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ABSTRACT

In this work, three different arsenic-rich well waters from the territory of Viterbo (Italy)
were processed via electrodialysis (ED) to remove arsenic. These waters having different
chemico-physical parameters (i.e. pH, electric conductivity, main anion and cation, as well
as arsenic, concentrations) were preliminarily submitted to limiting current tests to deter-
mine the electric current to be applied in constant-current batch desalination trials by using
a laboratory-scale electrodialyzer. Arsenic removal was non-selective, its percentage removal
(ρAs) being about 71% of the desalination degree (DD) achieved (i.e. 80–85%) at the end of
any batch desalination. The specific energy consumption (w) was found to be linearly
related to DD in the range of 71–75 W h m−3. Thus, contrary to generally accepted belief,
arsenic removal by ED resulted to be by far less energy intensive than reverse osmosis, its
specific energy consumption being almost of the same order of magnitude as that associated
with the ED removal of nitrates from drinking water. Two empirical relationships (ρAs and
w against DD) were developed to assess firstly the DD associated with prefixed arsenic
removal and then to estimate the corresponding specific electric energy consumption.

Keywords: Arsenic removal percentage; Drinking waters; Electrodialysis; Limiting current;
Energy consumption

1. Introduction

Among the numerous pollutants in water streams
identified as toxic and harmful to the environment
and human health, arsenic is considered as a high pri-
ority one. It occurs naturally in rocks and soils, water,
air, plants, and animals, being released into the envi-
ronment by volcanic activity, erosion of rocks and
minerals, and forest fires, as well as by anthropogenic
activities related to the use of pesticides and fertilizers

in agriculture, fossil fuel combustion, mining,
smelting, etc.

Arsenic levels are generally higher in underground
drinking water sources than in surface waters. Quite
severe arsenic poisoning has been reported in some
countries, such as Bangladesh, India, etc., where its
content in water ranges from 300 to 4,000 μg L−1 [1,2].
The presence of arsenic in drinking waters has been
also reported in Taiwan, Chile, and Argentina [3], as
well in the USA [4,5] and Europe [6,7].

The predominant dissolved arsenic species in
ground water are the trivalent As(III) and pentavalent
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As(V) inorganic forms, the latter being more prevalent
in surface water while the former in anaerobic ground
waters [2]. Generally, inorganic forms are more toxic
than organo-arsenic species, their toxicity varying as
follows: arsenite > arsenate > mono-methylarsenate >
dimethylarsenate [8]. Thus, arsenic is currently
regarded as highly toxic and the World Health Orga-
nization recommended to lower the maximum con-
taminant level (MCL) of arsenic in drinking water to
10 μg L−1 from an earlier value of 50 μg L−1 [9]. Such a
new MCL has been accepted by the United States
Environmental Protection Agency (US-EPA) since 2002
[10], as well as by the European Community (EC)
since 1998 [11]. Such a Directive was then extended to
Italy by 2 February 2001 [12]. Such a new MCL has
affected a significant number of water suppliers and
users in many regions of the world, particularly in the
United States [13] and Italy [6]. There is therefore a
remarkable demand for developing efficient methods
to remove arsenic from drinking waters [2,4,14,15].
Among the treatment methods developed so far, it is
worth citing sorption and ion-exchange, precipitation,
coagulation and flocculation, reverse osmosis (RO)
and nanofiltration, electrodialysis (ED), biological
processes, lime softening, etc. Most of these methods
are effective to remove As(V), thus the arsenite form
As(III) has to be oxidized to As(V) by adding ferric
chloride, potassium permanganate, or chlorine. Lime
softening and iron co-precipitation appear to be the
most effective and inexpensive removal technology,
the arsenic removal effectiveness ranging from 90 to
95% [4,14,16]. Also membrane separation methods,
such as RO and ED, have been found to be very
effective, their As removal efficiency being as high as
80–99% [4]; but both of them are regarded as costly
owing to their high specific energy consumption [17].
Actually, very few studies have been carried out to
assess the ED process for the specific removal of
arsenic [14,18]. Among these, it is worth pointing out
the application of the electrodialysis reversal (EDR)
process (that is a conventional ED process with peri-
odic reversal of the polarity of the electrodes to mini-
mize membrane fouling) to treat city water containing
a mixture of As(III) and As(V), and groundwater
containing mostly As(III) at San Ysidro (New Mexico,
USA) [19]. The removal percentage of As was as low
as 28% for the latter, but as high as 81% for the
former. From such results the ED process appeared to
be inefficient in arsenite removal, even if the removal
of fluoride, nitrate, and arsenate was greater than that
obtained via RO.

The only industrial-scale plant applying the EDR
process to remove As from drinking water is
operating in the town of Magna (Utah, USA). Its daily

capacity amounts to 22,728 m3, the incoming arsenic
being reduced by 82% to 2.2 μg L−1 [20].

The aim of this work was to assess the removal
degree and especially the specific energy consumed to
remove arsenic from three typical well waters of the
Cimino-Vico volcanic areas in Central Italy by the
application of ED.

2. Materials and methods

2.1. Raw materials and chemicals

The As-rich water samples used in this study were
collected from three different wells, namely Cetti,
Ripa, and Tobia, located at Ponte di Cetti, Piscin di
Polvere, and Tobia in the countryside of the town of
Viterbo (Italy) (Fig. 1), and labeled as PC, PP, and TO,
respectively. In order to remove stagnant water from
the pipe of each well, a long-time pumping was car-
ried out before collecting each water sample in 5-L
PET bottles. Immediately after transportation to the
laboratory, any sample was filtered through mem-
brane filters (type WNC Cellulose Nitrate Membranes,
47 mm diameter, 0.2-μm pore size; Whatman, USA)
and then immediately submitted to ED testing.

Several chemicals, such as sodium borohydride
(NaBH4), sodium hydroxide, and ascorbic acid
(Sigma-Aldrich, Steinheim, Germany), potassium
iodide and hydrochloric acid (Merck, Darmstadt, Ger-
many), stock solutions containing 1 g L−1 of As2O3 in
diluted aqueous nitric acid (mono-element, calibration
standard for inductively coupled plasma-optical emis-
sion spectroscopy, ICP-OES) from C.P.A. Ltd (Stara
Zagora, Bulgaria), were used for sample pretreatment
and total inorganic arsenic determination. All chemi-
cals used were of analytical-reagent grade. De-ionized
water (electric resistivity of 18 MΩ cm) was produced
by a Milli-Q system (Millipore Corporation, USA).

The solutions used to fill the electrode and concen-
trating compartments and clean the ED stack were
prepared by dissolving analytical-grade sodium chlo-
ride or sodium hydroxide into or mixing an analyti-
cal-grade HCl solution with de-ionized water.

2.2. Equipment

A laboratory-scale electrodialyzer model EUR2
(Eurodia Industrie SA, Wissous, France) was used.
The ED stack was composed of 9 cation- (Neosepta
CMX-Sb) and 8 anion- (Neosepta AMX-Sb) exchange
membranes (Tokuyama Soda Co, Tokyo, Japan), form-
ing a number of cell pairs (Ncell) equal to eight. The
main characteristics of the ED stack and electro-mem-
branes used were reported previously [21].
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The direct current (DC) generator Mod. N5767A
(Agilent Technologies Inc., Santa Clara, CA, USA)
could supply voltage (E) and current (I) in the ranges
of 0–60 V and 0–25 A, respectively.

The dilute (D), concentrate (C), and electrode rins-
ing solution (ERS) were stocked into three 1.6-dm3

PVC tanks equipped with coils for temperature con-
trol and re-circulated through the ED stack by means
of 3 polypropylene centrifugal pumps. Both C and D
tanks were equipped with a 2-m high Plexiglas tube
provided with a millimeter scale to precisely assess
volume variation in C and D tanks. The D, C, and
ERS recirculation flow rates were manually regulated
by means of ball valves and flow-meters (accuracy: 5%
of the top scale).

The electric conductivity (κ) of the solutions flow-
ing out of C, D, and ERS compartments was on-line
measured as reported previously [21].

Before starting the experimental campaign, the ED
plant was thoroughly cleaned-in-place by performing
a series of re-circulation cycles of 20 min each with
neutral (de-ionized water), acidic (aqueous HCl 2.5%
w/w), and alkaline (aqueous 3 kg m−3 NaOH) solu-
tions. A series of re-circulation cycles with de-ionized
water was performed between batch experiments.
When the plant was not in use, the membrane stack
was filled with 0.5 M aqueous NaCl.

2.3. Experimental procedure and operating conditions

All the experiments were operated in batch mode
at 20˚C by continuously recycling both D and C at
about constant flow rates (148.2 L h−1) and ERS at a
nominal flow rate of 300 L h−1. Electrode rinsing was
carried out by recirculating an aqueous solution con-

taining (4.53 ± 0.15) g L−1 of NaCl for all experiments.
In all experiments, hold-up volume of residual de-ion-
ized water in C and D compartments after the rinsing
cycles was estimated as equal to about (0.28 ± 0.10)
and (0.24 ± 0.09) L, respectively.

2.3.1. Current–voltage tests

A first series of trials (I–E tests) was performed to
assess the experimental I–E curves for the three water
samples under treatment, each one being diluted with
de-ionized water to obtain an electric conductivity of
~9 mS m−1, this value corresponding approximately to
the final electric conductivity of the water samples
submitted to ED desalination tests. Such I–E tests were
carried out by flowing the aforementioned diluted
samples through the C and D compartments of the ED
stack. In this way, it was possible to assess the limit-
ing current (Ilim) so as to perform any desalination test
at I < Ilim. To this end, the hydraulic circuit of the ED
laboratory-scale plant was modified by discharging
the solutions undergoing concentration or dilution as
flown out of the ED stack into tank D or C,
respectively. Consequently, the electric conductivity
(κ) of the solutions in the alternating compartments
did not vary, thus resulting in about a constant overall
resistance of the ED stack. After re-circulating any
solution through the ED stack up to monitor a con-
stant electric conductivity in C, D and ERS tanks, the
DC generator was switched on to allow the voltage
applied to the ED stack to be increased step by step
from 3 to 40 V. After any step increase in the voltage
applied, the system was allowed to reach the steady
state for 3–5 s before recording the current applied to
the ED stack.

Fig. 1. Location map of the area of Viterbo (Italy), from where well water samples used in this work were collected.
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2.3.2. Desalination tests

Tank D was fed with (2.24 ± 0.09) L of any water
sample, while tank C was fed with (2.28 ± 0.10) L of
an aqueous solution containing (4.60 ± 0.15) g L−1 of
NaCl.

After re-circulating such solutions through the ED
stack and corresponding reservoir up to achieve a con-
stant electric conductivity in any tank, the DC genera-
tor was switched on and the electric current set to
0.1 A. The desalination test was stopped when the
desalination rate of the water sample under treatment
reached about 80–87%. A validation test was also car-
ried out at a lower current (0.05 A) using the PP water
sample. The duration of the tests at I = 0.1 A ranged
from (8.4–13.0) min. During any desalination trial, five
water samples (20-mL each) were withdrawn and
analyzed as reported below.

2.4. Analytical methods

Water samples, as such or submitted to ED testing,
were filtered through 0.45-μm filters (Millipore, USA),
split into two aliquots, and collected in clean Nal-
gene® narrow-mouth bottles. Each bottle was previ-
ously soaked with 10% hydrochloric acid for 48 h,
rinsed sequentially with distilled water, and then with
deionized-distilled water two or three times. The first
aliquot was used to measure the electric conductivity
(κ), pH, and concentrations of major anions (i.e.
HCO�

3 , SO
2�
4 , NO�

3 , Cl
−, and F−) and cations (i.e. Na+,

K+, Ca2+, and Mg2+). The second one was acidified by
adding 1 μL of a 12% (w/w) aqueous HCl solution
per mL and stored at 4˚C in the dark for later determi-
nation of total inorganic arsenic.

The aforementioned major anions and cations
were determined by ion chromatography using a
conductivity detector. More specifically, a Hamilton
PRP-X 100 column (4 mm × 100 mm; Hamilton, USA),
fed with an aqueous solution containing 4 mM p-hy-
droxybenzoic acid and 2.5% (w/w) methanol at pH
8.4 at a flow rate of 1.0 mL min−1 as eluent, was used
to measure anion concentrations (chemical suppres-
sion was used for all anions, except for HCO�

3 );
whereas an Alltech® Universal Cation HR column
(4.6 mm × 100 mm; Alltech Associates Inc., USA), fed
with aqueous 1.5 mM H2SO4 at a flow rate of
1 mL min−1 as eluent, was used to determine cation
ones. The coefficient of variation of replicated mea-
surements varied between 0.0 and 15.5% with a mean
of 5.1%.

The electric conductivity (κ) and pH of any water
sample was measured by means of a WTW conduc-
tometer (model Inolab Cond Level 1, WTW, Germany)

and an ORION pH-meter (model 420A+; Orion, USA),
respectively.

Total inorganic As concentration was assessed by
means of an ICP-OES spectrometer (model OptimaTM

8000 DV, Perkin Elmer, USA) coupled to a commercial
hydride generation (HG) system (model FIAS, Perkin
Elmer, USA) [22,23]. The measurements were carried
out at three wavelengths (i.e. 193.696, 188.979, and
197.197 nm) presenting the lowest interference and
highest analytical signal-to-background ratio. All sam-
ples were read in duplicate and averaged, the coeffi-
cient of variation varying between 0 and 4.3% (mean
1.5%). The wavelength of 193.696 nm was the one cho-
sen to estimate the As concentration, the other two
lengths (197.197, 188.979) being used to confirm its
accuracy, as well as absence of potential interference.

Prior to HG, samples and standards were pre-
reduced in a polypropylene vessel by mixing 5 mL of
any sample or standard with 5 mL of a reducing
solution (prepared by dissolving 5 g of pure grade
ascorbic acid and 5 g of KI in 100 mL of de-ionized
water), and 5 mL of aqueous 10% (w/w) HCl, and
letting the resulting mixture stand for 60 min. The
reducing agent for HG was freshly prepared every
day by dissolving 2 g L−1 of NaBH4 in an aqueous
solution containing 0.5 g L−1 of NaOH.

Calibration was carried out by using several aque-
ous solutions at diverse As concentrations, these being
prepared by spiking appropriate amounts of the As
standard into a volumetric flask and diluting to
required volume with de-ionized water. The calibra-
tion straight lines were accepted when the coefficient
of correlation (r) was >0.999.

As(III) and As(V) concentrations were determined
by estimating the total inorganic As concentration as
reported above, while As(III) concentrations were
determined according to the method by Anthemidis
et al. [24] and Howard [25], that required all samples
to be acidified with hydrochloric acid to a final con-
centration of 2.3 mol L−1 prior to undergoing HG so as
to avoid the aforementioned pre-reduction step.

3. Results and discussion

3.1. Characterization of well water samples used

Table 1 shows the chemico-physical analyses of the
three well water samples used in this work. Their As
concentrations varied from 41 to 49 μg L−1, that is
within the range of (1.6–195) μg L−1 previously
assessed in a survey of 65 well water samples collected
in the same Cimino-Vico volcanic area by Angelone
et al. [6]. Their pH ranged from 7.4 to 8.5. Only As(V)
was present in the water samples tested, as assessed
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by using the method reported by Anthemidis et al. [24]
and Howard [25]. Thus, by referring to the redox
potential-pH diagram plotted by Angeloni et al. [6],
the dissolved arsenic species in the samples under
study fell within the arsenate domain (H2AsO�

4 and
HAsO�2

4 ), with a preponderance of such species.
The major anion present was bicarbonate

(HCO�
3 ), generally followed by sulfate (SO2�

4 ) and
chloride (Cl−), whereas the major cation was sodium
(Na+), followed by calcium (Ca2+) and potassium
(K+) in agreement with the composition of natural
ground waters [26]. By accounting for their molar
concentrations and valences, it was possible to calcu-
late the sum of positive and negative charges and
assess that their differences differed by (0.01–0.8) %,
thus establishing the accuracy of the analytical
methods used.

Since the Piper trilinear diagram [27] is highly
used to classify water samples, it was possible to
construct the Piper diagram shown in Fig. 2 by using
JMP software release 11 (SAS Institute, Cary, NC). In
particular, the ionic composition of several water
samples from the Cimino-Vico volcanic area was
extracted from Angeloni et al. [6] and compared to
that of the water samples examined here. The apexes
of the cation plot (Fig. 2(a)) are calcium, magnesium,
and sodium plus potassium cations, while those of
the anion plot (Fig. 2(b)) are hydrogen carbonate,
sulfate, and chloride anions. It can be noted that the
ionic composition of well waters tested here is quite
similar to that of those assayed by Angelone et al.
[6]. Thus, well waters under testing are to be
regarded as characteristics of ground waters of the
Viterbo area.

The electrical conductance (κ) of natural waters
mostly depends on their anionic and cationic contents
and varies in the range of 10–500 mS m−1 [26]. Owing to
the fact the such waters are dilute solutions, Fig. 3
shows a linear relationship between κ and the total ionic
concentration (TIC), that was expressed in mg L−1:

j ¼ aTIC ðr2 ¼ 0:989Þ (1)

where a is an empirical proportionality coefficient,
equal to (0.115 ± 0.009) mS m−1 L mg−1, and thus
in line with that characterizing numerous natural
waters [26].

Conductivity measurements are used regularly in
many industrial and environmental applications as a
fast, inexpensive, and reliable way of assessing the
ionic content in a solution [28]. Thus, the time course
of κ was monitored in the following ED desalination

tests to estimate the reduction in TIC. Moreover,
owing to the small Ca2+ and Mg2+ concentrations in
the water samples used (Table 1), electro-membrane
fouling was regarded as negligible and no hardness
removal pretreatment was carried out.

3.2. Limiting current experiments

The so-called limiting current density is the first
value at which current density is diffusion limited

Ca
2+

Mg
2+

Na
+
+K

+

HCO
3- Cl

-

SO4
-

(a)

(b)

Fig. 2. Piper diagram comparing the ionic composition of
the three waters investigated in this work (○, TO; □, PP;
△, PC) to that of several well water samples (closed sym-
bols) from the same geographical area [6]. Compositions
on the triangular plot for cations (a) and anions (b) are
expressed as equivalent fractions.
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[29], that is the value at which the electrolyte concen-
tration at any membrane surface falls to zero. It can be
determined by measuring the current (I) flowing
through the ED stack as the voltage E applied is pro-
gressively increased and the same solution is re-circu-
lating through both the ED compartments. Generally,
in the first region (the so called ohmic region) the I–E
relationship is linear. As E increases, the solute con-
centration at the membrane surface reduces. As soon
as it falls to zero, the first deviation in the linear trend
of the E vs. I plot is observed. Any further increase in
E gives rise to a smaller increase in I, thus leading to
the second region (sometimes called plateau region)
[30]. By continuing to increase E, I tends to increase
again, thus allowing the presence of the third over-
limiting region to be revealed. In conventional ED
stacks, as the limiting current is exceeded, the appar-
ent resistance of the cell rises sharply, the pH of the
dilute falls, while that of the concentrate increases, the
Coulomb efficiency falls [30].

Fig. 4(a) shows the I-vs.-E curves for the three
waters under study. Although these tests were carried
out by using a conventional ED stack composed of
alternating anionic and cationic electro-membranes, all
curves exhibited the typical pattern observed with ED
stacks composed of a single electro-membrane type in
conjunction with aqueous solutions of sodium salts of
strong [31] or weak monoprotic [32–34], diprotic [35],
and triprotic [36] acids. In particular, for the TO sam-
ple, the typical three-region pattern of the I–E relation-
ship was observed (Fig. 4(a)). According to Rapp and
Pfromm [37], the limiting current (Ilim) was roughly
determined as the minimum value of the (E/I) vs.
(1/I) curve (Fig. 4(b)). By operating under constant
superficial velocity, for the water samples under study
the limiting current ranged from 0.11 to 0.14 A. Thus,
any desalination test was carried out at a constant
current of 0.1 A or lower.

3.3. Desalination tests

The three water specimens were treated in the lab-
scale ED plant by setting the temperature and electric
current at 20˚C and 0.1 A, respectively. The time
course of the electric conductivity in C (κC) and D (κD)
compartments, voltage applied to the electrodes (E),
and solution volume (VD) in the D tank, as well as the
concentrations of total arsenic [As], and sodium [Na+],
and chloride [Cl−] ions, was monitored, as shown in
Fig. 5.

As soon as the D, C, and electrode compartments
of the ED plant had been charged with the water
sample, brine, and ERS, respectively, any liquid was
re-circulated through the ED stack up to monitor
constant electric conductivity and temperature in the

Fig. 3. Effect of the TIC on the electrical conductance (κ) of
well waters used in this work.
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Fig. 4. Voltage–current (E–I) tests for the three waters
under study (PC: □; PP: ○; TO: △) as carried out at 20˚C
and constant volumetric flow rate (150 L h−1) using the
membrane pack described in the text: (a) voltage applied
to the ED stack (E) vs. the electric current (I); (b) apparent
electrical resistance (Ε/I) vs. the reciprocal of the electric
current (I). The original waters were diluted with deion-
ized water so as to set their corresponding final values of
the electric conductivity to 9.07 (PP), 10.74 (PC), and 9.59
(TO) mS m−1, respectively.
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corresponding reservoir. After that, the DC generator
was switched on. It was noted that the original ion
concentrations of the water samples examined (Table 1)
were different from those in the diluting compart-
ment. This was in all probability due to the water
sample dilution (this depending on the liquid hold-up
of the D compartment), and the diffusion of selected
ions across the membranes (owing to their different
concentrations in C, D, and ERS). Also, the contact of
the water sample with the electro-membranes resulted
in unpredictable ion exchanges.

The voltage applied to the electrodes (E) increased
with time (t) from an initial value of 5.6–7.6 V to 14.5–
23.0 V (Fig. 5(a)) in consequence of the linear decrease
in the electric conductivity (κD) in the diluting com-
partment. Similarly, a linear decrease in the arsenic
concentration [As] was noted (Fig. 5(b)), this implying
an implicit relationship between [As] and κ. On the
contrary, in the PC and TO samples the concentration
of sodium ions in the dilute tended to increase during
the first 3–5 min (Fig. 5(c)), their electro-migration
being overwhelmed by the diffusion of Na+ from the

concentrating compartment to the diluting one. Also
the transport of chloride ions during the same time
interval appeared to be affected by diffusion, espe-
cially in the TO water sample (Fig. 5(d)).

From the data collected, it was possible to estimate
the reduction in the dilute electric conductivity or
desalination degree (DD), electric energy consumed
(W), specific energy consumed (w), net amount of total
arsenic transferred from D to C tank (ΔmAs), and per-
centage arsenic removal (ρAs) as follows:

DD ¼ j0�j
j0

(2)

W ¼
Z t

0

EI dt0 (3)

w ¼ W

VD
(4)

DmAs ¼ VD0 As½ �D0�VD As½ �D (5)
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Fig. 5. Main results of the ED desalting tests carried out at I = 0.1 A and 20˚C for the three water samples under study
(PC: ■, □; PP: ●,○; TO: ▴, △): time course of (a) the electric conductivity of the water sample under treatment (κ: closed
symbols) and electric voltage applied to the ED stack (E: open symbols) vs. time (t); (b) total inorganic arsenic concentra-
tion ([As]: closed symbols); (c) sodium ion concentration ([Na+]: closed symbols); (d) chloride ion concentration ([Cl−]:
closed symbols). The broken lines shows the trend of the experimental data.
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qAs ¼ DmAs= VD0 As½ �D0
� �

(6)

where [As]D and [As]D0 are the instantaneous and ini-
tial weight concentrations of arsenic in the diluting
compartment, while VD and VD0 are the instantaneous
and initial volumes in compartment D.

Table 2 summarizes all the input and output vari-
ables (t, κD, κC, DD, pHD, VD, W, w, [As], ρAs, [Cl

−],
and [Na+]) and shows that all water samples reduced
their initial electric conductivity by about 80% in less
than 13 min. Similarly, the arsenic removal (ρAs), over-
all electric energy consumed (W), and specific energy
consumption (w) varied from about 56 to 60%, 0.157
to 0.170 W h, and 71.6 to 75.0 W h m−3, respectively.

By operating at I = 0.05 A with the PP water sam-
ple, it was possible to almost achieve the aforemen-
tioned values of ρAs and DD in a longer processing
time (35 min).

Fig. 6 relates the percentage removal of arsenic
(ρAs) to the reduction in the dilute electric conductiv-
ity (DD) for the three water samples under testing. It
can be noted that all data fall below the identity
function (ρAs = DD) and, despite a certain dispersion
degree, they were fitted by using the least squares
method as:

qAs ¼ 0:71� 0:02ð ÞDD r2 ¼ 0:986
� �

(7)

Thus, the arsenic removal by ED is not a selective pro-
cess, being smaller than that of the other electrolytes
present in the water samples tested. In fact, it is about
71% of the DD achieved. For instance, the ED treat-
ment of the PC water sample yielded a reduction in
the electric conductivity of 80.3%, while the percent-
age removal of As was just 57.8%. Such results
appeared to be independent of the electric current
used (Table 2).

Fig. 7 compares w to DD for the water samples
examined. Even in this case, the least squares method
yielded the following:

w ¼ 0:81� 0:02ð ÞDD r2 ¼ 0:985
� �

(8)

By setting I = 0.1 A, the energy consumed per unit
water volume (w) tended to increase about linearly
with DD. Actually, the energy consumed is propor-
tional to I2 times the electric resistance of the ED stack.
The latter, in turn, is controlled by the electric resis-
tance of the dilute (D), that is the water sample under-
going desalination. According to the second Ohm’s

law, the electric resistance of D is inversely propor-
tional to κD. As long as the variation in κD was small,
the voltage applied to the ED stack appeared to
increase linearly with time (Fig. 4(a)) and the energy
consumption resulted to vary about linearly with DD,
as shown in Fig. 6. This even held true for the specific
energy consumed at a lower electric current
(I = 0.05 A) for the PP water sample (see open symbols
in Fig. 7).

For the TO sample assayed, the arsenic content
was reduced from 22.5 to 9.7 μg L−1 (that is, slightly
below the aforementioned MCL for As) by consuming
73.8 W h m−3 (Table 2). Actually, such a value
accounts for the contributions of the thermodynamic
potential and overpotential of electrodes (EelI) and
ohmic resistance of the electrode rinsing solution
(RERSI

2). These contributions are negligible in the
industrial-scale ED stacks, that may be composed of
500–1,000 cells. In contrast, in a laboratory-scale ED
stack the ohmic resistance of the electrode rinsing
solution (RERS) may represent more than 50% of the
overall resistance of the ED stack [21], thus making
the above values overestimated.

By referring to the current treatment technologies
for As removal, their specific electric energy
consumption ranges from as low as 16–30 W h m−3 in
the case of As adsorption on iron ores or other
materials coated with iron oxide, as well as titanium
dioxide-loaded resins, to as high as 500 W h m−3 in
the case of RO [16]. Such a specific energy consump-
tion is even less than that (810–1,090 W h m−3)

measured in the case of brackish groundwater desalt-
ing by RO [38]. Thus, arsenic removal by ED resulted
to be definitively less energy intensive than that by
RO. In fact, with water salinity up to 5 g L−1 ED is
generally regarded as the most economic desalination
process [39,40], while at total dissolved solid contents
higher than 12 kg m−3 RO is more profitable than
conventional ED units as far as power consumption is
accounted for [41]. Moreover, the specific energy
consumption and overall operating costs to remove
nitrate from drinking water were of the order
of 89 W h and 0.66 € per m3 of treated water, respec-
tively [42].

Desalinated water costs are very sensitive to
feedwater composition, as well as the plant type and
capacity. For instance, the overall costs (capital,
energy, and maintenance) of desalinating brackish
water (2–5 g L−1 of total dissolved solids) range from
0.36 to 0.25$ m−3 by RO and from 0.35 to 0.19$ m−3 by
ED at plant capacities of about 4,000 and
100,000 m3 d−1, respectively [43]. Thus, similar to
brackish water desalting, As removal by ED also
seems to be a method more economic than RO.
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As concerning the waste management require-
ments, they are similar to those of RO and ion-ex-
change processing. Nevertheless, the burden of
wastewater disposal in ED systems should be
insignificant for the high water recovery. Generally,
in nitrate removal by ED units the nitrate level in
the concentrate is about 10 times greater than that

in the incoming water [42]. For the water samples
submitted to ED here (Table 1), the concentrating
stream to be disposed of would contain less than
0.5 mg L−1 of As. According to the Italian regulation
[44], the residues from arsenic remediation of drink-
ing water are to be coded as CER 19 09 00 without
asterisk, this meaning that they are non-hazardous
wastewaters unless the pollutant concentration is
≥3% (w/v) [45]. Therefore, the concentrate from an
ED unit can be disposed of either in water basins
and sewers or at landfills provided that its arsenic
content is lower than 0.5 or 0.05 mg L−1, respectively
(see Tables 3 and 5 of Annex V—Section III of the
aforementioned Legislative Decree [44]).

In the circumstances, the concentrate represents a
loss of potentially useful water, its quantity depending
on the original arsenic concentration in feed water.
Provided that the latter varies from 20 to 50 μg L−1,
the theoretical water wasted is expected to vary from
2 to 8% of the feed water volume.

Finally, at the end of their life cycle the elec-
tromembranes might be disposed of as non-hazardous
solid wastes on condition that the elution test per-
formed with distilled water led to eluates containing
less than 2.5 mg L−1 of As [46].

In conclusion, the experimental procedure
described in this work allowed two empirical rela-
tionships of ρAs and w against DD to be developed.
These might be used to assess roughly the technical
feasibility of the ED removal of As from the drinking
water of concern. Once estimated the As removal
needed to assure a final As level lower than MCL,
Eqs. (7) and (8) enable the corresponding DD and
specific electric energy consumption (w) to be in
sequence estimated.

4. Conclusions

Batch desalting of a few well waters of the
Cimino-Vico volcanic areas in Central Italy by ED was
found to be technically feasible, the arsenate form As
(V) being the most prevailing one. Thus, no oxidizing
agent (i.e. ferric chloride) had to be injected into feed
waters. For well waters tested, arsenic removal by ED
was not a selective process, being about 71% of
the DD achieved. Moreover, the specific energy
consumption (w) was found to be linearly related to
the DD. Contrary to the generally accepted belief, As
removal by ED resulted to be by far less energy inten-
sive than that by RO, its specific energy consumption
(i.e. 71–75 W h m−3) being of the same order of magni-
tude as that associated with the ED removal of nitrates
from drinking water.
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Fig. 6. Percentage removal of arsenic (ρAs) against the
reduction in the dilute electric conductivity (DD) for the
three water samples under testing (PC: ■; PP: ●; TO: ▲).
The continuous line refers to the identity function
(ρAs = DD), while the broken one was calculated by using
Eq. (7).
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Fig. 7. Specific energy consumed (w) against the DD for
the three water samples submitted to ED desalting at
20˚C and I = 0.1 A (PC: ■; PP: ●; TO: ▲). The open
symbols (○) refer to ED desalting of the PP water sample
at I = 0.05 A. The broken line was calculated by using
Eq. (8).
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Vico (Itália central) (Influence of hydrostratigraphy
and structural setting on the arsenic occurrence in
groundwater of the Cimino-Vico volcanic area (central
Italy), Hydrogeol. J. 17 (2009) 901–914.

[7] M. Dall’Aglio, Problemi emergenti di geochimica
ambientale e salute in Italia con particolare riferi-
mento all’arsenicoo (Emerging problems of environ-
mental geochemistry and health in Italy with
particular reference to arsenic). Quaderni di Geologia
Applicata (Pitagora Editore, Bologna) 3.1 4 (1996)
4.85–4.95.

[8] C.K. Jain, I. Ali, Arsenic: Occurrence, toxicity
and speciation techniques, Water Res. 34 (2000)
4304–4312.

[9] WHO (World Health Organization), Guidelines for
Drinking Water Quality, third ed., vol. 1, Recommen-
dations, WHO, Geneva, 2004.

[10] US-EPA, Office of Ground Water and Drinking Water
Implementation guidance for the arsenic rule, United
States Environmental Protection Agency report-816-D-
02-005, Cincinnati, OH, 2002.

[11] European Council Directive 98/83/EC of 3 November
1998 on the quality of water intended for human con-
sumption, CELEX-EUR Official Journal L 330, 5
December 1998, pp. 32–54.

[12] Italian Legislative Decree n. 31 of 2 February 2001,
implementing European directive 98/83/EC on the
quality of water intended for human consumption,
Gazzetta Ufficiale della Repubblica Italiana,
Serie Generale, 52 of 3 March 2001, Suppl. Ordinario
n. 41.

[13] M.J. Focazio, A.H. Welch, S.A. Watkins, D.R. Helsel,
M.A. Horn, A retrospective analysis on the occurrence
of arsenic in ground-water resources of the United
States and limitations in drinking-water-supply char-
acterizations, USGS Water-Resources Investigations
Report 99-4279, Reston, Virginia, 2000.

Nomenclature

[As] — weight concentration of arsenic (μg L−1)
a — empirical coefficient, as defined by Eq. (1)

(mS m−1 L mg−1)
C — concentrate
[Cl−] — weight concentration of chloride ions (mg L−1)
D — dilute
DD — desalination degree, as defined by Eq. (2)
E — voltage applied to the ED electrodes (V)
ED — electrodialysis
EDR — electrodialysis reversal
Eel — thermodynamic potential and overpotential of

electrodes (V)
EPA — environmental protection agency
ERS — electrode rinsing solution
I — electric current (A)
Ilim — limiting current (A)
MCL — maximum contaminant level
[Na+] — weight concentration of sodium ions (mg L−1)
PC — As-rich water samples collected at Ponte di Cetti

well (Viterbo, Italy)
PET — polyethylene-terephthalate
PP — As-rich water samples collected at Piscin di

Polvere well (Viterbo, Italy)
r2 — coefficient of determination
RERS — ohmic resistance of the electrode rinsing solution

(Ω)
RO — reverse osmosis
t — process time (s or min)
t´ — dummy variable of integration (s or h)
TIC — total ionic concentration (mg L−1)
TO — As-rich water samples collected at Tobia well

(Viterbo, Italy)
Vk — volume solution in the generic k-th tank (L or

m3)
W — electric energy consumed, as defined by Eq. (3)

(W h)
w — specific electric energy consumed per unit

volume of water treated, as defined by Eq. (4)
(W h m−3)

Greek symbols
ΔmAs — net variation in the mass of arsenic in tank D (g)
j — electric conductivity (S m−1)
ρA — percentage removal of arsenic, as defined by

Eq. (6)

Subscripts
0 — initial
C — referred to the concentrate
D — referred to the dilute
ERS — referred to the electrode rinsing solution

19486 M. Fidaleo et al. / Desalination and Water Treatment 57 (2016) 19475–19487

http://www.denr.sd.gov/dfta/wp/P2/Documents/ArsenicRemediation.pdf
http://www.denr.sd.gov/dfta/wp/P2/Documents/ArsenicRemediation.pdf


[14] US-EPA, Technologies and Costs for Removal of Arsenic
from Drinking water, Targeting and Analysis Branch
Standards and Risk Management, Division Office of
Ground Water and Drinking Water, United States Envi-
ronmental Protection Agency, Washington, DC, 2000.

[15] M.C. Shih, An overview of arsenic removal by pres-
sure-driven membrane processes, Desalination 172
(2005) 85–97.

[16] C. Collivignarelli, V. Riganti, S. Sorlini, L’arsenico
nelle acque destinate al consumo umano (Arsenic in
waters for human consumption), Editore Dario
Flaccovio, Palermo, 2011.

[17] US EPA, Arsenic Treatment Technology Evaluation
Handbook for Small Systems, EPA 816-R-03–014,
2003. Available from: <http://www.epa.gov/nrmrl/
wswrd/dw/arsenic/pdfs/handbook_arsenic_treatment-
tech.pdf> (last accessed onMarch, 27th, 2015).

[18] A. Imran, A. Tabrez, A. Mohd, Removal of arsenic
from water by electrocoagulation and electrodialysis
techniques, Sep. Purif. Rev. 40 (2011) 25–42.

[19] D. Clifford, C.-C. Lin, Arsenic(III) and Arsenic(V)
Removal from Drinking Water in San Ysidro, New
Mexico, United States Environmental Protection
Agency Report, Cincinnati, OH, 1991.

[20] D. Rowan, GE’s EDR Technology Solves a Unique
Set of Water Quality Problems for Magna, Utah. General
Electric Company, CS1329EN Aug-09, 2009. Available
from: <https://www.gewater.com/kcpguest/doc
uments/Case%20Studies_Cust/Americas/English/CS
1329EN.pdf> (last accessed on March, 27th, 2015).

[21] M. Fidaleo, M. Moresi, Electrodialytic desalting of
model concentrated NaCl brines as such or enriched
with a non-electrolyte osmotic component, J. Membr.
Sci. 367 (2011) 220–232.

[22] P. Pohl, Hydride generation—Recent advances in
atomic emission spectrometry, TrAC, Trends Anal.
Chem. 23 (2004) 87–101.

[23] M. Welna, W. Zyrnicki, Investigation of simultaneous
generation of arsenic, bismuth and antimony hydrides
using inductively coupled plasma optical emission
spectrometry, Anal. Lett. 44 (2011) 942–953.

[24] A.N. Anthemidis, G. Zachariadis, J. Stratis, Determina-
tion of arsenic(III) and total inorganic arsenic in water
samples using an on-line sequential insertion system
and hydride generation atomic absorption spectrome-
try, Anal. Chim. Acta 547 (2005) 237–242.

[25] A.G. Howard, (Boro)hydride techniques in trace ele-
ment speciation, J. Anal. At. Spectrom. 12(3) (1997)
267–272.

[26] B. Tutmez, Z. Hatipoglu, U. Kaymak, Modelling elec-
trical conductivity of groundwater using an adaptive
neuro-fuzzy inference system, Comput. Geosci. 32
(2006) 421–433.

[27] A.M. Piper, A Graphic Procedure in the Geochemical
Interpretation of Water Analysis, United States
Geological Survey, Washington, DC, 1953.

[28] J.R. Gray, Conductivity analyzers and their applica-
tion”, in: R.D. Down, J.H. Lehr (Eds.), Environmental
Instrumentation and Analysis Handbook, Chp. 23, John
Wiley & Sons, Inc., Hoboken, NJ, 2004, pp. 491–510.

[29] D.A. Cowan, J.H. Brown, Effect of turbulence on limit-
ing current in electrodialysis cells, Ind. Eng. Chem. 51
(12) (1959) 1445–1448.

[30] J.J. Krol, M. Wessling, H. Strathmann, Concentration
polarization with monopolar ion exchange mem-
branes: Current–voltage curves and water dissociation,
J. Membr. Sci. 162 (1999) 145–154.

[31] M. Fidaleo, M. Moresi, Optimal strategy to model the
electrodialytic recovery of a strong electrolyte, J.
Membr. Sci. 260 (2005) 90–111.

[32] M. Fidaleo, M. Moresi, Modelling the electrodialytic
recovery of sodium lactate, Biotechnol. Appl. Biochem.
40 (2004) 123–131.

[33] M. Fidaleo, M. Moresi, Modeling of sodium acetate
recovery from aqueous solutions by electrodialysis,
Biotechnol. Bioeng. 91 (2005) 556–568.

[34] M. Fidaleo, M. Moresi, Assessment of the main
engineering parameters controlling the electrodialytic
recovery of sodium propionate from aqueous solu-
tions, J. Food Eng. 76 (2006) 218–231.

[35] M. Fidaleo, M. Moresi, Application of the
Nernst-Planck approach to model the electrodialytic
recovery of disodium itaconate, J. Membr. Sci. 349
(2010) 393–404.

[36] M. Fidaleo, M. Moresi, Concentration of trisodium
citrate by electrodialysis, J. Membr. Sci. 447 (2013)
376–386.

[37] H.-J. Rapp, P.H. Pfromm, Electrodialysis for chloride
removal from the chemical recovery cycle of a Kraft
pulp mill, J. Membr. Sci. 146 (1998) 249–261.

[38] K. Walha, R. Amar, L. Firdaous, F. Quéméneur, P.
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