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ARTICLE INFO ABSTRACT
Keywords: The theoretical energy density extractable from acidic and alkaline solutions is higher than 20 kWh m > of single
PH gradient energy solution when mixing 1 M concentrated streams. Therefore, acidic and alkaline industrial wastewater have a
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Bipolar membrane reverse electrodialysis

huge potential for the recovery of energy. To this purpose, bipolar membrane reverse electrodialysis (BMRED) is
an interesting, yet poorly studied technology for the conversion of the mixing entropy of solutions at different pH
into electricity. Although it shows promising performance, only few works have been presented in the literature
so far, and no comprehensive models have been developed yet. This work presents a mathematical multi-scale
model based on a semi-empirical approach. The model was validated against experimental data and was
applied over a variety of operating conditions, showing that it may represent an effective tool for the prediction
of the BMRED performance. A sensitivity analysis was performed in two different scenarios, i.e. (i) a reference
case and (ii) an improved case with high-performance membrane properties. A Net Power Density of ~15 W m 2
was predicted in the reference scenario with 1 M HCl and NaOH solutions, but it increased significantly by
simulating high-performance membranes. A simulated scheme for an industrial application yielded an energy
density of ~50 kWh m™ (of acid solution) with an energy efficiency of ~80-90% in the improved scenario.

In order to reduce the treatment costs, a controlled neutralization of
both acid and base wastes with a concurrent production of electric en-
ergy would be interesting.

Bipolar Membrane Reverse Electrodialysis (BMRED) is an innovative
and sustainable technology that may accomplish this option. BMRED
dates back to 1982 when Walther and Skaneateles (1982) published
their patent. In its first conceptualization, this technology consisted of a
single cell provided with an individual bipolar membrane (BPM) for the
controlled neutralization of the acid and base solutions hosted in the two
compartments. In fact, the bipolar membrane is able to drive the
migration of proton and hydroxide ions through its respective selective
layers (i.e. cation-exchange layer, CEL, and anion-exchange layer, AEL)
(Parnamae et al., 2021). Analogously with the semi-conductors theory,
the bipolar membrane during the BMRED process acts as a p-n junction
under a forward bias (Ramirez et al., 1994). Subsequently, BMRED de-
vices have been developed with several repetitive units stacked
together, as in electrodialysis and bipolar membrane electrodialysis
(BMED) units. Unlike BMED processes (Gurreri et al., 2020), BMRED has
been studied so far in one configuration, i.e. the one with

1. Introduction

1.1. BMRED process: state of the art and possible implementation for
industrial wastewater

Many industrial sectors make extensive use of acidic and alkaline
aqueous solutions at various concentrations, causing the disposal of high
volumes of wastewater. For example, acid solutions are used in pickling
processes for the hot-dip-galvanizing (Gueccia et al., 2020) or the
electroplating industries (Agrawal and Sahu, 2009). In the case of the
pickling process, the wastewater is typically neutralized utilizing an
alkaline reagent (Goel et al., 2005). In this way, the pH gradient is
entirely dissipated, thus losing the neutralization energy with both high
economic costs (Culcasi et al., 2019) and environmental impact (Guec-
cia et al., 2020). In regard to basic solutions, large quantities come from
ethylene plants (Imran et al., 2016), textile industries (Rahman and
Khan, 2010), and the anodizing industry, which uses NaOH solutions for
the removal of aluminium from extruder matrixes (Tansens et al., 2011).
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Nomenclature

Symbols

a (mol m~®) ion activity

b (m) spacer width

C (mol m~3) molar concentration

D (m? s~ 1) diffusion coefficient

E (V) triplet electromotive force corrected for concentration
polarization

EMF (V) triplet electromotive force

F (C mol™) Faraday constant

G (kg m~2 s7!) mass flux

GEDy, (kwWh kg®) gross energy density per kg of HCI

GED,, (kWh m®) gross energy density per m® of HCl

GPD (W m™2) gross power density

ic (A m~?) current density

I (A) current intensity

J (mol m~2 s~ 1) effective molar flux

J (mol m~2 s!) apparent molar flux

L (m) spacer length

M (g mol~!) molar mass

n (=) number of ion species

N (=) number of triplets

NPD (W m™2) net power density

PPD (Wm™3?) pumping power density
Q (m® s™1) volume flow rate

R (Q) generic electric resistance

Rg (Jmol k™ gas constant

t; (—) effective ion transport number
t; (—) apparent ion transport number
T (K) temperature

U potential difference over the series of resistances R, and Ry;

Upxt potential difference over the external load R,
AV (V) generic voltage difference

X (mol m~3) fixed charge density in the membrane
Z (—) ion charge

Greek letters

B (—) Kronecker delta
Ne (—) current efficiency
T (=) HCI consumption

Subscripts/superscripts

a acid

ac acidic solution/bipolar membrane interlayer interface
av average over the triplet

AEL anionic exchange layer

ba alkaline solution/bipolar membrane interlayer interface
bl blank

bp interlayer of the bipolar membrane
BPL bipolar membrane layer

co co-ion

ct counter-ion

CEL cationic exchange layer

diff diffusive

ext external

i ion species

in inlet

int interface

j ion species

k generic cell-triplet in the stack

out outlet

s salt

salt salt

sol solution

th theoretical

u external load
Acronyms/abbreviations

AEL Anion-Exchange Layer

AEM Anion-Exchange Membrane

BMED  Bipolar Membrane ElectroDialysis
BMRED Bipolar Membrane Reverse ElectroDialysis
BPM Bipolar Membrane

CEL Cation-Exchange Layer

CEM Cation-Exchange Membrane

ED ElectroDialysis

GPD Gross Power Density

I[EM Ion Exchange Membrane

OoCV Open Circuit Voltage

RED Reverse ElectroDialysis

three-compartment repeating units, i.e. acid, base and salt, with three
membrane  types, i.e. cation-exchange membrane (CEM),
anion-exchange membrane (AEM) and BPM (Fig. 1).

BMRED is exactly the opposite process of BMED, converting chemi-
cal energy, in the form of a pH gradient, into electricity for final users.
This occurs by neutralization at the interlayer of the BPM. The
neutralization reaction is a very energetic process that, on the one hand,
causes the production of water molecules from proton and hydroxide
ions, and, on the other hand determines the passage of the respective
conjugated base (Cl~ ions) and acid (Na™' ions) from the acid and base
channels to the salt compartment. In this way, the electroneutrality is
satisfied. The ion current is then converted into electricity in the external
circuit thanks to the redox reactions at the electrode compartments. The
neutralization reaction involves a Gibbs energy at 25 °C and 1 bar equal
to —80 kJ mol !, which corresponds to an energy density of ~22 kWh
m~2 of acidic (or basic) solution at a concentration of 1 M (0.83 V of
electromotive force (Xia et al., 2018)) and to an energy density of ~100
kWh m~ at a concentration of 5 M. However, the high selectivity of
current membranes is compatible with maximum concentrations of
~1-2 M. In order to implement techno-economic competitive BMRED
processes, further studies should develop high-performance membranes

able to limit co-ion leakages under severe operating conditions in terms
of acid and base concentration, as well as over long-run operations. For
instance, bipolar membranes should have very high selectivity to proton
and hydroxide ions in CEL and AEL, respectively, as well as high water
permeability. The latter is a very important characteristic as the amount
of water molecules produced by the acid-base neutralization is very high
at high current densities. Therefore, the water permeability of the BPM
is crucial to avoid any risk of delamination, even at high current den-
sities (Xia et al., 2018).

Moreover, BMRED deals with highly conductive solutions that may
give rise to quite a few problems in terms of parasitic currents, i.e. the
ionic current by-pass through the manifolds instead of across the
membranes (Culcasi et al., 2020a). Another detrimental phenomenon is
the power consumption due to the pumping of the solutions. This is
crucial for reverse electrodialysis systems, because the higher the
pumping power, the lower the available power for the final user. In this
respect, BMRED takes advantage of a high energy density, which is (at a
concentration of 1 M of acid and base) ~ 1 order of magnitude higher
than the energy released by mixing salt and fresh water.

Despite BMRED represents an interesting technology for converting
pH gradients into electricity, it has been poorly investigated. The very
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Fig. 1. Scheme of a Bipolar Membrane Reverse Electrodialysis (BMRED) stack.
The large grey arrow from the anode to the cathode indicates the desired di-
rection of the electric current; the large yellow arrows indicate the parasitic
electrical pathways (shortcuts) via manifolds in the hydraulic circuit of the acid
solution. (For interpretation of the references to colour in this figure legend, the
reader is referred to the Web version of this article.)

few works presented in the literature regard BMRED as the discharge
phase of the Acid-Base Flow Battery (Parnamae et al., 2020).

Emrén and Holmstrom (1983) explored the battery using a
seven-triplet stack, recording a maximum output voltage of 1.8 V (cur-
rent density of ~1.4 A m™2) with an estimated permselectivity of the
BPMs of ~50% during the discharge experiment.

Pretz and Staude (1998) studied the range of concentration of 0.1-1
M of acid and base. The current efficiency decreased by one order of
magnitude when passing from 0.1 to 1 M due to the non-ideal behaviour
of the IEMs. By changing the BPM type, the maximum energy efficiency
of the process was 22%. In terms of voltage-current trend, by using an
external resistance equal to the internal one, the stack voltage is theo-
retically 50% of the open circuit voltage. However, a lower electric
potential was observed, and this was attributed to the higher electric
resistance (up to 15 times increase) due to water accumulation in the
bipolar membrane interlayer at higher electric currents. The water flux
may also irreversibly damage the BPMs through delamination.

Zholkovskij et al. (1998) investigated a 4-compartment BMRED
stack. The measured values of membrane resistance were 5, 2 and 6.8 Q
cm? for AEM, CEM and BPM, respectively. They explored very low
values of current densities (up to ~2 A m_z) and low-concentration
solutions (~0.03 M). They reported a specific energy of 0.1 Wh kg ™!
and a maximum power density of 0.005 W kg™!.

Kim et al. (2016) explored the acid/base concentration range of
0.1-0.7 M with a single-cell stack, obtaining a maximum GPD of 2.9 W
m~2 of total membrane area. The open circuit voltage (OCV) was 6%
lower on average than the theoretical one. This discrepancy was
explained by two reasons: i) the effect of the excessive water formation
due to the neutralization reaction in the interlayer and ii) the over-
voltage of the electrode reactions. Particularly, the greater reductions in
electric potential were found to occur at higher concentrations, where
the water formation in the interlayer was higher.

Van Egmond et al. (2018) performed experiments by using a
single-triplet stack with active membrane area of 0.01 m? and 0-1 M HCI
and NaOH solutions. The OCV was found to be 0.83 V at 1 M of acid and
base, corresponding to 89% of apparent permselectivity of the mem-
brane stack. Moreover, they performed discharge tests with current
densities in the interval 5-15 A m~2. The delamination of the BPM was
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observed at 20 A m~2. A maximum GPD of 3.7 W m~2 and a specific
energy density of 2.9 Wh kg~! were achieved.

Xia et al. (2018) first investigated BMRED units with a single triplet.
Then, the same authors used a variable number of repetitive units in the
range of 5-20 (Xia et al., 2020). The single triplet experiments were
performed with acid and base concentration in the range of 0-1 M (Xia
et al., 2018). Stack experiments (Xia et al., 2020) were performed with
acid/base concentration equal to 1 M or 0.5 M. Single cell experiments
showed that the maximum achievable specific power was ~95 W kg >
(Xia et al., 2018). Compared to the other works presented in literature,
this value seems to be unrealistic, as it should correspond to a GPD of
~60 W m~2 The OCV values measured by varying the number of
repeating units (from 5 to 20) were lower than the values calculated by a
linear extrapolation of the OCV for a single triplet [49]. Particularly, the
higher the number of triplets, the higher the discrepancy. This was due
to the detrimental effects of the shunt currents through the manifolds.
However, a maximum GPD of ~17 W m 2 (excluding electrode losses)
was found with a stack equipped with 20 triplets, at a current density of
100 A m~2 (Xia et al., 2020). Moreover, delamination issues did not
occur up to 200-400 A m~2 (Xia et al., 2020).

In a previous work of our research group, lab-scale BMRED experi-
ments were performed, obtaining a maximum GPD of 17 Wm ™2 at 100 A
m~2 with a 10-triplet stack fed with single pass by 1 M HCl and NaOH
solutions (Zaffora et al., 2020). From experiments at different inlet
concentration, an energy density of ~10 kWh m~> acid was estimated
for a complete neutralization. Parasitic currents were significant when
the stack was equipped with a higher number of triplets. At 1 M acid and
base, the apparent permselectivity was of 93% for a five-triplet stack,
while it decreased to 54% for a 38-triplet stack, which delivered a ~35%
lower GPD. The presence of NaCl in the acidic and alkaline solutions had
important effects only with a high number of triplets, by reducing the
GPD by 23.4-45.7%.

1.2. BMRED modelling: state of the art

Conventional RED processes have been studied by a wide variety of
mathematical models, including several simulation approaches from
simplified lumped parameters models to more complex multi-physics
and multi-scale models. The simplified models allow the prediction of
the RED behaviour only qualitatively as they are based on numerous
simplifying assumptions. On the other hand, the advanced ones try to
simulate with high accuracy the process at a cost of a large computa-
tional burden. Some numerical models have been based on the Nernst-
Planck theory (Generous et al., 2020; Tedesco et al., 2017) or on the
more rigorous Stefan-Maxwell approach (Kraaijeveld et al., 1995).
However, the most effective method is based on a separation of spatial
scales and the use of accessible empirical parameters characterizing the
membrane properties. These multi-scale semi-empirical models describe
the ED/RED process behaviour by solving material mass balances for the
repetitive units calculating membrane fluxes and requiring, as only
input, membrane characteristics. They have been developed for ED
and/or RED (La Cerva et al., 2019), allowing for the study of several
aspects and configurations including, for example, the use of capacitive
electrodes (Campione et al., 2020), parasitic currents via manifolds
(Culcasi et al., 2020a) and cross-flow stacks with or without deformation
effects (Battaglia et al., 2021). The main feature of this class of models is
that they represent a good compromise in terms of predictive accuracy
and computational cost. Therefore, they can serve for large simulation
campaigns, including optimisation studies (Ciofalo et al., 2019).

Unlike the conventional RED, very few modelling attempts have
been presented so far in literature for the BMRED process. The set of
equations reported by Pretz and Staude (1998) represents a simplified
lumped model, in which the OCV was calculated as proportional to the
cells number. Moreover, the evaluation of the gross power and the in-
ternal resistance were proposed. The model predictions were not in a
good agreement with the experimental data, especially the OCV, for
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which an important discrepancy was observed by increasing the number
of repetitive units, due to the occurrence of parasitic currents.

Zholkovskij et al. (1998) elaborated a 1-D model, in which variables
are not discretized along the direction of flow but rather along the di-
rection of the membrane fluxes. In this model, the EMF is calculated by
considering not only the bipolar membrane electrical potential but also
the one related to the homopolar membranes. Furthermore, parameters
as specific capacity, energy density and power density were assessed. To
obtain these system characteristics, the calculation of the external
voltage by varying the current portion for a fixed discharge time was
proposed. The developed equations were simplified by considering two
limiting conditions, i.e. very slow or rapid process. They obtained a
complex system of equations which presents quite a few resolution
difficulties as well as the need of not easily empirically accessible pa-
rameters. Despite the numerical complexity, the maximum discrepancy
with the experimental results was high, in the order of 30%. Therefore,
this model aimed at predicting only qualitative trends of the BMRED
process.

Xia et al. (2018) did not develop a predictive model, but they only
calculated some performance indicators, as the stack voltage, power
density and the voltage efficiency by using the experimental OCV, the
external current and the internal resistance. The expression used for the
theoretical OCV was derived from the ion electrochemical potential
equations at the membrane-solution interfaces.

Despite its great potential, the BMRED process has been poorly
studied so far. This work presents the first comprehensive mathematical
modelling tool of BMRED systems. A semi-empirical multi-scale model
was developed in order to predict the behaviour of the BMRED process
and the main figure of merits of relevant interest. Once experimentally
validated, the model was used to perform a sensitivity analysis to give
insights about the potential of this innovative technology for energy
harvesting by neutralization of acidic and alkaline industrial
wastewater.

2. Description of the multi-scale model

The present mathematical model was developed in the gPROMS
Model Builder® platform with a multi-scale structure. The model pre-
sents four levels and three dimensional scales. Except for the bipolar
membrane level, where more significant changes were required, the
equations adopted at the various levels or dimensional scales are the
same or with only small changes with respect to those reported in our
previous work (Culcasi et al., 2020b). Table 1 reports the modelled
scales and the relative levels.

In the following sections, the modifications regarding the bipolar
membrane level and other model levels, when needed, will be described.
Finally, the main performance parameters relevant for the BMRED
technology will be defined, e.g. energy density and efficiency.

2.1. Low scale: channel model

This model was described in a previous work (Culcasi et al., 2020b).
The model integrates correlations coming from Computational Fluid
Dynamic (CFD) simulations for the calculation of Sherwood numbers
and friction factors along the channels and pressure drops at the inle-
t/outlet regions of the channels connected to the manifolds. All the
equations and considerations are still valid without any modifications.

Table 1
Summary of the modelled scales and levels.

Model scale Model level Reference

Low Channel Culcasi et al. (2020b)
Bipolar membrane Present work
Middle Triplet Culcasi et al. (2020b)

High Stack Culcasi et al. (2020b)
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2.1.1. Low scale: bipolar membrane model

The bipolar membrane is modelled with two layers, i.e. CEL and AEL,
and an interlayer in which no mass accumulation is assumed. All the
bipolar membranes of a stack are simulated and discretized along the
flow direction. Likewise the case of homopolar membranes, bipolar
membrane fluxes are evaluated by adopting the Nernst-Planck-Donnan
approach for multi-ion systems (Kontturi et al., 2008). The multi-ion
system is simulated with four ions: Nat, H', CI-, OH". The ion trans-
port through the bipolar membrane layers is given by:

lippL ic

Jiser = — JaigripeL + W F 1)
in which J;gp; is the total molar flux of the i-th ion across the generic
bipolar membrane layer (i.e. CEL or AEL), Jyy;pp. is the diffusive
component of the ion flux, t;gp; is the transport number of the i-th ion
within the layer, i, is the current density, 2; is the ion charge and F is the
Faraday constant. J;gp; is positive if entering the channel, negative if
exiting the channel.

However, the ion fluxes through the bipolar membrane layers have
to satisfy the overall electroneutrality over the BPM. In order to satisfy
both the electroneutrality condition and the assumption of no accumu-
lation in the BPM-interlayer, diffusive and migrative fluxes (the first and
the second addend in Eq. (1)) must be properly evaluated. For this
reason, the migrative flux in each bipolar membrane layer is computed
with “effective” ion transport numbers ¢; gp,, which are calculated as the
half-sum of the “apparent” transport numbers t; ,, of the correspondent
counter- and co-ions in the two layers. In formulae:

toaer + Ivacer

fen AL =1Iya coL == 5 2
R A
waaeL T TciceL

INa,apL =lo oo =— 5 — 3

1 +1he
onAEL T lnceL
ton, AEL = tH, CEL = f )

l* + l*
H.AEL 5 OH,CEL (5)

', AEL = ToH, CEL =

Taken individually, the apparent ion transport numbers t; ,,; for each
layer are related to the ion diffusion coefficients of all the ions and to the
average ion concentration within the layer by the expression:

I:BPL _ ZizDi,BPL@ (6)
’ Z,‘ZJZD/'.BPLCj,BPL
in which D; gpy, is the diffusion coefficient of the i-th ion, and C; gp;, is the
average ion concentration within the bipolar membrane layer. D; gp; is a
tuning parameter of the model.

The following n-1 Donnan equilibrium equations at each membrane-
solution interface are applied

R,T Cisoin R, T
87 | tsokint _ 87 1

Ci+ 1,s0l,int (7)
Z[F C[,BPL.[/IZ Zit1 F CH» 1,BPL,int

where C;o1in: and C; ppr ine are the ion concentrations at the interface in
the solution and membrane side, respectively, R, is the gas constant and
T is the temperature.

The electro-neutrality within each bipolar membrane layer is
considered with the general expression:

X+ Z CeonrL = Z CerprL ®

where X is the fixed charge group concentration in the IEM, C,, gp;, and
C.pp. are the co-ion and counter-ion concentrations in the bipolar
membrane layer.
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The effective diffusive fluxes Jg ; gpr, in each bipolar membrane layer
have to satisfy the overall electroneutrality. For this reason, the effective
ion diffusive flux is calculated as the half-sum of the apparent ion flux of
the correspondent counter-ions (i.e., Na* and H' in CEL, and ClI~ and
OH™ in AEL) and co-ions (i.e., Na™ and H' in AEL, and ClI” and OH™ in
CEL) in the two layers (Eq. (9)). Particularly, the correspondent co-ions
in CEL are C1~ and OH™ for Na* and H™ respectively and vice-versa for
AEL.

Lo T
Jai.cer = M o
Jagiae = — Jayice (10)

According to the diffusion-conduction (Kontturi et al., 2008), the
apparent diffusive flux of the ion species i through any layer of a BPM is

Jagiser = — ZD[,/'.BPLVC/',BPL (€8]
7

where C;p; is the concentration in the membrane phase of the j-th ion,
j=1,2,...,n (where n is the number of ion species, which is 4 in the
present work) in one or the other BPM layer. JSW,LBPL is positive when
the ion species exits the channel.

The concentration gradients are calculated by assuming a linear
profile between the boundary values of concentration calculated by
solving the Donnan equilibrium expressions (Eq. (7)). D;jpp; is the
cross-diffusion coefficient, expressed as follows:

DijgrL = Dippr6j + %Zj (Di.BPL - j.BPL) 12)

where 6 is the Kronecker delta.
Particularly, since J;iff_i gpy, is positive when the ion species exits the
channel, the following relation is applied:

Jaigricer = — JaypiAEL (13)

The concentration gradient VCjgp, in Eq. (11) can be calculated by
knowing the ion concentration at the interlayer interfaces, membrane
side.

In the BPM interlayer C;pp; is assumed to be null for the co-ions in
their respective BPM-layer. However, for the counter-ions across the
CEL, the Na™ concentration is assumed to be constant and the H' con-
centration follows from the electro-neutrality relation; for the counter-
ions across the AEL, the Cl™ concentration is assumed to be constant
and OH™ concentration follows the electro-neutrality relation.

Finally, by following the assumption of no mass accumulation in the
interlayer, a further salt flux should be considered to satisfy mass bal-
ances through the bipolar membrane system. Particularly, this salt mass
flux (Ggq) is due to the migration of sodium and chloride ions through
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the bipolar membrane layers. It is computed as follows:

tnagrL + taippL) dc =
(N BPL 2FC]BPI) Myr10 3 (14)

Gsull.BPL = -
where My, is the molar mass of the sodium chloride.

2.2. Middle-low scale: triplet model

The equations have already been presented in a previous work
(Culcasi et al., 2020Db).

2.3. Middle-high scale: stack model

In the BMRED process, the produced electricity is conveyed along the
external electric circuit toward an external load, which represents the
final user. For the BMRED process, the equivalent electric circuit solved
by the electrical sub-model of stack is shown in Fig. 2.

The cell current I, for the k-th node and the external current I, are
calculated as:

(Eavi — AVL)
L =—"—+—~ 15
& R 15)
U
Iyy=——"—"7 16
R TRy 16)

where E,, . is the average voltage generated by the cell triplet, AVy is the
k-th voltage difference over the cell triplet electric resistances; Ry, Ry
and R, x are the external, the blank and the average cell resistance of the
k-th cell; U is the potential difference over the series of R, and Ry
resistances.

The gross power density GPD per total membrane area provided to
the external load, can be simply calculated as

I ext Uext

PD =
PP=3INbL

a7

where b-L is the active area of one single membrane and U,y is the po-
tential difference over the external resistance R,,.
The net power density (NPD) is calculated as

NPD =GPD — PPD (18)
where PPD is the pumping power density, calculated by the hydraulic

model.
PPD can be calculated as

_ APmr,uQin,u + AP!{))‘,hQin,b + APmt,.\'Qin..\'

PPD 19
Y3NbL 19
R,
-

—— Base solution
Acid solution
—— Salt solution

P Elfectric
Resistance

| Voltage

Source

Fig. 2. Scheme of the equivalent electric circuit of BMRED stacks.
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where APy 5o and Qin 5o are the total pressure drop in the stack and the
total volume flow rate at the stack inlet, respectively, for the generic
solution sol (i.e., acidic, basic or salt solution).

2.4. Figures of merit of BMRED processes

In this section, the main figures of merit characterizing BMRED units
are defined for steady state single pass operations. The mass Gross En-
ergy Density (GEDp,) represents the energy recovered by the process
neutralizing 1 kg of HCL. It is given by

Uest Lex
37 600 MHCI Qin,a (CH.a.in - CH.a,um)

GED,, = (20)

where GED,, is expressed in kWh kgﬁél, Myq is the molar mass of the
hydrochloric acid, and Cpqx and Cqou are the proton concentrations
in the acid solution at the stack inlet and outlet, respectively.

The current efficiency (7.) was calculated as the ratio of the amount
of protons migrating towards the interlayer of the BPMs over the actual
amount of protons removed from the acid compartments (mass bal-
ances). It is calculated as

Loy > it cerk

= (21
" F (Qin.a CH.a,in - Qout.a CH,a.aur)

in which Qqu 4 is the total volume flow rate of the acid solution at the
stack outlet.

The relative consumption of the hydrochloric acid in the acid com-
partments is calculated as:

= Q[n,a CH‘a.in - Qﬂllfﬂ CH.a,om
Qin,a CH,a.in

Another important performance parameter is the energy density per
unit volume of processed solution. The gross energy density (i.e.,
neglecting the energy loss due to pumping) is calculated as:

(22)

U(‘.\f[ IEX[
GED,=——2 23
3.6-10°Qunq @3

Moreover, the energy efficiency of the process is evaluated as:

GED,
NpmrED = GED,,

(24)

in which GED, g, is the theoretical gross energy density (kWh m~%)
calculated as follows:

Chcta,in
| emr dcuc 25)

1074

GEDvn =36 106

where EMF is the electromotive force (V), which is calculated following
the Nernst equation (Tanaka, 2007).

3. Experimental

BMRED experiments were collected by using a commercial lab-scale
module (FT-ED-100) purchased from Fumatech BWT GmbH (Germany).
The stack was equipped with the following IEMs: fumasep® FAB,
fumasep® FKB and fumasep® FBM as AEM, CEM and BPM, respectively.
DSA (Dimensionally Stable Anode)-type electrodes with an area of 10 x
10 cm? were used. IEMs were separated by PVC/ECTFE spacers (made
by woven filaments and with a thickness of 500 pm). Spacers had three
inlet/outlet of 8.5 mm diameter. The membrane active area was 10 x 10
cm?. The stack was assembled with different number of repeating units
in the interval 5-38. Acid, base and salt solutions were prepared using
Hydrochloric Acid (HCl 37% Merck), Sodium Hydroxide (NaOH
98-100% Honeywell Fluka) and Sodium Chloride (NaCl 99.7% Chem-
Solute), respectively. The electrode rinse solution was an aqueous
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solution 0.5 M in FeCly/FeCl3 (99% ChemSolute) and 0.6 M in HCI,
added to prevent possible iron oxy-hydroxide precipitation (Veerman
et al., 2010). Feeding solutions were prepared by using demineralized
water. The experiments were performed with three different acid and
base concentrations, i.e., 0.2, 0.6 and 1 M, as well as with or without the
presence of 0.25 M NaCl of salt background in the acid and base com-
partments. The NaCl concentration at the inlet of the salt channels was
kept constant at 0.25 M for all the experiments. The tests were per-
formed by varying the number of triplets from 5 to 38 for the set of
experiments without the presence of salt background, and from 5 to 30
for the set of experiments with the presence of salt background.

The AEM was used as end-membrane. Peristaltic pumps (BT6018S,
Lead Fluid Technology, CO LTD, China) were used for circulating all the
acid, base and salt streams as well as the electrode rinse solution. A BK
Precision 8540 DC Electronic Load, allowing the operation with galva-
nostatic mode, was used in the external circuit. All the experiments were
re-tested a minimum of two times to verify their reliability. Inlet and
outlet solution samples were collected for the analysis of both titration
and chromatography to compare the ion concentrations in each
compartment. Ion chromatography was performed with the Ion Chro-
matography (IC) Metrohm 882 Compact IC plus. Milli-Q water was used
to prepare each sample to be used for chromatography.

A once-through (i.e., single pass) operation mode was used for all the
experiments, i.e., the solutions from the inlet tanks flowed through the
stack and were collected in the outlet tanks (Fig. 3). Once the pumps
started flowing the electrolyte solutions through the stack, they operated
for at least 5 min to ensure good membrane conditioning. Subsequently,
the external circuit was closed by setting the load to provide the desired
electric current. The operation continued until reaching a constant
external voltage, and then samples of the outlet solutions were collected
to determine pH and ion concentrations.

All experimental data were collected for model calibration and
validation and some of them are also reported in our previous work
(Zaffora et al., 2020), where the same experimental apparatus and
methodology is employed. The latter are described above for the sake of
completeness and clarity.

4. Results and discussion
4.1. Model validation at laboratory scale

The experiments were conducted with current density within the
range from 0 to 29 A m~2, to avoid the delamination of the BPMs. The
model was calibrated by varying the ion diffusivities in the membranes.
The values reported in Table 2 were used.

The electrical resistances of the monopolar membranes used in this

Base IN

Salt IN Salt OUT

External
resistance

Fig. 3. Scheme of the adopted experimental set-up.



A. Culcasi et al.

Table 2
Membrane properties used in the simulations.

Fixed properties

AEM CEM AEL CEL
Thickness pm 130 130 95 95
Water permeability ~ ml bar ! h™! 8 8 - -
m 2
Areal resistance” Q cm? 7 6 6.5 6.5
Fixed charge mol m~3 H,0 5000 5000 5000 5000
density
Properties tuned for model calibration
AEM CEM AEL CEL
H diffusivity m?s7! 1.4E- 4.7E- 2.0E- 3.4E-
10 11 11 11
Na' diffusivity m?s7! 4.7E- 1.6E- 1.6E- 0.5E-
11 11 11 11
Cl~ diffusivity m?s! 8.5E- 2.8E- 1.7E- 0.6E-
11 11 11 11
OH diffusivity m?s7! 0.9E- 3.1E- 0.9E- 0.6E-
10 11 10 11

? In the presence of background salt, the areal resistances observed experi-
mentally were ~35% higher. This behaviour was taken into account in the
model.

work are provided by the manufacturer, while that of the bipolar
membrane is not provided (Fumatech BWT GmbH, 2021). Therefore, the
electrical resistance of the bipolar membrane was estimated as a series of
the three resistances of CEL, AEL and interlayer (Strathmann et al.,
1997). The fixed charge density (FCD) was calculated as the ratio of the
Ion-Exchange Capacity (IEC) and the swelling degree (SD), multiplied by
the water density. The IEC is provided by the manufacturer for the AEM
and the CEM (Fumatech BWT GmbH, 2021), but it is not available for
the BPM. The SD is not provided for any of the three membranes. Un-
fortunately, these data are also lacking in the literature. However, the SD
values of Fumasep FKD and FKS membranes have been reported (Mei
and Tang, 2018), and were used to calculate the FCD. Finally, the value
of water permeability reported in Table 2 is for membranes used in
conventional electrodialysis (La Cerva et al., 2018), since the specific
water permeability for the membranes used in this work was not found
in the literature.

The polarization curves from experiments conducted without the
presence of salt background (Fig. 4a, ¢ and e) showed high repeatability
since the average empirical error was ~2.3%. Overall, the model pre-
dictions were in good agreement with the experimental data, regardless
of the number of triplets as well as the inlet acid/base concentration. The
overall average discrepancy was ~2.4%, with a maximum discrepancy
obtained for the 10-triplet stack with an inlet acid/base of 0.6 M, which
was characterized by an average discrepancy of 6.5%.

The results illustrated in Fig. 4b, d and e concern the set of experi-
ments conducted with the presence of background salt in the acid and
base compartments. The experimental data again demonstrate high
repeatability since the reported average deviation with the test-retest
process was ~2.9%. The model simulations were in good agreement
even when varying the number of triplets. Particularly, the overall
average variation was ~3.3%. The maximum discrepancy was recorded
for the experiments performed at 5 triplets with an inlet acid/base of 0.2
M, where an average relative error of ~7.4% was found.

Overall, the above results show the validity of the developed model
for the prediction of the polarization curves of BMRED systems at
different number of repetitive units, across a wide range of acid and base
concentrations (i.e., 0.2-1 M), and with or without the effect of the
background salt in the acid and base compartments.

The comparison between model predictions and experimental data
was also made in terms of the outlet ion-concentrations. The tests were
performed by using a variable number of triplets (38, 30, or 20), at a
fixed mean channel flow velocity of 1 cm s}, and without the presence
of NaCl as salt background in the acid and base channels. A fixed current
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density equal to 29 A m~2 was used for all the experiments. The inlet
composition and concentrations are reported in Table 3. Titration and
chromatography were repeated at least once, finding negligible errors.

Model outcome and experimental results are compared in Fig. 5.

Fig. 5 suggests that, apart from a few isolated cases, the outlet ion
concentrations were predicted with good agreement with the experi-
mental data. The average error in absolute terms was 3.2%, being 2.0%,
2.6% and 5.0% for the acid, base and salt solutions, respectively.

4.2. Industrial-scale stack simulations

In this section, the BMRED potential was investigated by considering
the neutralization of hydrochloric acid and sodium hydroxide solutions.
The presence of backgraund salt in the acidic and alkaline solution was
simulated, mimicking the use of waste streams. The simulations were
performed with stacks provided with 50 triplets. Two different scenarios
were studied: i) a reference case with the input parameters shown in
Tables 4 and ii) an improved case with the better membrane properties
shown in Table 5. The improved membranes properties were chosen as
representative of properties better than those of the reference scenario,
but are still realistic. For example, the electrical resistance of the
membranes was reduced to 1/4th, so that the improved scenario is still
characterized by values comparable with those exhibited by some
commercial (Ran et al., 2017) and/or tailor-made membranes (Vlei and
Tang, 2018). Even lower values are possible, but they would be
incompatible with the improvement of other properties, e.g. the selec-
tivity (Luo et al., 2018).

Current density, mean channel flow velocity, inlet acid/base and salt
concentrations were varied across a wide range of values.

4.2.1. Sensitivity on current density

The sensitivity analysis on the current density was performed with
the mean flow velocity fixed at 1 cm s~1, the inlet HCl and NaOH con-
centrations equal to 1 M (without salt), and the NaCl inlet concentration
at 0.25 M. The current density was varied within the range of 50-200 A
m2

Fig. 6 shows the performance parameters as functions of the external
current density for the two scenarios.

The GPD (Fig. 6a) increases significantly in the improved scenario
due to the lower internal resistance. The GPD values range from a
minimum of 5.6 W m 2 for the reference case, to a maximum of 38.1 W
m~2 for the improved case. It is interesting to note that the reference
case reaches the power peak at ~120 A m~2, while the improved case is
far from the power peak even at the highest current density considered
in the simulations, i.e. 200 A m~2. Therefore, the improved case may
reach theoretically very high values of GPD, provided that BPMs are able
to tolerate very high current densities without delamination issues. At
the peak point of the reference case, the GPD is ~60% lower than the
one reached at the same current density by the improved case.

The operating current density also affects the Gross Energy Density
per unit mass of HCI (GEDy,), which is reported in Fig. 6b. The improved
and reference scenarios show maximum GED,, values around 100 and
80 Am ™2, respectively. Large differences were found in the GEDy, values
between the two scenarios of membrane properties over the whole range
of simulated current densities. The improved GED,, was ~2.3 times
higher than the reference GEDy,.

Fig. 6¢ reports the HCl consumption as a function of the current
density for the two scenarios, which exhibit no appreciable differences.
For both scenarios, 7 increases with the current density, as expected,
ranging from ~7.6% to ~23%. The small decrease in HCl consumption
in the improved case (6.4% in relative terms) is mainly due to the lower
diffusive fluxes. The diffusive contribution to the HCl consumption,
assessed by simulating perfect permselective membranes, was 2.9% and
1.5% on average for the reference and the improved scenario, respec-
tively. The parasitic currents contribution to the HCl consumption,
assessed by simulations without parasitic branches, was 0.6% and 1.1%
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Fig. 4. Voltage-current curves by varying the number of triplets: comparison between model predictions (lines) and experimental results (points). Mean flow velocity
of the electrolyte solutions in each channel equal to 1 cm s~ !. Areal blank resistance: 72 Q cm?.
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Table 3
Summary of the inlet concentrations used for the experimental validation. Fluid
velocity of 1 cm s~! and current density of 29 A m 2.

Test  N° triplets CHciain(mol CNaoH p.in (O] Chacis in(mol

) m~3) m~3) m~3)
1 38 200 198 260
2 38 627 577 273
3 38 1032 998 284
4 30 212 193 268
5 30 622 671 276
6 30 1045 1165 287
7 20 199 183 245
8 20 600 555 257
9 20 1000 952 263

1,200

=
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E
= 800
[
.0
= o
£ 600
®
- Acid
S 400 O Base
3 x Salt
S 200
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0 200 400 600 800 1,000 1,200

Exp Concentration (mol m-3)

Fig. 5. Parity plots for the comparison of model outcome and experimental
results for the concentration values at the stack outlet in BMRED tests with
single-pass (fluid velocity of 1 cm s™! and current density of 29 A m™2): [J
Outlet HCI concentration in the acid solution, o Outlet NaOH concentration in
the base solution and x Outlet NaCl concentration in the salt solution.

Table 4
Inputs of the multi-scale model for the simulations of BMRED units. Membrane
properties reported in Table 2 are maintained to simulate the reference scenario.

Geometrical features

Spacer length cm 50
Spacer width cm 50
Spacer thickness pm 500
Number of triplets - 50
N° spacer holes - 3
Spacer hole area cm? 1.7

Initial conditions of the solutions

ChaClaiin mol m—3 250

CNacib,in mol m—3 250

Rt Q cm? 72
Table 5

List of the membrane properties assumed for the improved scenario.

Improved membrane properties

Electrical resistance
Ton diffusivities
Water permeability

Current value (Table 2)/4
Current value (Table 2)/2
Current value (Table 2)/2
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on average for the reference and the improved scenario, respectively. In
the improved scenario, although the membranes have better properties,
there is an increase in the average cell current, which can be attributed
to the non-linear trend of the parasitic currents as a function of the in-
ternal resistance. Moreover, it is worth noting that the outlet solutions
have high acid and base content. Therefore, in the once-through mode,
and with the investigated operating conditions, the energy extracted
from the pH gradient is still low.

Finally, Fig. 6d illustrates the current efficiency as a function of the
current density for the two scenarios with different membrane features.
As expected, the current efficiency is higher in the improved scenario, as
a result of the lower ion diffusion, and increases as the current density
increases. From 50 to 200 A m™2, the current efficiency increases by
~50% for both scenarios. Similarly to the current efficiency, the gross
energy density was found to be higher in the improved scenario
(Fig. 6b). This is due to the increase in the external voltage in the
improved case, which also leads to higher GPD values (Fig. 6a).

4.2.2. Sensitivity on mean channel flow velocity

The effect of the mean flow velocity was analysed by fixing the
current density at 100 A m~2, the inlet HCl and NaOH concentrations
equal to 1 M in the acid and base channels, respectively, and the NaCl
inlet concentration in the salt channel at 0.25 M. The mean flow velocity
was varied within the interval 0.5-5 cm s 1.

Fig. 7a reports the Gross and Net power densities when varying the
mean channel flow velocity for the reference and the improved
scenarios.

No important differences in GPD were shown when varying the mean
flow velocity for both the reference and improved scenarios. The
average GPDs were 14.9 and 23.5 W m ™2 for the reference and improved
scenarios, respectively. The small increase in GPD at higher velocities is
due to the higher average electromotive force. Instead, significant dif-
ferences can be observed for the NPDs. Particularly, by increasing the
mean flow velocity from 0.5 to 5 cm s—*, NPD decreased by ~67% and
~42% for the reference and improved cases, respectively, reaching the
maxima at a flow velocity of ~1 cm s~1, and being very close to the GPD
values at 0.5 cm s~ L. The different relative effect of the mean flow ve-
locity on the NPD in the two scenarios is caused by the fact that the
Pumping Power Density (function of the mean flow velocity) was
practically the same.

No appreciable effects of the fluid velocity on the GEDy were
observed. The average values were 0.27 and 0.49 kWh kg™! for the
reference and the improved scenarios, respectively.

Fig. 7b shows the HCl consumption as a function of the mean channel
flow velocity for the reference and improved scenarios. The higher the
mean flow velocity, the lower the HCl consumption, as expected.
Particularly, from 0.5 cm s~ to 5 cm s, the HCl consumption was ~1
order of magnitude lower. Between the two scenarios, only a slight
difference was found (i.e., an average relative difference of 8.1%), which
is higher at low fluid velocity due to more important effects of diffusion.

The current efficiencies were found to be practically constant when
varying the mean flow velocity. Specifically, the current efficiencies
were 73 and 79% for the reference and improved case, respectively.

4.2.3. Sensitivity on inlet acid/base concentrations

The effect of the inlet acid/base concentration was assessed by fixing
the current density at 100 A m~2, the mean channel flow velocity at 1
cm s, and the NaCl inlet concentration at 0.25 M. The inlet acid/base
concentrations were varied within the range 0.2-1 M.

Fig. 8a shows the GPD by varying the acid/base inlet concentrations
for the reference and improved scenarios.

The GPD shows an increasing trend towards a maximum, ranging
from 6.57 to 14.7 W m~2 and from 14.8 to 23.4 W m ™2 for the reference
and improved scenarios, respectively. The increasing values can be
simply explained by the higher electromotive force when raising the
acid/base concentration. When applying the Nernst equation, the
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the reference and improved scenarios with a fixed current density of 100 A m

electromotive force in fact increases as the acid/base concentration in-
creases, moving from 35.5 Vto 42.1V, i.e., 0.71 Vand 0.84 V per triplet,
respectively. The average relative difference of 41.5% in the GPD be-
tween the reference and the improved scenarios is a direct consequence
of the reduced membranes resistance and, at a lesser extent, of the
reduced diffusion.

Fig. 8b illustrates the results obtained for the Gross Energy Density

-2

10

per unit mass of HCI by varying the inlet acid/base concentration for the
reference and improved scenarios. The results show that the GEDy,
curves exhibit increasing values that tend to flatten in the upper range of
acid/base concentrations. Overall, from 0.2 M to 1 M of acid/base, the
GEDy, varies by 54 and 22% for the reference and the improved case,
respectively.

Fig. 8c shows the HCI consumption curve as a function of the inlet
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Fig. 8. (a) Gross Power Density (GPD), (b) Gross Energy Density per unit mass (GED,), (¢) HCl consumption (z) and (d) Current efficiency (5.) as a function of the

inlet acid/base concentration for the reference and improved scenarios with a fixed current density of 100 A m

concentration of 0.25 M.

acid/base concentration for the investigated scenarios. HCl consump-
tion values differ by ~3% on average in the two different scenarios. The
pronounced decreasing trend is a consequence of the inverse relation-
ship between HCI consumption and inlet acid concentration. The ion
diffusion could soften this behaviour; however, the small differences
between the two scenarios indicate small effects of ion diffusion. Fig. 8d
illustrates the current efficiency as a function of the inlet acid/base
concentration for the two scenarios. By increasing the acid/base con-
centration within the investigated range, the current efficiency de-
creases, losing 23.2 and 17.9 percentage points for the reference and
improved cases, respectively. This behaviour is due to larger diffusion
and parasitic currents at higher inlet acid/base concentrations. Partic-
ularly, by increasing the inlet acid/base concentrations, the resulting
cell currents increase, leading to higher values of inlet-outlet concen-
tration differences and, thus, to lower values of current efficiency.
Moreover, the reduction of the current efficiency explains the decreasing
rate of increase of energy density per unit mass of transported acid
shown in Fig. 8b.

4.2.4. Sensitivity on inlet salt concentration

The effect of the inlet salt concentration was evaluated by fixing the
current density at 100 A m~2, the mean channel flow velocity at 1 cm
s~!, and the HCl and NaOH inlet concentrations at 1 M. The inlet salt
concentration was varied within the range 0.001-1 M.

Fig. 9a shows the GPD by varying the salt inlet concentration in the
reference and improved scenarios.

GPD shows a slight decreasing trend as the salt concentration in-
creases, ranging from 15.3 to 13.4 W m™2 for the reference case and

11

~2, a mean flow velocity of 1 cm s~! and an inlet salt

from 23.9 to 22.1 W m™2 for the improved case. Similarly, the GEDy,
values decrease (Fig. 9b) with relative variations of 7.3 and 5.5% in the
reference and improved case, respectively. Compared to the reference
case, the improved case exhibited lower values of HCl consumption
(Fig. 9c¢). Particularly, HCl consumption values differ by ~1% on
average in the two different scenarios. Finally, no important variations
were recorded in the current efficiency when varying the salt inlet
concentrations (Fig. 9d). The averaged values were 72.9% and 78.9% for
the reference and improved scenarios, respectively.

4.3. Example of an industrial BMRED scheme for energy recovery from
waste streams

In this section, a possible scheme for industrial application of energy
recovery via BMRED from waste streams is designed.

The stack size is the same as the one reported in section 4.2. It is
worth noting that, depending on the capacity of the industrial plant, the
number of BMRED modules must be increased to meet the requirement
in terms of flow rates of processed wastes. For example, configurations
with several units hydraulically in parallel could be beneficial for this
purpose.

The neutralization of waste acid and base solutions from the pickling
and the manufacturing industries was considered. HCl and NaOH waste
solutions were simulated with the presence of background salt. It is well
known that exhausted solutions from pickling operations range from 20
to 150 g 11 (Gueccia et al., 2020). Spent caustic soda solutions may
present a concentration of around 4% weight (Rahman and Khan, 2010).
The present simulations assessed the energetic yield of a multi-stage
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Fig. 9. (a) Gross Power Density (GPD), (b) Gross Energy Density per unit mass (GED,,), (¢) HCI consumption (z) and (d) Current efficiency (5.) as a function of the
inlet salt concentration for the reference and improved scenarios with a fixed current density of 100 A m~2, a mean flow velocity of 1 cm s™! and inlet acid/base

concentrations of 1 M.

process. Energy density and process efficiency were evaluated following
the approach formulated in section 2.4, with the stack features shown
for the improved scenario in section 4.2 (Tables 4 and 5). Instead, the
acid, base and salt solution composition and concentrations are reported
in Table 6.

Since the acid and base concentrations are different, a possible
process scheme to reduce their concentration at the same value could be
a multi-stage system with the acid solution processed sequentially and
the base and salt solutions processed singularly (Fig. 10). In this way, the
outlet concentration of both the acidic solution (from the last stage) and
the alkaline solution (from each stage) was close to zero, thus obtaining
a high degree of neutralization for both solutions.

Simulation results showed that 15 BMRED stages were needed for the
complete neutralization of the acid solution. The gross energy density
was 53.5 and 48.3 kWh m ™2 of acidic solution in the two cases of 1 M
and 0.3 M of inlet concentration of NaOH, respectively. Interestingly,
even using a spent sodium hydroxide solution of less than 1.2% weight

Table 6
Initial composition and concentrations used to simulate a possible industrial
BMRED scheme.

Inlet composition and concentrations

Chcla,in mol m~3 2700
ChaClaiin mol m—3 250

CNaclsin mol m~3 250

ChaoH b,in mol m~? 300 or 1000
Cnaclb,in mol m~3 250

@ Q Q
A aa R s VAl

Acid —{Stage 1 Stage 2 - » Stage n —
RN

Base _1
Fig. 10. Scheme of the multi-stage BMRED process.

(i.e., ~0.3 M), the energy efficiency was 82%, while by using 1 M of inlet
NaOH concentration it reached 91%. Under equal current density, the
use of a more concentrated base solution (i.e., 1 M NaOH) causes an
increase in the average power per stage. This fact leads to a higher GED,
resulting in a higher energy efficiency.

These interesting preliminary results suggest that neutralizing waste
acid/base streams in BMRED units to produce electric power may be a
very promising option which should be further investigated to eventu-
ally lead its technology development up to the implementation in real
industrial sites.

5. Conclusions

BMRED represents a promising system to harvest energy from the
neutralization of acid and base streams. In this work, a process model
developed in our previous work (Culcasi et al., 2020b) was improved by
including a more realistic simulation of the bipolar membrane. The
present BMRED process model was validated against single-pass ex-
periments, showing a good agreement under several operating
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conditions. This reliable and flexible modelling tool was then used to
perform a sensitivity analysis of the BMRED performance to several
process parameters (external current density, flow velocity inside the
channels, acid and base inlet concentrations and salt inlet
concentration).

The results were promising, showing that net power densities of ~15
W m~2 are achievable with current commercial membranes. High-
performance membranes would increase the net power density up to
~25 W m™2 or even significantly higher values, provided that BPMs
could tolerate high current densities without damage due to delamina-
tion. Moreover, the simulation of an industrial scheme predicted an
energy density of ~50 kWh m 2 (of acid solution) with energy efficiency
of ~80-90% for the neutralization of acid and alkaline solutions by
using improved membranes, thus showing the huge potential of BMRED
systems for energy harvesting by use of waste streams. Membranes play
a key role; therefore, the development of high-performance membranes
is crucial for the process competitiveness. Improvements in the process
performance can be expected also by optimising operating conditions
and stack design. Further studies should address these aspects, the
techno-economic assessment, the use of real industrial wastewater and
the conceptual design of complete treatment lines.
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