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Abstract

This work investigates three different models describing mass transfer enhancement by a reversible and instantaneous second-order
chemical reaction. The three models are applied to the study of mass transfer phenomena occurring in a membrane process for recovery
of organic chemicals, the Membrane Aromatic Recovery System (MARS). Typical MARS operating conditions are used as model inputs,
and the results obtained are used to assess the degree of complexity that should be taken into account in describing the mass transfer
phenomena. The most complex model derived (N–P model) accounts for chemical reaction reversibility and the Nernst–Planck effect
created by ionic species and is solved numerically. Following Olander model for a second order reversible instantaneous reaction model is
proposed, for which we derive an analytical solution in terms of bulk solution properties. Finally, the simplest model follows the analysis
of Hatta, assuming irreversible chemical reaction and neglecting the Nernst–Planck effect. The reversibility of the reaction is shown to be
important, while N–P effects are negligible. The Olander model is recommended for use in describing the mass transfer phenomena. The
models developed can be applied further to other processes of similar type.
� 2004 Elsevier Ltd. All rights reserved.
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1. Introduction

In chemical engineering processes, mass transfer phe-
nomena often take place accompanied by chemical reaction,
particularly in operations involving gas absorption, extrac-
tion, ion exchange and more recently membrane technology
(Noble, 1991; Van Swaaij and Versteeg, 1992;Cussler, 1997;
Al-Marzouqi et al., 2002). Chemical reaction can greatly en-
hance mass transfer rates (Cussler, 1997), dramatically re-
ducing the operational interfacial area required, which can
translate into important savings in the chemical plant con-
struction and operating costs. Among the great variety of
chemical engineering processes in which chemical reac-
tion and mass transfer are coupled, in this paper we have
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chosen to focus on the Membrane Aromatic Recovery Sys-
tem (MARS).

MARS was first applied to the recovery of phenol (Han
et al., 2001) and aniline (Ferreira et al., 2002a) from syn-
thetic wastewaters at laboratory scale. The aniline and phe-
nol compound families usually have high boiling points and
low vapour pressures, therefore the existing separation pro-
cesses that rely on liquid–gas phase transitions, such as dis-
tillation and pervaporation, have high-energy requirements.
Also, the intermediate polarity of these compounds creates
problems with phase separation and contamination in sol-
vent extraction. Hence MARS was developed as a new mem-
brane process for recovery of organic acids and bases from
industrial wastewater streams.

The first MARS pilot scale unit was applied to recover
aniline from an industrial wastewater effluent arising in a
4-nitrodiphenyl production process (Ferreira et al., 2002b)
and has recently been commercialised at a large scale (Chin,
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2003). The final product purity was high enough to allow
for recycling into the chemical production process.

An accurate mathematical description of mass transfer in
the MARS process, which could be used further for predic-
tive purposes and scaling up, is a key priority in the further
development of this technology and the main objective of the
present study. This paper considers the transport phenomena
involved and relevant models, and shows the simplest model
which is capable of dealing with all relevant phenomena. A
subsequent paper will investigate these models experimen-
tally.

2. Theoretical background

2.1. The process

The MARS process comprises two stages as shown in
Fig. 1 (Han et al., 2001; Ferreira et al., 2002a,b). In the first
stage an organic acid or base is extracted from a wastewater
(feed side), through a non-porous membrane, into a strip-
ping solution, where it is accumulated in its ionic form. In
the second stage, the stripping solution, loaded with ionised
organic at high concentration is neutralised, and the organic
recovered. In MARS, the reactant solution is the stripping
solution, where the organic can exist in two forms, the trans-
ported neutral solute(A) and the ionic reaction product
(AB). The reactant solute(B) is either a hydroxide or hy-
dronium ion and therefore is directly related to the stripping
solution pH. The chemical reaction in the stripping solu-
tion is a reversible second-order reaction of the Brönsted
acid–base type, and can be considered instantaneous com-
pared to the mass transfer rates involved in the process. The
membrane is a solid non-porous polymer, usually silicone
rubber, impermeable to ionic species, and thus the chemical
reaction does not occur inside the membrane. The membrane
mass transfer resistance is determined by the membrane per-
meability (Ferreira et al., 2002a,b) and is independent of
the chemical reaction. When the membrane resistance is
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Fig. 1. Schematic diagram of MARS process. Brackets show the alternative
compound.

dominant in the overall mass-transfer resistance of the
MARS process, the enhancement effect of the chemical
reaction can be neglected. In all other cases the chemical
reaction enhancement factor should be considered.

2.2. Models for instantaneous reaction with mass transfer

One of the first authors who mathematically described
mass transfer enhancement due to chemical reaction was
Hatta, in 1928 (Hatta, 1928, 1932). This model applies
stagnant liquid film theory and considers an instantaneous
and homogenous irreversible chemical reaction. The use of
instantaneous chemical reaction avoids the inclusion of ki-
netic parameters and results in a mass transfer model of an
attractive mathematical simplicity, in particular for second-
order irreversible chemical reactions. The Hatta model was
first developed for gas absorption processes, without taking
into account the effect of ionic diffusion. However, several
reactions, including Brönsted acid–base reactions occurring
in the MARS process and some phase transfer catalyst re-
actions (Noble, 1991), involve ionic reactants and products,
and for such cases the Nernst–Planck effect can be impor-
tant and can significantly influence the transfer rate of the
ionic species.Sherwood and Wei (1955)and later,Brian et
al. (1964), addressed this problem for irreversible reactions
and obtained an analytical solution, taking into account
both concentration and electric field driving forces, and im-
posing the electroneutrality condition throughout the reac-
tant solution liquid film. Grosjean and Sawistowski (1980)
applied these models to a liquid/liquid system, in which
propionic acid is extracted from a toluene phase to a
dilute aqueous caustic solution. The MARS process in-
volves mono-valent ionic species which potentially lead
to Nernst–Planck effects, which will be considered in this
work.

The above studies assumed that the chemical reaction
is irreversible. This assumption was adequate, since the
transported solute concentration was negligibly low in the
reactant bulk solution and hence the reverse step of the
chemical reaction could be ignored in the mass transfer
phenomena. Such a scenario prevails for concentrations of
reactant(B) high enough, and product(AB) low enough,
to shift the chemical equilibrium towards the product.
However, the opposite scenario prevails in MARS: (i) the
concentration of the organic in the bulk stripping solu-
tion has to be high enough to allow for recovery in the
MARS recovery stage, implying high product concentra-
tions (normally above 2 M); and (ii) the concentration of
ionic reactant(B) is constricted at values below 0.1 M in
the operating stripping solution, i.e. within a pH range from
1 to 13, since it is only in this region that the membrane
materials have acceptable chemical resistance. Therefore, at
the MARS operating conditions, depending on the equilib-
rium constant, the neutral organic concentration(A) in the
bulk stripping solution is usually not negligible. Typically,
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it is in the range of∼ 0.002 M while the mass transfer
driving force range varies within∼ 0.5 to ∼ 0.005 M, and
so the chemical reaction reversibility plays an important
role in mass transfer enhancement.

Olander (1960)has derived a model, which describes
the effect of a second-order instantaneous chemical reac-
tion on mass transfer enhancement taking into account re-
versible chemical reaction. This model imposes the condi-
tion of chemical reaction equilibrium throughout the liquid
film and the bulk reactant solution. However, the Olander
model has been derived for neutral species and therefore ne-
glects the Nernst–Planck effect. The analytical solution pre-
sented in Olanders’ work includes a chemical reaction mass
transfer enhancement factor dependent on the transported
solute(A) concentration at the interface between the inert
and the reactant phases. However, this concentration is not
expressed explicitly in terms of measurable variables. A de-
tailed literature review on the applications of the Olander
model to mass transfer in liquid membranes can be found
elsewhere (Al-Marzouqi et al., 2002). Modifications of the
Olander model using penetration and surface renewal theo-
ries have also been developed; however the solutions found
were very similar independently of the mass transfer the-
ory applied (Astarita and Savage, 1982). Therefore, in the
present work the liquid film theory also will be used.

This work presents a mathematical analysis of the mass-
transfer in the MARS process from the point of view of
the three foregoing models. A model (N–P) for chem-
ical reaction mass transfer enhancement accounting for
the Nernst–Planck effect and reversible chemical reaction
is developed. A new analytical solution for the Olander
model, expressed entirely in bulk solution (i.e. measurable)
variables and parameters, is also proposed. Typical MARS
operating conditions were used as inputs for the N–P, Olan-
der and Hatta models presented and the solutions were
compared. The aim of this work is to identify if or when
the Nernst–Planck effect and chemical reaction reversibility
are important for the MARS and under which conditions a
simpler model can be used to give accurate predictions of
mass transfer enhancement.

3. Mathematical analysis

The following assumptions are used in the three different
models derived here:

1. Instantaneous chemical reaction of second order occurs
in the stripping solution with the general expression:

A+ B ⇀↽ AB.

whereA is the specie transported across the membrane,B

is the reactant in the stripping solution,AB is the reaction
product (for the MARS processA is typically phenol or
aniline,B hydroxide or hydronium andAB phenolate or
anilinium)

2. Reaction reversibility is assumed for Olander and N–P
models, while in the Hatta model an irreversible reaction
is considered.

3. The membrane is impermeable to water and ionic species.
4. Liquid film theory is applied for the case of steady-state

process, i.e. all the variables are time independent.
5. Flat plane geometry (coordinates) have been used in this

work. Even though the membrane tube used is cylindri-
cal, for small ratios between liquid film thickness and
membrane tube radius a flat plane geometry can be as-
sumed (Cussler, 1997).

6. Activity coefficients of all the species are assumed to be
unity.

7. Diffusion and partition coefficients of the neutral organic
species are assumed to be concentration independent con-
stants.

3.1. Mathematical description of MARS according to the
N–P model: reversible second-order chemical reaction
with Nernst–Planck effect

This model takes into account the chemical reaction re-
versibility and the Nernst–Planck effect. This last effect
quantifies the existence in solutions of charged species mov-
ing with different velocities due to their different ionic diffu-
sion coefficients, and therefore generating an instantaneous
electric potential (field) and corresponding electric driving
force. The latter has to be considered in addition to the con-
centration driving force. The flux equation for each of the
ionic species can be expressed as follows:

�j = Jj

Im
= −Dj .dCj

dx
+ zj�Dj .Cj (1)

When the counter ion(C∗) is taken into account, a Bröntsed
acid base reaction actually involves four species:A is a neu-
tral specie (for example phenol),B the monoionic reactant
(for example hydroxide),AB the product (for example phe-
nolate) andC∗ the counter ion (for example sodium):

A+ [C∗B]⇀↽ [C∗AB]
e.g. PhOH+ Na+OH−

⇀↽Na+PhO− + H2O (2)

In order to fulfil the electroneutrality requirements, two more
equations representing the ionic concentration balance and
the net current flux balance have to be added to the system:

∑
j

zj .Cj = 0 ⇒ C∗ = B + AB (3)

∑
j

zj .Jj = 0 ⇒ JC∗ = JB + JAB (4)

The commonly used mathematical solution for this problem,
as for example presented by Brian (Brian et al., 1964), is to
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substitute Eq. (1) into Eq. (4), and thus obtain an expression
for the electric field (Eq. (5)).

� = F

RT
.V =

∑
j

zj .Dj
dCj
dx

∑
j

z2j .Dj .Cj
⇒

� = zC∗DC∗ dC∗
dx + zBDB dB

dx + zABDAB dAB
dx

z2C∗ .DC∗ .C∗ + z2BDB.B + z2ABDAB.AB
. (5)

For the present system, all the species are mono valent (i.e.
zj = ±1). The counter ion concentration can be eliminated
from the electric field expression by substituting Eq. (3) into
Eq. (5):

� = zC∗ .
dB
dx (DC∗ −DB)+ dAB

dx (DC∗ −DAB)
B.(DC∗ +DB)+ AB.(DC∗ +DAB) . (6)

The final electric field expression (Eq. (6)) can be substituted
back into Eq. (1) to obtain an expression for the different
species fluxes. Similarly to the Olander model (Olander,
1960), a system of equations including the mass balances for
the fluxes with chemical reaction consumption/production,
and the equation for instantaneous chemical equilibrium, is
established.

DA.
d2A

dx2 +DAB.d
2AB

dx2 − zAB.DAB.d(�.AB)
dx

= 0, (7)

DB.
d2B

dx2 − zB.DB.d(�.B)
dx

+DAB.d
2AB

dx2

− zAB.DAB.d(�.AB)
dx

= 0, (8)

AB =K.B.A. (9)

To this system of equations is added a set of boundary con-
ditions, presented in the appendix. The numerical solution
of the system allows calculation of the different species con-
centration profiles and enhanced fluxes. Details can be found
in the appendix. In the stripping solution the organic com-
pound can exist in two forms, the neutral reagent and the
ionic product, therefore the total organic flux is the sum of
the fluxes of these two species:

�ov = �A + �AB = −DA.dA
dx

−DAB.dAB
dx

+ zAB.DAB.�.AB (10)

3.2. Mathematical description of MARS according to the
Olander model: reversible second-order reaction for
neutral species

As already mentioned the Olander model was derived for
neutral species, and ignores any resultant electric fields. This
model takes into account the reversibility of the chemical
reaction and allows for a significant concentration of the
neutral organic in the bulk stripping solution(As,b). The

system of differential equations proposed by Olander can
be considered as a particular case of the N–P model, where
the electroneutrality equations are excluded and a value of
zero is given to the electric field, which implies that the
only driving force for the mass-transfer is the concentration
driving force.

When only the concentration driving force is taken into
account, the organic flux can be calculated as a function of
the bulk concentration driving force and the overall mass
transfer coefficient.

Jov = Im.Kov.(Af,b − As,b) (11)

The resistances-in-series approach is used to describe the
overall mass transfer coefficient and three mass transfer re-
sistances are considered for the system: (i) the feed liquid
film resistance, (ii) the membrane resistance, and (iii) the
stripping liquid film resistance. The membrane resistance
accounts for the organic diffusion coefficient(Dm) inside
the membrane material, the membrane thickness(�m) and
the organic partition coefficient(Kp) between the mem-
brane material and the feed aqueous phase. The feed and the
membrane resistances are independent of the chemical re-
action effect; hence for mathematical simplification they are
grouped in a single resistance(1/kg), expressed in Eq. (12).

1

kg
= 1

kf
+ 1

km
= 1

kf
+ �m
Dm.Kp

. (12)

The overall mass transfer coefficient is then defined in
Eq. (13)

1

Kov
= 1

kg
+ 1

E.k0
s

, (13)

E is an enhancement factor, which expression depends on
the model used. When chemical reaction does not take place
E = 1, and the overall mass transfer will be denotedKoov
and the organic fluxJ oov.

The original expression for the enhancement factor pre-
sented by Olander is:

E = 1 + DAB

DA
.

K.Bs,b

1 + DAB
DB
K.As,i

. (14)

However, as already mentioned, this expression contains the
membrane/stripping solution interfacial concentration of the
neutral organicAs,i , an interfacial variable, which cannot be
easily measured experimentally and is not easily expressible
as function of the system operating parameters.

As for the N–P model, the Olander model can be solved
numerically, using the system of differential equations and
boundary conditions presented in the appendix, and the or-
ganic flux calculated from Eq. (10) (but withz equals to
zero). The Olander model, as applied to the MARS process,
can also be solved analytically. In this approach the mem-
brane/stripping interface organic concentration is calculated
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from Eq. (15), derived in this study

As,i = −b + √
b2 − 4ac

2a
, (15)

where,

a =
(
1 + kg

k0
s

)
.DAB
DB
K,

b =
(
1 + kg

k0
s

)
+ DAB

DA
K.Bs,b −

(
As,b + kg

k0
s
.Af,b

)
.DAB
DB
K,

c = −
[
kg

k0
s
Af,b + As,b.

(
1 + DAB

DA
K.Bs,b

)]
.

Details of this derivation can be found in the appendix.
The expression for the interfacial concentration (Eq. (15))
derived is then replaced in the Olander enhancement fac-
tor (Eq. (14)). Thus the overall mass transfer coefficient
(Eq. (13)) and the respective organic flux for a given con-
centration driving force (Eq. (11)) can be calculated.

3.3. Mathematical description of MARS according to the
Hatta model: irreversible second-order reaction

Following Hatta’s work, a simple model was applied for
the mass transfer in MARS process. This model also con-
siders an organic flux based on the overall mass transfer co-
efficient (Eqs. (11) and (13)). However it is assumed that
the chemical reaction is irreversible and therefore the neu-
tral organic concentration(As,b) in the bulk stripping solu-
tion is zero. Mechanistically, the transported solute(A) and
the reactant solute(B) enter and diffuse in the stagnant film
from opposite directions, meeting each other at the reaction
plane, where they react and are completely converted into
reaction product(AB). The well known Hatta enhancement
factor is defined in Eq. (16):

E = 1 + DB

DA
.
Bs,b

As,i
. (16)

The membrane/stripping solution interfacial concentration
can be calculated from Eq. (17), derived in the appendix.

As,i =
kg

k0
s
.Af,b − DB

DA
.Bs,b(

1 + kg

k0
s

) . (17)

Further mathematical manipulation of the Hatta model equa-
tions, allows the mass transfer enhancement to be expressed
in terms of a flux ratio:

Jov

J 0
ov

= Kov

K0
ov

= 1 + DB

DA
.
Bs,b

Af,b
, (18)

Jov = Im.
[
1 + DB

DA
.
Bs,b

Af,b

]
.K0

ov.Af,b. (19)

However, Eqs. (18) and (19) are valid only for mass trans-
fer enhancement values lower than the maximum pos-
sible chemical reaction enhancement, i.e. for the cases
whenKov<kg. When the reaction front reaches the mem-
brane/stripping solution interface, the stripping solution

mass transfer resistance is completely eliminated; the max-
imum flux enhancement is reached (i.e. in Eq. (13) for
E → ∞, KMax

ov = kg), as quantified by Eqs. (20) and (21):

JMax
ov

J 0
ov

= KMax
ov

K0
ov

Af,b

Af,b
=

1
kg

+ 1
ks

1
kg

= 1 + kg

k0
s

, (20)

JMax
ov = Im.kg.Af,b. (21)

Details on the derivation of expressions 16–19 can be found
in the appendix. For a given feed solution bulk concentra-
tion Af,b, a critical stripping solution bulk concentration of
the reactant B, above which the enhancement is maximum,
can be calculated. The Hatta model prediction for such a
concentration is given by Eq. (22).

Bcritical
s,b = kg

k0
s

DA

DB
Af,b. (22)

A summary of the basic ideas of the three models is presented
in Fig. 2.

4. Model input values and MARS operating parameters

The input parameters for the three models are summarised
in Table 1. These inputs can be categorised into three groups:
(i) the chemical compound properties, (ii) the system mass
transfer properties and (iii) the operating parameters. The
parameters in the first two groups are determined by the
nature of the system and cannot be altered freely.

4.1. Chemical compound properties

The chemical compound properties required for these
models are chemical and physical constants, such as dif-
fusion coefficients, the water auto-ionisation constant(Kw)

and the organic acid dissociation constant(Ka) all available
in the literature. The equilibrium constant is directly related
to Ka . For organic bases or acids it is calculated as:

K =
CRNH+

3

CRNH2.CH3O+
= 1

Ka
or

K = CRO−

CROH.COH−
= 1

Kb
= Ka

Kw
. (23)

The main aim of the present paper is a theoretical comparison
between the three models, and the analysis is applied only
to phenol as a model compound and only phenol physical
and chemical properties (diffusion coefficients andKa) are
used in this study. Experimental model testing and extension
towards other compounds and conditions will be presented
in subsequent paper.

4.2. System mass transfer properties

The system mass transfer properties are defined by the
three mass transfer coefficients:kf , km andks . The values for



156 F.C. Ferreira et al. / Chemical Engineering Science 60 (2005) 151–166

membrane

film

Af,b

stripping solutionwastewater

membrane stripping solutionwastewater

bulk bulkliquid

As,i

Af,i

As,b

Bs,b

ABs,b

Af,b

As,i
Bs,b

ABs,b

membrane

bu

liquid film

liquid film

liquid filmliquid

film

Af,b

stripping solutionwastewater

bulk bulk

liquid

film

bulk bulk

δ s

As,i

Af,i

As,b

Bs,b

ABs,b

C*

As,b=0

δ f δ m

δ sδ f δ m

δ sδ f δ m

Af,i

N-P model

-Reversible reaction. 
-Allows for existence of neutral
organic concentration in 
stripping solution 

-Charged species Nernst-
Planck effect. 
-Includes counterion (C*) 
diffusion in the model.

Olander model

-Reversible reaction. 
-Allows for existence of neutral
organic concentration in 
stripping solution 

-Neutral species Nernst- 
Planck effect neglected
-Counter ion diffusion is not 
included.

Hatta model

-Irreversible reaction.
-Neutral organic concentration 
in the stripping solution is zero.

-Neutral species Nernst- 
Planck effectneglected.
-Counter ion diffusion is not 
included.

Fig. 2. Schematic representations of concentration profiles in each of the three models.

the system mass transfer parameters were determined from
independent experiments as described elsewhere (Ferreira,
2004). As could be expected, the stripping liquid film mass-
transfer coefficient(ks) depends strongly on the hydrody-
namic conditions, system configuration, operating scale and

stripping solution viscosity (Ferreira, 2004). In this paper
a value of 8.9 × 10−7 m s−1 was chosen, as typical for the
MARS operations at lab scale (Ferreira, 2004). The liquid
film thickness(�) is also required as a parameter for the nu-
merical solutions; the value used (1 mm) was evaluated from
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Table 1
Model inputs

Variable description Units Model Range/Value

Mw Organic molecular weight g mol−1 I, II, III 94
Madd
w Ionic reagent molecular weight g mol−1 I, II, III 40

kg “Grouped” mass transfer coefficient (includes mem-
brane and liquid film feed resistances)

m s−1 I, II, III Case L: 2 × 10−7 CaseH: 5 × 10−7

k0
s Stripping solution liquid film mass transfer coefficient m s−1 I, II, III 8 .9 × 10−7

Bs,b Stripping solution bulk ionic concentration. Corre-
sponds actually to a stripping pH value

M I, II, III 10 −1–10−3; pH = 11–13

Af,b Feed bulk organic concentration in wastewater M I, II, III 10−1–10−4

DA Neutral organic diffusion coefficient m2 s−1 I, II, III 0 .89× 10−9

DB Ionic reagent diffusion coefficient m2 s−1 I, II, III 5 .3 × 10−9

DAB Ionic organic diffusion coefficient m2 s−1 II, III 0 .86× 10−9

K Equilibrium constant ( from pKa and pKw) M−1 II, III 10 4

CAdd Ionic reagent (NaOH or HCl) concentration added to
stripping solution (controlsCT

s,b
at steady state)

(wt%) II, III 10

DC∗ Counter ion diffusion coefficient m s−2 III 1 .33× 10−9

the fundamental definition ofks , for the flat plane geometry:

ks = DA

�
. (24)

Typically MARS operates in the laminar hydrodynamic
regime due to the restrictions of high pressure drop down
the membrane tube (Ferreira et al., 2004); therefore the
feed liquid film mass-transfer coefficients are in the range
of 10−6 m s−1. The mass transfer coefficients of phenol
through the silicone rubber membrane are in the range of
10−7 m s−1. However in order to improve the MARS pro-
cess performance, an ongoing program of research seeks
new membranes with higher phenol permeability (mass
transfer in the range of 10−6 m s−1) suitable for MARS
applications. Therefore to consider this second opportunity,
the model calculations were performed for two membrane
permeability case studies: a membrane with a low or-
ganic flux, corresponding to the current MARS process
kg value of 2× 10−7 m s−1 (CaseL) and a membrane
with a high organic flux corresponding to akg value of
5 × 10−7 m s−1(CaseH). In this latter case both the mem-
brane and the feed liquid film mass transfer coefficient were
assumed to be 1.0 × 10−6 m s−1.

4.3. Operating parameters

The input operating parameters include different con-
centrations. The bulk feed concentration(Af,b) in the real
MARS operation is a time or space dependent variable
(for a batch or continuous configuration, respectively) and
its value will vary between the industrial waste stream
concentration and the target concentrations for discharge.
However, in this work our interest is in the mass transfer
phenomena, and for each individual simulation, the bulk
feed concentration(Af,b) is fixed at a single value. To eval-
uate effects on MARS process performance a wide range
of phenol concentrations were considered (0.5–5 wt%).

The bulk stripping solution pH and the concentration of
the ionic reactant solution added(Cadd) are relatively eas-
ily adjustable parameters, which can be used to influence
mass transfer enhancement. The feasible pH operating range
(1–13) is a compromise between driving force maximization
and membrane polymer stability under extreme pH condi-
tions. Otherwise, maximum enhancement is simply achiev-
able by a stripping solution pH higher than 14. The stripping
solution pH is related to the stripping solution bulk con-
centration of the ionic reactant(Bs,b) via Eq. (25), for the
extraction of organic acid or base, respectively:

Bs,b = 10pH

Kw
= 10pH−14 and Bs,b = 10−pH. (25)

During the extraction an ionic reactant solution, sodium
hydroxide or hydrochloric acid, is added to the stripping so-
lution to neutralize the extracted organic acid or base, re-
spectively, and maintain the pH at a constant value. The
total molar organic concentration of the stripping solution
at steady state,CTs,b (i.e. As,b plusABs,b), is entirely con-
trolled by the concentration of this ionic reactant solution
(Cadd) and can be calculated from Eq. (26).

CTs,b = 1000.�s(
Mwadd
MwA

. 100
Cadd (wt%)

+ 1
)
MwA

. (26)

The concentration of the organic in each of the forms (As,b
andABs,b) is a function of the ionic reactant concentration
(Bs,b) at the bulk stripping solution, and is therefore con-
trolled by the stripping solution pH.

As,b = CTs,b

1 +K.Bs,b . (27)

For phenol neutralization, typically 2.5 M caustic solution is
added which results in a stripping solution total organic con-
centration of 2 M. This value is well above the phenol solu-
bility in distilled water of 0.85 M, and in the MARS aqueous
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Fig. 3. (a)–(d) Comparison of fluxes calculated by different models for two different pH values and for two membrane permeabilities (H and L).

saline layer of about 0.35 M, respectively (Han et al., 2001),
and allows the concentrated organic to be recovered.

5. Model simulations

5.1. Overview of model results: comparison of calculated
fluxes

Figs. 3(a)–(d) summarises the organic fluxes calculated
from the three models for a wide range of operating condi-
tions: the two membrane permeability case studies (H and
L), and two stripping solution pH values (12 and 13),with a
range of bulk feed concentrations from 0.5 to 5 wt%. A list
of the input parameters values used is presented inTable 1.
Flux values calculated from the N–P model were obtained
by numerically solving the system of differential equations
(Eqs. (7)–(10) plus boundary conditions) using the gPROMs
dynamic simulator (Process System Enterprise Ltd., 1999).
The Olander model fluxes were calculated from Eqs. (11) to
(15). The Hatta model fluxes were calculated from Eqs. (19)
to (21). Finally,the fluxes for mass transfer without chemical
reaction were calculated from Eqs. (11) to(13), assuming an
enhancement factor(E) equal to one.

All the simulations were run for phenol extraction in a
caustic stripping solution, therefore the neutral organic(A)

in these models simulations is phenol, the ionic reactant(B)

is hydroxide, the ionic product is phenolate(AB) and the
counter ion(C∗) is sodium.

Results inFig. 3 show that each of the three models pre-
dicts higher mass transfer fluxes compared to the phenol
fluxes calculated by neglecting chemical reaction enhance-
ment. As is expected, the mass transfer enhancement is more
pronounced for higher stripping solution pH. At pH 12, the
Hatta model predicts a significantly higher mass transfer
than Olander and N–P models. At pH 13 Hatta and Olan-
der models predict similar fluxes for both membrane perme-
abilities, but the N–P model predicts slightly lower phenol
fluxes, especially for the case studyH.

For better quantification of these phenomena flux ratios
were also considered. In order to quantify the effect of chem-
ical reaction reversibility on mass transfer, the Hatta/Olander
flux ratios for the same conditions were calculated. On the
other hand the N–P/Olander fluxes ratio quantifies the elec-
tric potential contribution. Both flux ratios are presented in
Table 2. For low feed bulk phenol concentrations (Af,b=0.5
and 1.0 wt%) and stripping solution pH=11, the neutral phe-
nol concentration in the stripping solution(As,b=1.73 wt%)
becomes higher thanAf,b and therefore the concentration
driving force for mass transfer becomes negative, leading
also to the negative organic fluxes reported inTables 2and
3, i.e. the organic flux changes its’ direction from the strip-
ping solution toward the feed solution.

5.2. Comparison between N–P and Olander models

The N–P model takes into account concentration and elec-
tric driving forces for the mass transfer of charged species
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Table 2
Flux ratios calculated by different models for two different pH values and membrane permeabilities

Af,b (wt%) pH

11 12 13
(a) Flux ratio N–P/OlanderL= Low flux membrane(kg = 2 × 10−7 m s−1)

0.5 flux<0 0.98 0.97
1 flux<0 0.98 0.97
2.5 1.05 0.99 0.98
5 1.01 0.99 0.98

(b) Flux ratio N–P/OlanderH = High flux membrane(kg = 5 × 10−7 m s−1)

0.5 flux<0 0.96 0.94
1 flux<0 0.98 0.94
2.5 1.01 0.95
5 1.01 1.01 0.95

(c) Flux ratio Hatta/OlanderL= Low flux membrane(kg = 2 × 10−7 m s−1)

0.5 flux<0 1.70 1.04
1 flux<0 1.31 1.02
2.5 3.30 1.18 1.01
5 1.54 1.07 1.00

(d) Flux ratio Hatta/OlanderH = High flux membrane(kg = 5 × 10−7 m s−1)

0.5 flux<0 1.87 1.04
1 flux<0 1.51 1.02
2.5 3.29 1.15 1.01
5 1.54 1.07 1.01

Table 3
Ratios of driving forces and overall mass transfer coefficients calculated and used to predict fluxes by Hatta and Olander models

Af,b (wt%) pH

11 12 13
(a) Driving force ratio Hatta/Olander
0.5 flux<0 1.60 1.04
1 flux<0 1.23 1.02
2.5 3.25 1.08 1.01
5 1.53 1.04 1.00

(b) Kov ratio Hatta/Olander forL= Low flux membrane(kg = 2 × 10−7 m s−1)

0.5 flux<0 1.06 1.00
1 flux<0 1.07 1.00
2.5 1.02 1.09 1.00
5 1.01 1.03 1.00

(c) Kov ratio Hatta/Olander forH = High flux membrane(kg = 5 × 10−7 m s−1

0.5 flux<0 1.16 1.00
1 flux<0 1.22 1.00
2.5 1.01 1.06 1.00
5 1.01 1.03 1.00

(B andAB), whereas the Olander model considers only the
concentration driving force.

Fig. 3 shows that for the simulation input range chosen,
the incorporation of the Nernst–Planck effect does not have a
major effect on the predicted phenol flux. From this result it
is possible to advocate the hypothesis that the concentration
driving force rules the mass transfer, and the electric field
driving force contribution is not important in this system. In
what follows we will try to explain this result.

The values of the electric field in the stripping solution
liquid film, calculated from the N–P model, are shown in

Fig. 4, and are of the same order of magnitude as those found
in the literature for similar cases (Dammak et al., 1999).
The flux equation (Eq. (1)) for each of the ionic species
consists of two components, flux generated due to the con-
centration driving force, and flux generated due to the elec-
tric field driving force. The induced electric field is nega-
tive and according to Eq. (1) for the hydroxide ion it gen-
erates hydroxide flux in a direction opposing the concentra-
tion driving force. As a result, the total hydroxide flux from
the bulk stripping solution toward the membrane surface de-
creases. Consequently, the chemical reaction enhancement
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Fig. 4. Electric field within the stripping solution liquid film. (The symbols
used are only for legend indication and are not related to any experimental
data).

factor is smaller and the phenol flux lower. This effect is
more evident at pH 13 (the electric field has higher values,
Fig. 4) where the predicted by the N–P model flux is found
to be lower than the one predicted by the Olander model (see
Table 2). On the other hand for the phenolate ion the elec-
tric field and the concentration gradient fluxes have the same
directions, and thus it follows that the total phenolate flux
in this case should be accelerated. Thus the electric field
serves to slow the diffusion of the more mobile hydroxide
ion, while speeding up the transfer of the less mobile phe-
nolate ion. However, the resulting overall flux is less than
5% different from to the flux calculated from the Olander
expression (Table 2).

Concentration profiles for each of the species along the
stripping liquid film were also calculated using the N–P and
the Olander models for both membrane permeability case
studies (L and H) at pH 12 and 13. The differences between
these concentration profiles are negligible. Results for case
study H, where the highest divergence between fluxes was
observed, are presented inFig. 5. Note that the phenolate
(AB) concentration scale inFig. 5 is amplified and the ob-
served difference in the phenolate concentrations predictions
is actually also within 5%. In general, the inclusion of the
ionic interactions into the mass-transfer model for the sys-
tem has less than 5% impact on the mass transfer fluxes.
Therefore the Nernst–Planck effect, under these conditions
is not really important for the MARS mass-transfer calcula-
tions. The Olander model is accurate enough for the MARS
process operations predictions and design. Its mathematical
simplicity, especially in light of the proposed analytical so-
lution, makes it a preferable choice for MARS process de-
scription.

5.3. Comparison between Hatta and Olander models:
driving force and mass transfer resistances

As illustrated inFig. 3 andTables 2c and 2d, the fluxes
estimated from the Hatta model can be nearly 1.7 times
higher than those obtained from the Olander model. The dif-
ferences between the two model predictions are more pro-
nounced for lower feed bulk concentrations(Af,b) and at
pH near the phenol pKa (see results at pH 12). In both mod-
els the organic fluxes can be expressed by Eq. (11), but in
the Olander model the chemical reaction reversibility effects
both terms of the flux equation, the mass transfer coefficient
through the enhancement factor (Eq. (13)), and the driving
force through the concentration of the neutral organic in the
bulk stripping solution(As,b). Each of these effects will be
quantified separately.

For the same input parameters, Hatta and Olander mod-
els use different driving force values. For the Hatta model
As,b always equals to zero, while in the Olander model this
concentration can be calculated from Eqs. (26) to (27) and
is a function of the stripping solution pH and concentration
(i.e.Bs,b). As the stripping solution pH approaches the pKa
value, the chemical equilibrium shifts towards the reagents,
and therefore the concentration of the neutral organic in the
bulk stripping solution increases, leading to lower driving
forces.

A comparison between the driving forces used in the Hatta
and Olander models at different pH is made inFig. 6and in
Table 3a.Fig. 6shows that for a stripping solution at pH 13,
the driving forces differences are within 5%, and therefore
applying Hatta model driving force is a fairly good assump-
tion. However for a stripping solution at pH 12, depending
on the concentration of the bulk feed solution(Af,b), the
ratio between these driving forces can be as high as 1.60
(Table 3a).

The same trend for discrepancy between Hatta and Olan-
der model predictions as a function of pH was found for
the organic fluxes (Tables 2c and 2d). This result suggests
that the predicted fluxes differences are mainly due to the
different driving forces used by each of the models. How-
ever, it is still important to verify the effect of the chemical
reaction on the overall mass transfer coefficient in order to
assess if the flux differences are entirely quantified by the
driving force differences. The overall mass transfer coeffi-
cients were calculated according to Olander (Eqs. (13)–(15))
and Hatta (Eqs. (13), (16) and (17)) models for stripping
solution pH of 12 and 13, and for both membrane perme-
ability cases study. The results presented inTables 3b and
3c show that, at pH 12, the chemical reaction reversibility
also has an important effect on the stripping solution liq-
uid film mass transfer coefficient. In this case the flux dif-
ferences between Olander and Hatta models cannot be ex-
plained only on the basis of driving force, but also on the
basis of the mass transfer coefficient enhancement effects.
Further discussion on this issue will be presented in the next
section.
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Fig. 6. Driving forces for different feed concentrations, following the
Olander and Hatta models.

5.4. Comparison between Hatta and Olander models:
concentration profiles

Fig. 7(a and b) shows concentration profiles calculated
using Olander and Hatta models. As expected, the Hatta
model generates rectilinear concentration profiles, as shown
in Fig. 7a for pH 12. As phenol(A) diffuses towards the bulk
stripping solution it reacts with the hydroxide(B) diffusing
in the opposite direction, and is completely converted to
phenolate(AB).

The hydroxide concentrations in the bulk stripping solu-
tion, and thus the hydroxide driving forces, are equal for
both membrane case studies, shown inFig. 7a. However the
more permeable membrane (case studyH), generates higher
phenol fluxes toward the stripping solution (seeFig. 3). Con-
sequently the hydroxide is consumed nearer to the stripping
solution bulk and the reaction plane is shifted away from
the membrane surface, from a liquid film thickness position
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of 0.45 mm to a position of 0.72 mm (Fig. 7a). As a result
the chemical reaction enhancement factor is lower than in
the case studyL. The chemical reaction enhancement fac-
tor reduction is more pronounced in Eq. (16), containing
the ratioBs,b/As,i which is dramatically reduced in case
studyH.

In contrast, the Olander model does not assume that the
chemical reaction takes place at any specific point of the
liquid film; instead it assumes an instantaneous chemical
equilibrium alongside the whole stripping liquid film. Due to
reaction reversibility, all the concentration profiles become
curvilinear and none of the concentrations of the reacting
species is zero at any point in the liquid film.Figs. 8a and b
give a direct comparison between the calculated Hatta and
Olander concentration profiles for the case studyL at pH
12. The reverse chemical reaction step in the Olander model
implies that the phenol concentration gradient is diminished

(Fig. 8a) and so is the respective phenol flux. Thus the reverse
step slows down phenol mass transfer.

Concentration profiles for both membrane cases study
calculated using the Olander model are shown inFig. 7b,
and they exhibit similar trends to those calculated from the
Hatta model. Higher phenol and lower hydroxide concentra-
tions were obtained at the membrane/stripping solution in-
terface and alongside the stripping liquid film for case study
H as compared with case studyL. Similarly to the Hatta
model, the Olander model predicts lower chemical reaction
enhancement for case studyH due to the lowerBs,b/As,i
(hydroxide/phenol) ratio (Eq. (14)). The concentration pro-
files generated by the Olander model, assuming they are
similar to the actual concentrations in the MARS process,
provide us with important additional information. Since hy-
droxide is consumed by the chemical reaction, its concen-
tration at the membrane/stripping interface is actually lower
than in the bulk stripping solution, thereby reducing the pH
at the interface. This should result in a lower rate of mem-
brane degradation than would occur at bulk solution condi-
tions. A longer operating membrane lifetime could result in
an important savings for the industrial process.

5.5. The Hatta model as a particular case of the Olander
model

Since the Hatta model requires a lower number of pa-
rameters and is mathematically simpler than the Olander
one, it is interesting to assess when this model can be used
accurately for the MARS process mass transfer predictions.
As we already mentioned the reversible chemical reac-
tion affects both elements contributing to the phenol flux
(Eq. (11)), the overall mass-transfer coefficient, and the
driving force. Hence the two important equations to be
analysed are:

As,b = ABs,b

K.Bs,b
→ 0 (28)

E = 1 + DAB

DA
.

K.Bs,b

1 + DAB
DB
K.As,i

DAB
DB

.As,i .K?1
→ 1 + DB

DA
.
Bs,b

As,i
. (29)

As can be seen from the above equations, the first case when
the Hatta model can be applied accurately corresponds to
equilibrium constants(K) high enough to ensure that at op-
erating stripping pH the neutral organic in the bulk stripping
solution is negligible and the Olander enhancement factor
tends asymptotically to the Hatta value. To illustrate this
we have calculated the Hatta model concentration profiles
shown inFigs. 8a and b, using the numerical solution for
the Olander model, but assuming an equilibrium constant of
1010 instead of 104 M−1. Indeed for compounds with high
equilibrium constants the chemical reaction reverse step be-
comes negligible, which results in a well-defined reaction
front and rectilinear concentration profiles.
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There is a second case where Hatta analysis can be use-
ful. When the equilibrium constant has an intermediate value
(104 M−1) (for example phenol extraction at pH 13), but
the ionic reactant concentration (e.g. hydroxide) in the bulk
stripping solution is high enough to shift the chemical re-
action equilibrium towards the product (see Eq. (28)), the
neutral organic concentration in the bulk stripping solution
is negligible compared to the driving force (Table 3a). For
the particular set of parameters and concentrations used in
this study, for phenol at pH 13, the reaction reversibility has
a negligible effect on the overall mass-transfer coefficient
(Tables 3b and 3c), however this may not be true for other
combinations of input parameters and Hatta and Olander
enhancement factors still may be different.

In some cases a hybrid model could be used, when the re-
verse step of the chemical reaction has negligible effect on
the overall mass transfer coefficient, but the neutral organic
in the bulk stripping solution is still significant for the bulk
driving force (Af,b ∼ As,b). In spite of the mathematical
contradiction, such a hybrid model could use a driving force
from the Olander model, and an overall mass transfer coef-
ficient calculated from the Hatta model enhancement factor.
This model has the advantage of using an accurate driving
force, and retaining the mathematical simplicity of the Hatta
model.

The last limiting case when both models predict an equal
mass transfer coefficient enhancement, takes place when the
stripping liquid film resistance is completely eliminated and
the mass transfer enhancement is maximum. In such a sce-
nario the membrane and the feed liquid film resistances are
only important for mass transfer and the organic flux can
easily be calculated from Eq. (11), replacingKov with kg.
However the reaction reversibility still has to be considered
in the driving force term.

The systematisation of the above scenarios gives a better
understanding of when and why the chemical reaction re-
versibility is important, however its practical application is
rather limited. It is difficult to assess exactly at which con-
ditions (e.g. concentrations and stripping solution pH val-
ues) the reaction can be assumed irreversible, and so when
the Hatta model or hybrid model can be accurately applied.
Therefore, we recommend that the Olander model is used
for analysis of the MARS process.

6. Conclusions and generalizations

Mass transfer rate in the MARS process was mathemati-
cally described in this study using three different mathemat-
ical models: the N–P model which takes into account the
chemical reaction reversibility and Nernst–Planck effects on
the mass transfer enhancement by a second-order instan-
taneous chemical reaction; the Olander model which takes
into account only the chemical reaction reversibility, and the
Hatta model which considers the chemical reaction to be ir-
reversible. Comparison of the fluxes calculated by the three

models suggests that the Nernst–Planck effect has negligible
influence on mass transfer under the MARS process operat-
ing conditions. In some particular cases it could be respon-
sible for minor organic flux reduction, but the complexity of
the model makes it less useful for engineering calculations.

Different cases when Olander and Hatta models predict
similar organic fluxes, and so for which the chemical reaction
can be assumed irreversible were identified. However chem-
ical reaction reversibility is often important for mass trans-
fer enhancement predictions, especially for the cases where
the stripping solution pH is not very far from the pKavalue
of the organic acid. For example, calculations presented in
this paper show that the extraction of phenol(pKa = 10) to
a typical MARS stripping solution at pH 13 could be accu-
rately predicted by the Hatta model. However, at pH 12 the
chemical reaction reversibility has to be taken into account
and application to the Olander model is required.

The Hatta model is quite attractive due to the lower num-
ber of parameters and its mathematical simplicity. Generally
it can be used for predictions of mass transfer of organic
acids or bases with high equilibrium constants, and for high
concentration driving forces at extreme pHs. However it is
difficult to assess exactly at which operating conditions the
chemical reaction reversibility becomes important. There-
fore the authors recommend the use of the Olander model
for the MARS, and similar processes design calculations.
Moreover, an analytical solution for the Olander model was
developed in this paper to assist in such calculations.

Notation

A transported solute, neutral, e.g. phenol, mol m−3

AB reaction product, monovalent, e.g. phenolate,
mol m−3

B ionic reactant, monovalent, e.g. hydroxide,
mol m−3

C concentration, mol m−3

C∗ counter ion, monovalent, e.g. sodium, mol m−3

D diffusion coefficient, m2 s−1

Dm diffusion coefficient of neutral organic in mem-
brane material, m2 s−1

E enhancement factor of mass transfer in stripping
liquid film

F Faraday constant= 9.65.104 C mol−1

Im membrane area, m2

J flux, mol s−1

kf feed liquid film mass transfer coefficient, m s−1

kg grouped mass transfer coefficient, m s−1

km membrane mass transfer coefficient, m s−1

ks stripping liquid film mass transfer coefficient,
m s−1

K Equilibrium constant, M−1

Ka organic acid dissociation constant, M−1
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Kb organic base dissociation constant, M−1

Kov overall mass transfer coefficient, m s−1

Kp partition coefficient of neutral organic between
membrane and aqueous phase

Kw water auto-ionisation constant, M2

Mw molecular weight, g mol−1

R gas constant= 8.314 J mol−1 K−1

RT/F 25.693 mV at 298.15 K
T temperature, K
V electric field, V m−1

x space dimension in stripping liquid film thickness,
m

z specie charge, dimensionless

Greek letters

� electrical field term= V.F/R.T, m−1

�m membrane thickness, m
� molar flux per membrane area, mol m−2 s−1

�s stripping solution density, kg m−3

Subscripts and superscripts

add added ionic reactant, sodium hydroxide for organic
acid extraction or hydrochloric acid for organic
base extraction

b in the bulk of the solution
f feed solution
i at membrane/stripping solution interface
j specie index
0 in the absence of chemical reaction
ov overall
s stripping solution, reactant phase
T total organic, neutral(A) plus ionic(AB) forms
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Appendix A

A.1. Derivation of the N–P Model: reversible second order
reaction with ionic mobility (Nernst–Planck effect)

This model uses flux Eq. (1), which takes into account
both concentration and electric driving forces. A mass bal-
ance is made on each of three species(A,B,AB) within the
stripping solution liquid film, from the membrane/stripping
solution interface(x = 0) to the stripping liquid film/bulk

interface(x = �) (note that all the equations are derived for
planar coordinates). These mass balances equations assume
steady state fluxes and take into account species consump-
tion or production by the chemical reaction(� = k.A.B −
k−1.AB):

0 = −dJA
dx

− �, (A.1)

0 = −dJB
dx

− �, (A.2)

0 = −dJAB
dx

+ �. (A.3)

The chemical reaction considered in this work is an equimo-
lar reaction.� can be eliminated from the above equations,
thus:

− dJA
dx

− dJAB
dx

= 0 ⇒ DA.
d2A

dx2 +DAB.d
2AB

dx2

− zAB.DAB.d(�.AB)
dx

= 0, (A.4)

− dJB
dx

− dJAB
dx

= 0 ⇒ DB.
d2B

dx2 − zB.DB.d(�.B)
dx

+DAB.d
2AB

dx2 − zAB.DAB.d(�.AB)
dx

= 0. (A.5)

Note that the specieA is neutral, hence is not affected by the
electric field(zA = 0). The counter ion is not consumed or
produced during the reaction and its concentration is elimi-
nated from the final model equations using electroneutrality
Eq. (3). By substituting Eq. (3) into Eq. (5) one can obtain
the following equation for the electric field:

� = zC∗ .
dB
dx (DC∗ −DB)+ dAB

dx (DC∗ −DAB)
B.(DC∗ +DB)+ AB.(DC∗ +DAB) . (A.6)

In order to acknowledge chemical reaction reversibility, the
chemical equilibrium relation is imposed along the stripping
liquid film:

AB =K.B.A. (A.7)

The boundary conditions for the above system are as fol-
lowing:

A(�)= As,b, (A.8)

B(�)= Bs,b, (A.9)

A(0)= As,i, (A.10)

AB(�)=K.As,b.Bs,b, (A.11)

−DB.dB(0)
dx

+ zB.DB.B(0).�(0)−DAB.dAB(0)
dx

+ zAB.DAB.AB(0).�(0)= 0, (A.12)

JA(0)= JA(�)+ JAB(�)⇒ −DA.dA(0)
dx

= −DA.dA(�)
dx

−DAB.dAB(�)
dx

+ zAB.DAB.AB(�).�(�), (A.13)
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Jg = JA(0)⇒ kg.(Af,b − As,i)= −DA.dA(0)
dx

, (A.14)

where

�(z)= zC∗ .
dB(x)

dx (DC∗ −DB)+ dAB(x)
dx (DC∗ −DAB)

B(x).(DC∗ +DB)+ AB(x).(DC∗ +DAB)
andx=0 at the membrane/stripping solution interface; x= �
at the stripping liquid film/bulk solution interface. Eq. (A.11)
reflects the chemical reaction equilibrium. Eq. (A.12) reflects
the membrane impermeability to ionic species. Eqs. (A.13)
and (A.14) are steady state fluxes mass balances at each of
the stripping liquid film interfaces.

A.2. Derivation of the Olander model: reversible
second-order reaction for neutral species

The Olander model is a simplification of the N–P model,
in which it is assumed that all species are neutral(z = 0)
and the electrical potential is also zero. Therefore Olander
model equations can be obtained from Eqs. (A.4), (A.5) and
(A.7), assumingzAB=0 in Eq. (A.4) andzB=0 andzAB=0
in Eq. (A.5). Eqs. (A.8)–(A.14) are also used in Olander
model as boundary conditions. However in Olander model,
zAB is assumed to be zero in Eq. (A.13) andzB andzAB are
assumed to be zero in Eq. (12). The numerical solution of
the obtained system of equations allows the calculation of
organic fluxes and species concentrations profiles along the
stripping liquid film.

Olander had solved this system of differential equations
and expressed the organic flux (Eq. (11)) as a function of the
overall mass transfer coefficient (Eq. (13)) and the bulk con-
centration driving force. This solution contains the chemi-
cal reaction enhancement factor (Eq. (14)), which is a func-
tion of the organic concentration at the interface between
the inert and the reactant phases. However, for several sys-
tems this concentration is not expressed explicitly in terms
of measurable variables.

In what follows we will present an analytical solution of
the Olander model applied to the MARS process. The two
organic fluxes are re-defined; a flux from the bulk/liquid
film wastewater interface to the membrane/stripping so-
lution interface(�g) and an organic flux from the mem-
brane/stripping solution interface to the liquid film/bulk
stripping solution interface(�s). At steady state this two
organic fluxes (�g, �s) should be equal.

�ov = �s = �g ⇔ kg(Af,b − As,i)
=E.k0

s (As,i − As,b). (A.15)

Hence, one can obtain the expression for the interfacial con-
centration:

As,i = kg.Af,b + E.k0
s As,b

E.k0
s + kg . (A.16)

Substituting Eq. (13) in the above equation, the enhancement
factor can be eliminated and a quadratic equation withAs,i

as unknown is obtained. This quadratic equation has two
mathematical solutions but one of them always generates a
negative value and therefore only one of the solutions for
As,i (shown in Eq. (15)) has a physical meaning.

A.3. Derivation of the Hatta model: irreversible
second-order reaction

Hatta had defined an enhancement factor (E) for the reac-
tant solution liquid film based on the following assumptions:
(i) second order instantaneous irreversible reaction; (ii) the
two reagents never coexist in the liquid stripping film; (iii)
the two reagents are instantaneously and completely con-
sumed at the reaction front. Hence, the bulk stripping solu-
tion organic neutral concentration(As,b) is assumed to be
zero and the enhancement factor defined in Eq. (16) for this
case is substituted in the equations for�s .

�s = E.k0
s As,i =

(
1 + DB

DA
.
Bs,b

As,i

)
.k0
s As,i . (A.17)

At steady state�g and�s should be equal (see Eq. (A.15) for
�g definition) and Eq. (A.18) can be obtained to calculate
(As,i):

As,i =
kg

k0
s
.Af,b − DB

DA
.Bs,b(

1 + kg

k0
s

) . (A.18)

Replacing Eq. (A.18) back in Eq. (A.17), the enhanced flux
can be calculated by the expression:

�ov = 1(
1
kg

+ 1
k0
s

) .
[
Af,b + DB

DA
.Bs,b

]

=K0
ov.

[
Af,b + DB

DA
.Bs,b

]
=Kov.Af,b. (A.19)

Rearranging Eq. (A.19), Eq. (18) is obtained.
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