated using Egs.
(2),(5),(28)and (35). The DOF analysis calculation can be seen with
the following expressions:

- DOF=number of variables — number of equations
- DOF=8-8
- DOF=0 (unique solution)

2.3. Determination of determined parameters
As mentioned earlier, there were 11 parameters which needed

to be determined by using various equations as they were not
available in the literature. Those parameters were: the equivalent
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Table 1
List of parameters taken from the literature.

No. Parameters Value (unit) Reference
1 ame, membrane surface area 40 cm? [28]
2 Ap, the overall membrane surface area 200 cm? [28]
3 I the average thickness of membranes 0.145 mm [28]
4 w is the width of membrane 5cm [28]
5 D, the diffusion coefficient of CI- through A.R.A. membranes 5x1079dm?s! [29]
6 I, thickness of A.R.A. membrane 0.16 mm [28]
7 L is the membrane gap 0.5 mm [28]
8 R, resistance of the A.R.A. membrane 0.048 2 [29]
9 t, anion transport number in the A.R.A. membrane For 0.5M=0.94 [29]

1M=0.87

2M=0.82

3M=0.66

4M=0.55

5M=0.48

6M=041
10 D, diffusion coefficient of H* through C.M.V. membranes 49x10°dm?s! [30]
11 I thickness of C.M.V. membrane 0.13mm [28]
12 R. resistance of the C.M.V. membrane 0.0075 2 [3]
13 h thickness of cell 0.5mm [28]
14 hggs thickness of electrode chamber 2.5mm [28]
15 N number of ED cell 5 [28]
16 Veomp volume compartment 2mL [28]
17 a coefficient of limiting current 10 cm3*-b-2 sb mol—« [3]
18 b coefficient of limiting current 0.78 [3]
19 « coefficient of limiting current 0.8 [3]
20 Cers electrode rinse concentration 05M [29]
21 t~ transport number for anion in solution 0.83 [27]
22 t* transport number for anion in solution 0.17 [28]
23 F the Faraday constant 96485 Cmol~! [27]
24 Rc gas-law constant 8.314]mol~' K-! [27]
25 T absolute temperature 303K [28]
26 Vw, molar volume of pure water 18 x 102 dm? mol-! [27]
27 zion charge 1 [27]

conductance at infinite dilution for the concentrate, dilute and elec-
trode rinse solution, Ag conc, Ao gil> Ao,ers; the constant value of
the molar conductivity for the concentrate, dilute and electrode
rinse solution, 01, 05, 03; the water transport number, ty/; cation
transport number in the CEM, tg’; electrode potentials, E,j; the
membrane constant for water transport by diffusion, Ly, and the
diffusion coefficient of HCI through the membranes, D.

2.3.1. Determination of t} and D

To determine tér and D, the correlation of current efficiency, n,
Eq. (2) was used. 7 is related to the number of moles of an elec-
trolyte transported from the dilute to the concentrate across the ion
exchange membrane. The migration of the electrolyte was caused
by the passage of electrical charges which was expressed in Fara-
day. As a result, the amount of ions transferred can be evaluated by
measuring the changes in the concentration of HCl ions in the con-
centrate tank. Under constant current conditions, 1 at each CT¢opc
could be defined by Eq. (47).

n= (nconc(t) Itnconc(o))F (47)
where neonc(0), neonc(t) is the number of HCl moles in the concen-
trate tank initial and at time, t, respectively.

Figs. 3 and 4 show the HCl concentration profiles and con-
centrate volume profiles as a function of time in the concentrate
tank for different current densities (Cgﬂ = 1M), respectively. By
submitting some of the actual data from Figs. 3 and 4 in Eq.
(47), n can be obtained. The data between the calculated n and
(Cgc — Cp)(F/I(I/am)) for various conditions was plotted. Then the
values of D and (tf +t; — 1) were obtained from the slope and the
intercept of those related equations.

2.3.2. Determination of Ly,
The water transport trend from dilute to concentrate can be
expressed in the form of Eq. (48) as shown

Vcl;)nc(t) = Vcl;)nc(o) + AVcTonc (48)

where V1, (t) is the volume solution in the concentrate tank at
time t; V1,.(0) is the initial volume solution in the concentrate
tank, and AVZ . is the volume of water transported from dilute to
concentrate.

Fig. 3. HCl concentration profiles in the concentrate tank for different current den-
sities. CJ,(0) = 1M [28].
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Fig.4. Concentrate volume profiles for different current densities. CT;(0)=1M [28].

In Fig. 4, all the lines have a similar intercept point at the y-axis.
It was convenient to compare these lines under a similar initial
condition. A first-order polynomial linear equation, y = mx + ¢, could
be written as shown in Eq. (49):

Vg;mc(t) - Vcl;mc(o) =a't (49)
Rearrange and differentiate Eq. (48) to obtain Eq. (49).

d(vcc)nc(t) - V(_?;)HC(O)) — a/

T (50)
While % = b’j; then the summation with Eq. (50) becomes Eq.
(51):
avlk,. )
e =ct dj (51)

where ¢ = (a'/2),d = (b'/2) and dV[,./dt is the slopes of the vari-
ation of volume of concentrate with time which can be obtain from
the data in Fig. 4.

Eq. (51) reveals that water transport is the sum of two effects,
a flux of water proportional to the flux of charge, d and electrically
silent c. Furthermore, c is equivalent to the membrane constant for
water transport by diffusion, Ly, which can be obtained from the
intercept of plot dV/dt versus j.

2.3.3. Determination of ty

To determine ty, the water transport number, the instantaneous
water mole in concentrate compartments must be determined by
using Eq. (52) [22]:

d(nwc)
dt

=JwAm (52)

where nyc = VL, ./Viy is the number of water moles in the concen-
trate tank and Jyy is the water flux which is determined by using Eq.
(5).

Eq. (52) can be integrated thus yielding:

t
Anwc=/JwAmdt/ (53)
0

By replacing Eqgs. (5) and (6), into Eq. (53) and operating at con-
stant current density, the following equations can be derived:

t
ATIWC = tTWjAMt +LWAM/ ACBdt/ (54)
0

t
Anyc = ngty + LwAm/ ACgdt’ (55)
0

where ng (=jAmt/F) is the theoretical equivalent mass transported

according to Faraday’s law. fot ACgdt’ can be approximated as
ACginet which is expressed as Eq. (56) [22]:
ACBf — ACBO[‘
by

Eq. (56) is simply a straight line passing through the points (0,
ACgg) and (tr, ACgr) where ACg is the difference in solute concen-
trations (Ceonc — Cpj;) in the concentrate and dilute compartments
at the end of the process, ACg is the difference in solute concen-
trations (Cconc — Cpjr) in the concentrate and dilute compartments
at the beginning of the process and t; is the time instant at which
the process is terminated (at the end of the process). By replacing
Eq. (56) with Eq. (55), the following equation can be derived:

ACgr — ACpo tz)

ACgin = ACpo + (56)

o (57)

Then, it is possible to determine the water transport number,
tw, as slope which resulted from the Any to ng correlation.

Anywce = twng + LwAy (ACBot +

2.3.4. Determination of E,

If the V versus I plot in the ohmic region was independent of
superficial velocity in any compartment, this would be an indirect
confirmation of negligible polarization effects. By neglecting the
contribution of all terms (resistances and potential differences) per-
taining to the boundary layers adjacent to the electro-membranes
and expressing any membrane resistance in terms of the mem-
brane surface resistance Ry, the overall potential drop across an ED
stack consisting of only anion or cation-exchange membranes can
be derived from Eqgs. (28) and (35) as:

,
E=E,+ [a—mNm+Rb(Nm—1)+2RERS}1 (58)
me

where R, is the resistance of the bulk solution and Ny, is the overall
number of AEM or CEM membranes used.

For a current smaller than one half to three fourth of the limiting
current density, the voltage-current curves are practically indepen-
dent of feed flow rate for any solute concentration. This resulted
in an overall resistance of the ED stack (R) which is almost con-
stant and unaffected by concentration polarization. By correlating
E against I from Fig. 5, via the least squares method, as a function of
concentration and velocity, it is possible to determine the electrode
potential accurately.

2.3.5. Determination of Agconc, Aodit» Aoers, 01, 02, 03

To calculate the molar conductivity of the dilute, concentrate
and electrode rinse solutions (ERS), the electrical conductivity of
the solutions has to be measured. By dividing electrical conductivity
(x) into solution concentration (Cg), the molar conductivity of the
solution can be obtained. This correlation could be expressed by Eq.
(59):

X

A= & (59)

The experimental data of molar conductivity versus the square
root of Cp is plotted. Kohlrausch limiting law is generally regarded
as inadequate to describe the variation of equivalent conductivity
with concentration; such a law was empirically expanded in the
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Fig.5. Current-voltage response of the electrodialysis cell for determining the value
of the limiting current [28].

powers of \/@ that is \/a, Cg, and Cg3/2, to extrapolate the true
limiting conductivity using the least squares method, thus yield-
ing the intercept value that is the equivalent conductance in the
infinitive solution (Ag).

2.4. Comparison and sensitivity analysis

The developed model is compared with the actual data from the
literature to ensure the model proposed is reliable. Its accuracy is
indicated by R? value. To have a better control of the ED operation,
the understanding on the influence of various ED parameters to its
performance is important. Due to this, a sensitivity analysis study
is required.

2.4.1. Comparison of simulations result and literature

In this task, the simulated results were compared with those in
the literature. In this study, Lindheimer et al.’s (1993) work was
chosen as the main reference [28]. The effect of glucose on ED
was neglected and only HCI transport is highlighted. Lindheimer
et al. used a laboratory electrodialysis cell with the specifications
as shown in Table 2.

A computer code for the model proposed was developed and
solved using the ODE solver in MATLAB® version 2006b. The com-
puter processor unit (CPU) applied is Intel Pentium 4 with capacity
3.06 GHz and 960 MB of RAM. The comparison between experi-

Table 2
ED specifications for Lindheimer et al.’s work.
ED specification Value
Anion exchange membrane: A.R.A. membrane 5 pieces
produced by Morgane
Cation exchange membrane: Celemion C.M.V., 6 pieces
produced by Asahi-Glass
Spacers 10 pieces
DC generator: Fontaine Electronique 60 200 60V to20A
Velocity of the solution 5.8cms!
Aym working area of the membranes 40 cm?
VI . initial volume solution in concentrate tank 200mL
VdT“ initial volume in dilute tank 5L

mental data (represented by dotted symbol) and simulated results
(represented by line) from this work is depicted in Fig. 3.

R? value was used as a performance indicator. Higher R? values
signifies that the model fitted better with the data.

5 . SSE
RP=1- S,y (60)
where
2
SSE:Z(y—j/) (61)
2
SSy =Y (v=7) (62)

y is the actual value, y is the simulated value of y and y is the mean
of the y values. A perfect fit would result in an R? of 1, a very good
fit is when R? is near 1 and a very poor fit is when R? is near 0.

2.4.2. Model sensitivity analysis

The important parameters which give significant impact to ED
performances were selected based on the literature. Studies on
the effect of various inputs towards selected outputs variable were
carried out as detailed out below:

1. The effect of initial HCl concentration in dilute tank on process
time.

2. The effect of initial HCI concentration in dilute tank on energy
consumption.

3. The effect of initial HCl concentration in concentrate tank on
process time.

4. The effect of initial HCI concentration in concentrate on energy

consumption.

. The effect of flowrate on process time.

. The effect of flowrate on energy consumption.

. The effect of current density on process time.

. The effect of current density on energy consumption.

coONOY WU

The effect of the initial volume of the solution in the tanks on
process time and energy consumption was also analyzed. The initial
volume solution in the dilute and concentrate tank influences the
transport water and the ion transferred load [31]. For the same
concentration applied, a higher volume tanks means more ions and
water in the solution. The variation of their volume is represented
in the Vionc/Vy; ratio. This analysis is useful especially for adjusting
adequate ratio volume tanks.

In this study, there were 25 runs which comprise of 5 runs for
each parameter. The HCI concentration of both the concentrate and
dilute tank was varied in the range of 0.5-2 M. Low HCI concentra-
tions were selected in order to prevent concentration polarization
phenomenon, membrane fouling, back diffusion and low mem-
brane permselectivity [32-37]. The Vonc/Vy; ratio used in this study
was varied in 0.04, 0.5, 1, 2 and 6. The value of current density
applied was varied in the range of 50-300 mA cm~2. While, the
flowrate used was varied between 3 and 15cm3 s~!. The simula-
tions of ED have target to achieve 99% degree of separation. The
runs conducted in this study are tabulated in Table 3.

3. Results and discussion
3.1. Determination of t} and D

Fig. 6 shows the plot of 1 versus (Cgc — Cpp)(F/lj). Based on Eq.
(2), the slope and intercept of the graph are equivalent to D and
(tF + t; — 1) respectively. From Fig. 6, the values of slope and inter-
ceptare 2 x 10-% cm? s~1 and 0.836 respectively. Since the value of
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Table 3
Runs of various parameter for sensitivity study.

No. run Parameter varied Conc dilute (M) Conc Concentrate (M) Current density (mA cm~2) Flowrate (cm?s~1) Veone[Vgi ratio
Al Concentration in dilute 2 1 150 7.25 1
A2 tank 1 1 150 7.25 1
A3 1.5 1 150 7.25 1
A4 0.75 1 150 7.25 1
A5 0.5 1 150 7.25 1
B1 Concentration in 1 2 150 7.25 1
B2 concentrate tank 1 1 150 7.25 1
B3 1 1.5 150 7.25 1
B4 1 0.75 150 7.25 1
B5 1 0.5 150 7.25 1
C1 Current density 1 1 50 7.25 1
c2 1 1 150 7.25 1
c3 1 1 200 7.25 1
Cc4 1 1 300 7.25 1
c5 1 1 450 7.25 1
F1 Flow rate 1 1 150 3 1
F2 1 1 150 7.25 1
F3 1 1 150 10 1
F4 1 1 150 12.5 1
F5 1 1 150 15 1
V1 Veonc/Vai ratio 1 1 150 7.25 0.04
V2 1 1 150 7.25 0.5
V3 1 1 150 7.25 1
V4 1 1 150 7.25 2
V5 1 1 150 7.25 6

Fig. 6. Plot of n versus (Cgc — Csp)(F/1j).

tq is given in Table 1, the value of t} can be calculated. Thus, the
value of D and t/ are 2 x 10~ cm? s~ and 0.97 respectively.

3.2. Determination of Ly,

Fig. 7 shows the plot of dV/dt versus j. Ly, the membrane con-
stant for water transport by diffusion, can be obtained from the
intercept of the graph line which is based on Eq. (51). The intercept
of the graph line, which is the equivalent to Ly, is 3 x 10~> cms~1.

Fig. 7. Plot of dV/dt versus current density.

3.3. Determination of ty

Fig. 8 shows the plot of net increment in water moles in the con-
centrate tank Anyc versus the Faraday equivalents of the solute
transferred (ng). Based on Eq. (57), the slope of the graph line is
equivalent to water transport number ty,. Consequently, the ty
obtained from the figure which is the slope of the graph line, is
4.24.

3.4. Determination of E;

Fig. 9 shows the plot of voltage (V) versus current (I). The elec-
trode potential, E,;, can be obtained from the intercept of the graph
line which is based on Eq. (58). It can be seen from Fig. 9 that the
intercept of the graph line value obtained, which is the equivalent
of the E,; value, is 2.00 V.

3.5. Determination of Ag,conc, Aodit» Aokrs, 01, 62, 03

Figs. 10-12 show the plot of the molar conductivity versus the
square root of concentration, Cg, for concentrate, dilute and elec-
trode rinse solutions respectively. Kohlrausch limiting law, which
is empirically expanded in powers of \ﬁ ie. \ﬁ Cg, and Cg3/2,
is used to determine Aqg conc, Ao, gil» Ao,ers and 61, 62, 3. From the

Fig. 8. Net increment in water moles in concentrate tank versus the Faraday equiv-
alents of solute transferred (ng).
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Fig. 9. Plot of voltage (V) versus current (A).

Fig. 10. Plot of A versus Cp for concentrate solution.

Fig. 11. Plot of A versus 4 / Cg for dilute solution.

extrapolation of the true limiting conductivity based on Eq. (59)
using the least squares method, the intercept value which is equiv-
alent to conductance in the infinitive solution of the concentrate,
dilute and electrode rinse solutions (Ag) can be obtained. The val-

ues of 64, 0, and 05 are derived from the slope of /Cg.

Fig. 12. Plot of A versus Cp for electrode rinse solution.
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Table 4
List of unknown parameters determined by using various equations.
Determined unknown parameter Value
Cation transport number in the CEM, ¢/ 0.97

Concentration diffusion coefficient of HCl

through membranes, D

Membrane constant for water transport
by diffusion, Ly,

Water transport number, ty

Electrode potentials, E;

Equivalent conductance for concentrate,

AO,cnnc
Constant value for concentrate in molar
conductivity, 6;
Equivalent conductance for dilute, A g;
Constant value for dilute in molar

2x106cm?s!
3x10°cms!
424

2.00V
3.87Sdm? mol~!

—0.21Sdm7”/2 mol3/?

3.79Sdm? mol-!
—0.06 Sdm7/2 mol3/?

conductivity, 6,

Equivalent conductance for electrode
rinse, Ao grs

Constant value for electrode rinse in
molar conductivity, 63

4.30Sdm? mol~!

—3.33Sdm7’/2 mol?/?

From Figs. 10-12, the values of Ag conc, Ao gi, Ao,ers are
obtained from the intercept of the graph and 01, 65, 65 are obtained
from the slope of 4/Cg. Those values are listed below:

- Agconc=3.87Sdm?2 mol-!
- Aggir=3.79Sdm? mol-!
- AO,ERS =430S dm2 IT10171

01 =-0.21Sdm7’/?2 mol3/2
0, =-0.06Sdm7’/2 mol3/2
03 =-3.33Sdm’/2 mol3/2

All the unknown parameters that have been determined in this
section are tabulated in Table 4.

3.6. ED model comparison

The model proposed is simulated using parameters from both
the literature and model calculation as shown in Tables 1 and 4
respectively. The simulated results are then compared with the
actual data depicted in Fig. 3.

The initial conditions of the variables involved are:
Cl,.(0)=0.85M, Cgil(O) =1M, VZ,.(0)=200 mL, VdTH(O) =5L,
Q = 7.25cm3 s~ . The final HCI concentration in the concentrate
tank for various current density, i.e. j=100, 150 and 200 mA cm~2,
were compared.

Fig. 13 shows the plot of the simulation results versus real data.
It can be observed that the simulation results fit the actual data very
well since the R2 > 99% for all the cases.

3.7. Sensitivity analysis of proposed model
All the simulation results for 25 runs are tabulated in Table 5

which is contained of the process time required and energy con-
sumed to achieve 99% degree separation.

Fig. 13. Plot of CL,. versus time.
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Table 5
Process time required and energy consumed from runs of various parameter.

No. run Process time (h) Energy consumption (Wh)
Al 23.2 624
A2 18.5 498
A3 13.1 353
A4 10.2 273
A5 6.96 187
B1 20.6 555
B2 16.1 432
B3 131 353
B4 12.0 324
B5 11.1 299
C1 394 222
c2 13.1 353
Cc3 9.86 419
Cc4 6.57 550
c5 4.39 748
F1 13.16 353.6
F2 13.14 353.2
F3 13.14 353.1
F4 13.13 353.0
F5 13.13 353.0
V1 50.1 1344
V2 241 648
V3 13.1 353
V4 9.06 244
V5 2.90 78

3.7.1. Effect of initial HCI concentration in dilute and concentrate
tanks on process time

From the process time required for A1-A5 and B1-B5 can be
seen that the increase of the initial HCl concentration in the dilute
and concentrate tanks will prolong process time. This is because
a higher initial HCI concentration will lead to a high amount of
ions to be transferred; thereby, the time needed to separate 99%
of its solution will be significantly longer. A similar trend was also
observed previously [38] using ammonium chloride.

3.7.2. Effect of initial HCI concentration in dilute and concentrate
tanks on energy consumption

The amount of energy consumed at different initial HCl con-
centrations in the dilute and concentrate tanks for run A1-A5 and
B1-B5 can be seen that at a higher HCI concentration, the energy
consumption required is also higher. This is because at a higher
concentration, solution conductivity increased, leading to lower
resistance and higher potential drops. The results were in agree-
ment with the previous work on ED for wastewater treatment
[39-41].

3.7.3. Effect of Veonc/Vyi ratio towards process time

Based on process time needed to achieve 99% degree separation
for run V1-V5 was found that the process time required was longer
with the decrease of the Vionc/Vy; ratio. This is because the amount
of the initial solute increased significantly with a decrease of the
Veone[Vgj ratio. In addition, the low Veone/Vy; ratio also increased
the load of ions transferred from the dilute to the concentrate.

3.7.4. Effect of Veonc/Vyj ratio on energy consumption

Energy consumption obtained for run V1-V5 denotes that the
lower Veonc/Vy; ratio, the higher the energy consumption. As men-
tioned earlier, the lower V¢onc/Vy; ratio leads to a longer process
time. Since current density is constant, the increase in the process
time increased the energy required.

3.7.5. Effect of current density towards process time

The results of HCl removal at different current density constant
flowrate and initial concentration for run C1-C5 can be observed
that at a lower current density, a longer time is needed to achieve
99% degree of separation. This result is in agreement with that
reported [23] for the sodium lactate recovery. The rate of ion migra-
tion through the membranes proportionally increased with current
density. Thus, increasing current density obviously enhanced the
ion transport through the membranes. Consequently, the process
time taken was shorter.

3.7.6. Effect of current density on energy consumption

The effect of current density on energy consumption under con-
stant flowrate and initial feed/product concentration in run C1-C5
can be observed that the higher current density applied, more
energy was consumed. Energy consumption is a power function of
the current density applied. In addition, the energy consumption is
increased due to higher overvoltages and power losses to the solu-
tion and membrane resistance as current density was increased.

3.7.7. Effect of flowrate on process time

The effect of HCl concentration in the dilute and concentrate
tanks towards process time for different flowrates for run F1-F5
indicates that a higher flowrate requires a shorter process time.
However, the difference is insignificant and can be neglected.

3.7.8. Effect of flowrate on energy consumption

The energy consumption for various flowrates for run F1-F5
shows that a higher flowrate consumes less energy. However, the
differences of the energy consumption for all cases are small. This
is because a higher flowrate can reduce the thickness of the bound-
ary layer. Consequently, the reduction of the thickness leads to a
small energetic barrier. Therefore, the thinned layer obtained can
enhance the transfer ions and thus, decrease the amount of energy
consumption required.

4. Conclusions

In this study, the first principle model was developed in order to
represent the transport phenomena and the electrochemical sys-
tem in the ED batch process. The Nernst-Planck equation, which
is the irreversible thermodynamic approach, was used to describe
the ions and water transport inside the ED cell. The Henderson,
Kohlrausch, Ohm and Kirchhoff equations were implemented to
express the potential drops and resistances in the ED stack.

To ensure the equations representing the ED process can be
solved and has a unique solution, the degree of freedom (DOF)
analysis was carried out. From the analysis, 38 unknown param-
eters were identified. 27 of which relate to the membrane and
the ED stack geometry, the transport properties of the membranes
and solution, limiting current index constant and physical prop-
erties. The remaining 11 parameters were obtained using various
equations.

All the models presented in this paper were able to fit the exper-
imental data quite well and they can be employed for use and
prediction of batch electrodialysis for HCI recovery.
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