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ABSTRACT

This work is concerned with the feasibility of surface water desalination by the neutralization
dialysis (ND) process and the difficulties related to it. The pH and the conductivity of
model saline solution have been measured during different ND operations, using a three-
compartment membrane stack of 64 cm? active area for each ion-exchange membrane (IEM).
The saline solution concentration is maintained at 0.02 mol L™'. The influence of three
parameters has been investigated, i.e. the flow rate (from 35 to 100 mL min™Y), the alkaline
solution concentration, and the acidic solution concentration (from 0.02 to 0.1 mol L™!). We
have shown that diffusion boundary layers have a great influence on the ion-exchange kinet-
ics through the IEMs. A leakage of HCl solution through the cation-exchange membrane has
been proved. Its influence is more pronounced when the acidic and alkaline solution concen-
trations are low. These leakages modify the shapes of the pH vs. time and conductivity vs.
time curves, and decelerate the desalination efficiency. After 2-3 h of desalination process,
the conductivity reached the value of 0.25 mS cm”!, as recommended by the Organisation
Mondiale de la Santé (OMS) for a drinking water. The desalination process was achieved
within a reasonable duration in all the experiments.

Keywords: Ton-exchange membrane; Neutralization dialysis; Desalination; Surface water

1. Introduction prospecting studies reveal an alarming decrease in
water reserves in the next 25 years. In some countries
such as certain countries of Mediterranean Basin,
drinking water needs exceeds the natural resources
reserve. The main drinking water resources are the

For many years, water was considered as a
free and inexhaustible natural resource. However,
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ground water and the surface water. The surface
water is an accessible and renewable resource but is
easily polluted and contains 1-8 g L' of salts. How-
ever, the ground water is less accessible and is not a
renewable resource. Thus, the surface water desalina-
tion process can be a viable solution to reduce the
effect of drinking water rarefaction, produce drinking
water, and satisfy the water needs. The increasing salt
amount in the surface water is mainly due to indus-
trial effluents, [1] massive agriculture exploitation, [2]
and human pollution [3]. A high NaCl concentration
in surface water can have a negative impact on the
aquatic ecosystem [4,5] and on human health. Indeed,
drinking saline water can cause serious illnesses such
as renal problems, cervical cancer, and high blood
pressure. Different water desalination processes were
carried out or under study [6-9]. One of the most
promising techniques is the neutralization dialysis
(ND). Indeed, this process consumes low energy and
is relatively easy to install. ND is a membrane process
suggested first by Igawa et al. [10] in 1987, as a new
water desalination method. It is an energy-saving pro-
cess that uses ion-exchange membranes (IEMs) based
on the simultaneous use of two Donnan dialysis oper-
ations. In this process, the saline solution is placed
between an acidic solution and an alkaline solution
separated by cation-exchange membrane (CEM) and
anion-exchange membrane (AEM), respectively. The
CEM and AEM allow the substitution of cations
(anions) of the treated solution by H" (OH") ions.
Thus, mineral charge of the treated solution decreases
and its volume increases, which reduces the concen-
tration of salts and leads to desalinated solution (DS)
under ideal conditions. The main advantage of ND
rather than electrodialysis (ED) process [11-14] is its
lower energy consumption.

The aim of this study is to optimize the ND desali-
nation process conditions, in particular by adjusting
the flow rate, and the acid and alkali initial concentra-
tions. This work reveals the influence of flow rate and
concentration of the water desalination using ND
process.

2. Experimental
2.1. Membrane treatment

In this work, two homogeneous membranes
(Neosepta® CMX and AMX, Japan) were used. The
CEM, CMX, contains sulfonate groups, whereas the
AEM, AMX, contains quaternary ammonium groups.
Prior to any membrane process, the IEMs were trea-
ted, following with the French standard NF X 45-200
to remove the manufacturing process impurities [15].
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This treatment was allowed for the stabilization of the
physico-chemical properties, and thus reproducible
initial conditions were achieved. This procedure is
described in Table 1. The treatment cycle was repeated
twice for each membrane.

After these cycles, AMX and CMX were stored in
0.1 M HCl and 0.1 M NaCl, respectively.

2.2. Membrane characterization

For each membrane, the active surface area was
equal to 64 cm®. The main physico-chemical character-
istics of the cationic and anionic membranes are
shown in Table 2.

2.2.1. Ion-exchange capacity

The ion-exchange capacity is a parameter corre-
sponding to the functional sites per gram of the dry
membrane. This parameter was determined by follow-
ing the French standard NF X 45-200. The counter-ions
were forced to transfer to a determined solution with
the purpose of titrating them. Samples of 10 cm” were
immersed into 0.1 M HCI (the counter-ion is Cl") for
2 h, then rinsed in ultra pure water, immersed in 1 M
HNO; for at least 12 h, and the chloride content was
determined immediately after. Samples were eventu-
ally vacuum dried at 40°C for 24 h to determine the
dry mass.

2.2.2. Water content

The membrane samples, previously immersed in
the appropriate stabilization solution, were placed
between two foils of filter paper and pressed slightly
in order to remove the excess liquid. Then, the
membranes were immediately placed in a HB43-S
Mettler-Toledo moisture thermobalance in which they
were heated to 140°C, until their mass did not vary
(at 0.001 g) for 10 min. The water content (W) was
determined by the mass difference between the
hydrated (W,) and the dried (W,) samples as follows:

Wa Wy
b

x 100

W (%) =

2.2.3. Thickness

The membrane thickness (Ty,) was measured using
a Kéfer thickness dial gauge, specially devised for
plastic film thickness measurements with 1 um
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Table 1
Treatment cycles associated with AMX and CMX membranes
Membranes AMX CMX
Operations Solution Duration (min) Solution Duration (min)
1 0.1 M HNO; 60 0.1 M HC1 60
2 Distilled water +2 Distilled water +2
3 0.1 M HC1 60 0.1 M NaOH 60
4 0.1 M NaCl +2 0.1 M NaCl +2
Table 2

Main physico-chemical characteristics of CMX and AMX
membranes

Membranes CMX AMX
Ton-exchange capacity (meqg ") 1.6 1.3
Water content (%) 25 26
Thickness (um) 170 140
Membrane conductivity (ms cm ™) 14 3.3

resolution. The membrane thickness value was aver-
aged from measurements at 10 different locations on
the effective surface region of the membrane.

2.2.4. Membrane conductivity

The electrical conductivity measurements were car-
ried out using the differential method [16,17]. The
experimental assembly used consisted of a clip-type
cell at an AC frequency of 10 kHz to measure the
membrane conductivity, a conductivity meter CDM92
(Radiometer-Tacussel), and a water bath at 25 + 0.2°C.

The determination of membrane conductance G,
needed two measurements, one without the mem-
brane (G;) and another one with the membrane (G,),
to deduce the value:

. GiG

G, = —172
"G -G

Using the values of the membrane thickness (T,,) and
the electrode section area (A =1 cm?), the membrane
conductivity was calculated as:

T
km—GmXX

The conductivity of CMX and AMX was measured in
NaCl solutions at 2 x 10> mol L™".

2.3. ND process

ND operations were performed using a PCCell
ED 64-004 electrodialysis stack with three compart-
ments (noted A for acid compartment, B for alkali
compartment, and C for saline compartment). The
width of each compartment is 450 pm, corresponding
to Nylon®™ spacer thickness. In all the experiments,
HCI solution was used in the A compartment and
NaOH for the B compartment. For the C compart-
ment, we used a model solution prepared from
NaCl, which is referred to as the saline solution.
Masterflex” pumps are used to ensure the fluid cir-
culation through the three compartments. It is about
a closed circuit.

As shown in Fig. 1, representing a typical ND
schema, CMX membrane separates A and C compart-
ments and AMX membrane separates B and C com-
partments.

In all the experiments, the A and B circulating
solution volumes were 1.5L and the C solution
volume was 0.5 L. The differences between solution
volumes allow the reduction in the desalination dura-
tion. The temperature of each solution is maintained
constant at 25.0 £ 0.1 C. After each dialysis operation,
the electrodialysis cell was washed with distillated
water to remove any impurities present in the spacers
(that could come from previous operation).

During the desalination process, the pH and con-
ductivity values were continuously measured in the C
solution up to 3 h, using a pH meter PHM210 and a
conductivity meter CDM92, respectively. The CI™ and
Na® final concentrations in the saline compartment
were determined by the titration method and flame
emission spectrometry, respectively.

The same saline solution was maintained in all of
this study. Its main characteristics are: a pH value of
5.5-6.0 and an ion conductivity of 2.0-2.3 mS cm™" at
25°C, which corresponds to an equivalent NaCl con-
centration of 0.02molL™' (1.2gL™"), significantly
higher than the value recommended by the OMS
(0.25 mS em ™) [18].
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Fig. 1. ND process of model NaCl solution. CEM; AEM; A: acid solution; C: saline solution; B: alkali solution.

3. Results and discussion

In this preliminary study, we investigated the sin-
gle effect of a certain number of parameters on the
ND desalination process. The selected parameters are
the initial concentrations of the acidic and alkaline
solutions and the alimentation flow rate of the three
compartments. The set of the experimental conditions
are presented in Table 3.

The experiments numbering in Table 3 will be used
for a simple presentation of our results. For example,
1.1 experiment corresponds to [HCl], =0.1 mol LY
[NaOH], = 0.1 mol L™}, and Qo = 35 mL min ..

3.1. Effect of flow rate

In the first set of experiments (see 1.1, 1.2, and 1.3
in Table 3), the flow rate effect was investigated, and
the fixed concentrations of acid and base solutions
were being equal to 0.1 mol L™". The pH and ion con-
ductivity measured in the saline compartment, during
the desalination process are presented in Fig. 2(a) and
(b), respectively.

The pH vs. time plots in Fig. 2(a) shows three
main stages. First, pH decreases quasi-immediately to
acidic values (phase I). Then, a transition through the
neutral value to alkaline pH is observed (phase II).
The transition is very rapid, i.e. in about 10 min, the
pH value progresses from 3 to 10. Finally, a slow pH
decrease is observed (phase III). In the 1.2 and 1.3
experiments, the duration of the third phase is about
100 min, and a neutral value of pH (about 7) is

attained. However, in the 1.1 experiment, for more
than 150 min, the pH values vary slowly from 10 to 9.
The pH transitions are accelerated by the rate flow
augmentation. This acceleration is due to thinner dif-
fusion boundary layers (DBLs) [19-22] as the flow rate
increases. Indeed, the turbulences are created by spac-
ers at the membrane-solution interface. These turbu-
lences lead to thinner DBLs and more important
exchange kinetics.

pH vs. time curves show that ion exchanges
through IEMs are very sensitive to the use of H" and
OH™ ions. These two ions are known for their high
mobilities both in solutions and in membrane materi-
als with a greater mobility for H". Thus, at the begin-
ning of the ND operation, the driving force through
the CEM (due to concentration gradients of H" and
Na™) must be greater than that through the AEM (due
to concentration gradients of OH™ and CI). Therefore,
HCI leakage takes place through the CEM and the pH
quickly drops from a value close to six to a value
close to three (phase I). The presence of H" and the
progressive demineralization of this saline solution
reduce the concentration gradient of H" through the
CEM and adjust the ion exchanges. Once the deminer-
alization is advanced, and the leakage of H" through
the CEM actually becomes negligible, NaOH leakage
through the AEM increases sharply, and therefore,
there is a neutralization reaction of the saline solution
corresponding to the phase II of the pH vs. time
curves. Rapid and vertical pH variations and a pH
equal to seven for the equivalent point confirms this
neutralization reaction (phase II). Once the pH become
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Table 3
Experimental conditions of ND operations
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Compartment A

Compartment B

Experiments Ca = [HCl]y (mol L) Cp = [NaOH], (mol L) Qo (mL min™)
1 1 0.1 0.1 35
2 70
3 100
2 1 0.05 0.05 70
2 0.02 0.02
3 1 0.05 0.05 100
2 0.02 0.02
4 1 0.02 0.05 70
2 0.05 0.02

alkaline (close to 10), the H" ions resume their leakage
through the CEM but with a much slower rate
because, the concentration gradients of H" and Na*
becomes very weak (demineralization is almost com-
plete). The decrease in pH (phase III) is slow and
depends on several parameters such as the demineral-
ization rate at the end of phase II, and the concentra-
tion of H" ions remaining in the compartment A.

Denisov et al. [23], one of the very few authors in
the literature who studied the ND process, used a
three-compartment laboratory cell similar to our cell
(HCl//NaCl//NaOH) with a 5.5 cm” active surface
area and a flow rate of 10 mL min~'. These authors
tested two kinds of IEMs, ie. heterogeneous and
homogeneous ones, where the pH effect was pre-
sented in the case of 0.1 and 0.01 mol L™" initial con-
centrations of the saline solution. During their
experimental studies, Denisov varied the saline solu-
tion concentration and fixed all the other parameters
such as the acid and alkaline solutions concentration
(01molL™") as well as the solution flow rates
(0.16 mL s™" equivalents to 6.6 mL min~': an order of
magnitude less than that used in this study). Besides,
the membrane exchange area was equal to 5.5 cm?
(almost 12 times less than that used in this study),
which is the reason why this author has not observed
the third phase of pH curves vs. time. In addition,
Denisov did not present the evolution of saline solu-
tion conductivity during the desalination process.

The pH curves obtained by Denisov are presented
in Fig. 3. Denisov et al. [23] obtained, for concentra-
tions equal to 0.1 mol L™', a pH decrease that is con-
sistent with the beginning of our pH vs. time curves
(phase I) and a pH increase for concentrations equal
to 0.01 mol L™'. However, the operating conditions
used by these authors did not achieve the other
phases (Il and III) of the pH evolution within reason-
able durations (3 h).

On the other hand, at lower concentration, they
observed an increase in pH values (see experimental
points: O). However, at higher concentration, the pH
values decrease (see experimental points: @). Solid
curves 1, 2, and 3 show results calculated from two
models:

Model 1: (I =0.1 mol L™") the presence of DBLs is
neglected. Here, curve 1 corresponds to a
[NaCl]p = 0.1 mol L.

Model 2: (I 0.1 mol LY, the effect of the DBLs is
assumed to be important. Here, curves 2 and 3 corre-
spond to [NaCl]y = 0.1 and 0.01 mol L respectively.

Denisov et al. [23] have developed two theoretical
models simulating the ion transport through the two
IEMs in ND operations. In one case, they have
neglected the presence of the DBLs, and in the other
case, they took them into account. The results of these
two models are presented in Fig. 4. It is noteworthy
that our results fit relatively well with those resulting
from model 2, i.e. that taking into account the DBLs.
However, this model does not explain the pH
decrease in the final step. In addition, this model does
not provide the theoretical evolution of the saline
solution conductivity.

Fig. 2(b) shows the evolution of the saline solution
conductivity as a function of time for different flow
rates (see experiments 1.1, 1.2, and 1.3 in Table 3). We
note for each of the three curves that conductivity val-
ues remain quasi-constant at the beginning of desali-
nation (for about 20 min) and then decrease gradually.
At the end of desalination process, the conductivity
values are about 0.002 mS cm !, which corresponds to
a desalination rate equal to 99.9% and the Cl and
Na™ final concentrations in the saline compartment are
about 24-2.6x10*molL™"  (corresponding  to
0.01 gL_l). Thus, we can consider that the desalina-
tion is achieved, as the conductivity of drinking water
should be between 0.5 and 0.05 mS cm™" according to
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Fig. 2. Effect of flow rate on pH vs. time (a) and saline solution conductivity vs. time (b) plots. Co = Cg = 0.1 mol L 'and

Qo = 35, 70, or 100 mL min ..

the OMS standards [18]. No noticeable difference is
observed between the conductivity values of the 1.2
and 1.3 experiments. The decrease in conductivity
values for the 1.1 experiment is slower.

3.2. Effects of acidic and alkaline solution concentrations

In the second set of experiments (see 1.2, 2.1, and
2.2 in Table 3), the effects of acidic and alkaline solu-
tion concentrations are investigated. We have chosen
to work with high flow rates in order to reduce the
DBLs" effects. At high flow rate (70 and
100 mL min™"), the conductivity evolution is quasi-
similar. Thus, the flow rate value was fixed at

(@)

pH
11
10

g 1/

8

6

5

4

3

2

61234567891011
103t s

70 mL min~"' for the second experiment set. The pH
and saline solution conductivity measured during the
desalination process are presented in Fig. 5(a) and (b),
respectively. These figures show a behavior similar to
that observed in Fig. 2(a) and (b). In this second
experiment set, the amplitudes and desalination time
are sensitive to the acid and alkali concentrations.
Indeed, the ion-exchange kinetics is faster when the
acidic and alkaline solution concentrations are higher.
The effect of HCI solution leakage through the CEM
seems to be higher in low concentrations of acid and
alkali solutions. This is confirmed by the shapes of pH
vs. time and conductivity o vs. time curves.

The presence of a concavity in the conductivity
curves of the saline solution confirms the presence of
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Fig. 3. Time dependence of pH values during the desalination for heterogeneous membranes (a) and homogeneous ones
(b) at different initial DS concentrations: (@) 0.1 mol L™}, (O) 0.01 mol L. Curves 1, 2, and 3 show results calculated from
model 1 (curve 1) and model 2 (curves 2 and 3), respectively. Initial NaCl concentration: (1 and 2) 0.1 mol LY 3

0.01 mol L™ [23].
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Fig. 4. Theoretical models simulating the NaCl solution
desalination by homogeneous membranes where the DBLs
are neglected (curve 1) and not neglected (curve 2) [22].

two competing phenomena: (i) HCl solution leakage
through the CEM increases the conductivity of the sal-
ine solution and (ii) continuous desalting of the saline
solution which reduces its conductivity. The compen-
sation of these two phenomena may take about 1 h for
low concentrations.

In the third set of experiments (see 1.3, 3.1, and 3.2
in Table 3), we used the same concentrations as in the
second experiment set, and we only changed the flow
rate to 100 mL min~'. The results obtained with the
second and third sets (70 and 100 mL min™") are pre-
sented in Fig. 6(a) and (b). Thus, we can remark that
pH values are more sensitive to the flow rate than to
the saline solution concentration. Indeed, the conduc-

tivity curves are almost overlaid for 70 and
(@ ,, = 2.2: C,=C5=0.02 mol.L"!
+ 2.1: C4=C5=0.05 mol.L"
10 1.2: C4;=C5=0.1 mol.L""
8
=
= 6

/“:-

4 Pl I‘"
vot?"__pan
2
0 : : |
0 100

200 300

Time (min)
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100 mL min~! flow rates. For pH vs. time curves,
phase I is less sensitive to the flow rate than phases II
and III. The CI" and Na" final concentrations in the
saline compartment are about 1.8-6.2 x 10~* mol L™"
which corresponds to 0.003-0.01 g L™".

To understand the effect of acidic and alkaline
solution concentrations, a fourth set of experiments
was realized at a flow rate of 70 mL min~!, where the
acidic and alkaline solution concentrations were differ-
ent (see experiments 4.1 and 4.2 in Table 3).

The results displayed in Fig. 7(a) and (b) corre-
spond to pH vs. time and conductivity of the saline
solution vs. time, respectively.

A completely different behavior is noticed between
these two experiments:

(1) For Ca > Cg, the phases II and III of the pH
curves are absent even after 4 h of desalina-
tion. For the saline solution conductivity
curves, the concavity is very pronounced with
a great compensation time (approximately
2h). This result confirms the competition
between the desalination speed and the acidic
solution leakage through the CEM.

(2) For Ca < Cg, the pH curve also includes three
phases. However, in phase I, a rapid pH fluc-
tuation is observed for few minutes (+5 min).
This fluctuation is probably due to a higher
alkaline concentration solution vs. acid con-
centration solution. Indeed, two phenomena
co-exist during this phase:

(@ A high alkaline concentration solution
leads to an important OH  diffusion to
the saline compartment.

(b) A high proton mobility.

b),

i = 2.2: C4=Cg=0.02 mol.L"

30 + + 2.1: C4=Cz=0.05 mol.L"!

1.2: C,=C5=0.1 mol.L™"
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Fig. 5. Effects of the acidic and alkaline solution concentrations on pH vs. time (a) and saline solution conductivity vs.

time (b) plots. The flow rate is maintained at 70 mL min~".
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Fig. 6. Effects of the acidic and alkaline solution concentrations on pH vs. time (a) and saline solution conductivity vs.
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Fig. 7. Desalination experiments for different concentrations where Ca # Cg at a constant flow rate (70 mL min™'). Time
dependence of pH (a) and conductivity in the saline compartment (b).

The compensation of these two phenomena causes
a fluctuation.

Concerning the ionic conductivity, the saline solu-
tion conductivity curves do not present any visible
concavity. Thus, the desalination speed is much faster
than that obtained in the case in which Cp, > Cg. The
desalination speed and the neutral values of pH are
achieved more rapidly when the acid and alkali solu-
tion concentrations are different from the saline solu-
tion concentration.

(3) Moreover, the amplitude of pH variation
remains relatively low (from 3 to 8) compared
to those obtained in the previous cases (from
3 to 10). Therefore, the speed of pH diminu-
tion in the third phase is rather fast up to ini-
tial pH value. The CI° and Na® final
concentrations in the saline compartment are
about 2.1-25x 10 *mol L™" (correspond to
001 gL™.

4. Conclusion

In this preliminary study on the use of ND for
water demineralization, the effects of the flow rate
and acidic/alkaline solution concentrations were
investigated. The pH variation and the conductivity of
the saline solutions were monitored.

We could establish that DBLs played a crucial role
in the ion-exchange kinetics through the membranes.

The acidic and alkaline solution concentrations
play a dominating role, particularly in the competition
between the desalination speed and the HCI leakage
through the CEM.

The shapes of the pH curves and the saline solu-
tion conductivity curves are clearly affected by the
variations in the initial concentrations.

The desalination process was achieved in all the
experiments (conductivity less than 0.25 mS cm™), but
the time required to achieve this objective could be
optimized, even though it was already satisfactory in
certain experiments.
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List of symbols

A — acid compartment

AEM — anion-exchange membrane

B — alkali compartment

C — saline compartment

Ca — acid concentration (mol L™

Cg — alkali concentration (mol L)

Cc — salt concentration in the saline solution
(mol L)

CEM — cation-exchange membrane

DBLs — diffusion boundary layers

IEM — ion-exchange membrane

ND  — neutralization dialysis

pH — pH value of the saline solution

Q — flow rate (mL min™?)

o — saline solution conductivity (mS cm™)
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