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a b s t r a c t
A pilot-scale membrane capacitive deionization (MCDI) unit was used for the selective removal 
of arsenic (up to 300 μg L–1 As(V)), ammonium (25 mg L–1 NH4

+), and manganese (6 mg L–1 Mn2+) 
in experiments with brackish water. Tests were carried out using a commercially available MDCI 
module and different initial salt concentrations (total dissolved solids, TDS  =  0–2 g L–1 NaCl) to 
investigate the removal capacity and behavior of the MCDI unit with different operational param-
eters such as applied current, voltage, flow rate, and experimental settings such as pH. Selectivity 
and adsorption behavior is described and a comparison with lab-models is presented to validate 
the results obtained in real-life scale and application. While the adsorption capacity of the module 
decreased with higher TDS, specific ion adsorption improved with ionic mobility and greater ion 
charge. Removal of NH4

+ and Mn2+ at given concentrations was significantly higher than for As(V) 
but rejection of As(V) could be significantly increased (30%–89.5%) by raising the initial pH value 
above its pKa = 6.94. Depending on selected operational settings and feed water characteristics, the 
total energy consumption of the MCDI unit (only electrodes) ranged between 0.89 and 2.74 kWh m–3 
with an overall optimum at <1 kWh m–3.

Keywords: Electrosorption; Ion mobility; Groundwater remediation



E.E. Cañas Kurz et al. / Desalination and Water Treatment 198 (2020) 163–169164

1. Introduction

1.1. Background

In many rural areas, groundwater is the only viable way 
to provide safe and consistent drinking water. However, 
about 600 million people worldwide currently inhabit 
low-elevation coastal zones that are affected by progressive 
salinization [1,2]. Besides salinization problems, high con-
centrations of geogenic arsenic (As) are found in ground-
water of some regions in Southeast Asia [3], Bangladesh [4], 
West-Bengal (India), [5,6], China [7], and many other areas 
[8,9]. In confined aquifers with a reducing hydrogeochem-
ical environment, the mobilization and release of geogenic 
bound As into the groundwater is a result of the reductive 
dissolution of both iron (Fe) and manganese (Mn) oxides 
[7,10]. The formation and speciation of As in a solution 
depend strongly on the pH and redox conditions. In reduc-
ing environments, arsenite (As(III)) is present as uncharged 
arsenious acid (H3AsO3) below pH 9.2, while arsenate 
(As(V)) is found in ionic form as H2AsO4

– (pKa = 2.22) or as 
bivalent ion HAsO4

2– (pKa = 6.98) around neutral pH [11].
In addition, some of the regions with predominantly 

high As levels also show patterns of elevated concentra-
tions of phosphate (PO4

3–), dissolved organic carbon (DOC), 
and particularly, ammonium (NH4

+) [12,13] and manganese 
(Mn2+) [14,15]. A holistic groundwater remediation approach 
must therefore also consider the removal of these contami-
nants. Iron, which is also related to As in groundwater, was 
removed upfront by precipitation in order to avoid clogging 
of the MCDI unit. A detailed study on iron removal was 
reported by Canas Kurz et al. [16].

1.2. Objectives

The aim of this study is to investigate the feasibility 
of membrane capacitive deionization (MCDI) as a solu-
tion for the removal of As(V) from brackish groundwa-
ter for the first time using a pilot-scale plant. With both 
rural and urban populations affected by groundwater 
salinization and alarming levels of As, Mn, and NH4

+, the 
study includes the elimination of Mn2+ and NH4

+ for the 
production of drinking water quality. The study focuses on 
the experimental investigation of operational parameters 
(e.g., voltage, current, volume flow) and experimental con-
ditions (e.g., pH) to evaluate the adsorption and removal 
efficiency of the selected ions.

2. Materials and method

A commercial MCDI unit consisting of an electrode 
module (CapDI, Voltea) with 75 electrode cells was used 
to evaluate the total salt rejection and the specific removal 
efficiency of As(V), Mn2+, and NH4

+ in natural (tap) and 
synthetic water. Each cell consisted of symmetrical active 
carbon electrodes (ca. 250 µm thickness) on graphite elec-
trodes as current collectors, separated by a cellulose spacer 
(ca. 650  μm thickness). Aminated anion exchange mem-
branes (AEM) and sulfonated cation exchange membranes 
(CEM) were placed in front of the anodes and cathodes, 
respectively. The total cell area was 1.78  m2 with a total 
module volume of 2.9 L.

Model water for the tests with As was prepared using an 
As(V)-standard solution (Merck, Germany) (0–200 µ g  L–1). 
Ammonium and Mn2+ were added in the form of ammonium 
chloride (NH4Cl) and manganese sulfate (MnSO4·H2O) for 
each test, respectively. Sodium chloride was added for the 
different total dissolved solids (TDS) concentrations (0, 0.5, 
1.0, and 2.0  g  L–1 NaCl). Experiments were carried with DI 
and tap water. Table 1 summarizes the water parameters of 
model water.

Total inorganic arsenic (t-As) concentrations were mea-
sured using the hydride technique with atomic absorp-
tion spectrophotometry (AAS ContrAA, Analytik Jena, 
Germany). Measurements of manganese were carried out 
using the AAS flame technique. Ammonium concentrations 
were measured with ion chromatography (IC, Metrohm 
Compact, Germany) using a Metrosep C4  150/4.0 column. 
Sample measurements were repeated at least twice and sam-
ples were kept according to EN ISO 5667‑3. Electrical conduc-
tivity of the solution was monitored using a portable pH-me-
ter (WTW 315i) as reference for TDS (NaCl) measurements.

Experiments were conducted to investigate the effect 
of different operational settings on the removal efficiency 
at the pilot scale such as diluate flow and electric current. 
The module was run on constant current with reversed 
voltage during the discharge phase. Table 2 shows the 
cycle parameters set for charge and discharge phases for 
the two operation modes: low-energy operation (mode A) 
and high-performance configuration (mode B). In mode B, 
applied current and volume flow during the charge and 
pre-charge phase were, respectively, increased (18.1–45 A) 
and lowered (1.0–0.25  L  min–1) to improve total removal 
efficiency. Charge and discharge cycle times were kept con-
stant for all experiments. Each experiment ran between 1 
and 4 h with a maximum flow of 1.0 L min–1 and maximum 
water recovery of 81%.

The operational settings in mode A for all the single-pass 
experiments were selected based on previously experi-
mentally determined configurations with the MCDI unit 
for optimum specific energy consumption SEC (kWh  m–³) 
in experiments with 1,000  mg  TDS  L–1. Values for specific 

Table 1
Model water composition and average tap water quality

Parameter Concentration(s)

Arsenic As(V), µg L–1 0/50/100/150/200
Manganese Mn2+, mg L–1 6
Ammonium NH4

+, mg L–1 25
Total dissolved solids TDS, g L–1 NaCl 0/0.5/1.0/2.0
Sodium* Na+, mg L–1 11
Calcium* Ca2+, mg L–1 110
Magnesium* Mg2+, mg L–1 9.7
Chloride* Cl–, mg L–1 23
Phosphate* PO4

3–, mg L–1 0.01
Sulphate* SO4

2–, mg L–1 50
Bicarbonate* HCO3

–, mg L–1 320

*Average tap water quality: yearly average of water supply system 
(Stadtwerke Karlsruhe, 2018).
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energy consumption SEC (in kWh  m–³) were calculated as 
shown in Eq. (1), considering the electrode module only.

SEC module

diluate

module module experiment

experiment

= =
⋅ ⋅E

V
U I t

t ⋅⋅ Vdiluate

	 (1)

The power consumption of the module Pmodule was 
calculated with the applied potential U (V) and electrical 
current I (A), which were measured every second. The volume 
of diluate V (m³) was calculated at the end of each experiment 
with the average volume flow V�diluate of the diluate phase.

3. Results and discussion

3.1. Arsenic removal

Experiments with model water including sodium chlo-
ride (NaCl) (0–1 g L–1) and incremental As(V) concentrations 
(0.05–0.2  mg  L–1) were conducted to examine the specific 
As removal efficiency of the MCDI unit.

The results for experiments with 0.5 g L–1 NaCl are illus-
trated in Fig. 1 showing a constant average TDS removal of 
95.7% ± 1% while only 70.6% ± 3% As-removal was achieved. 
For all experiments carried out, the electrosorption affin-
ity for As(V) during the charge phase was lower than for 
chloride (Cl–) achieving an average As selective removal 
of 80.1% ± 1% from the total TDS rejection. The adsorption 
behavior of different ions in aqueous solutions by electrical 
fields can be described by the ion selectivity. Ions compete 
with each other in the different electrosorption processes 
leading to different electrosorption capacities. For ions with 
the same charge, as in the case of As(V) (H2AsO4

–) and Cl–, 
ion permeability towards the electrodes tends to increase as 
the hydrated radius decreases. The better ion selectivity of 
chloride vs. arsenate is given by its smaller hydrated radius 
of chloride (Cl– = 311 pm; As(V) = 340 pm) [17,18]. A slightly 
better As(V) removal efficiency toward higher As concentra-
tions were observed, increasing from 66% to 74% at 50 and 
200 μg L–1, respectively (Fig. 1). With higher bulk ionic con-
centration, the higher concentration gradient in the electrode 
macropores acts as a stronger driving force improving the 
overall adsorption selectivity onto the charging electrical 
double layer (EDL). These results indicate that the mass of 
adsorbed ions is dependent not only on the electrosorption 
kinetics given by the hydrated radius and ionic charge but 
also on the diffusion coefficient in the macro- and micropores.

To investigate the removal of As on model water simu-
lating real conditions, experiments with tap water were car-
ried out. By changing the model water matrix from NaCl 
to tap water, higher average As removal rates of 80% ± 3% 
were achieved while the TDS removal remained constant 
at about 94% ± 1%. The better As removal with the experi-
ments with tap water is also explained by the lower initial 
electric conductivity from 1,030 to 670 µS cm–1 when using 
tap water instead of NaCl model water. Ions typically present 
in tap water seemed to have no negative influence on the As 
removal at given concentrations (Table 1).

The adsorption behavior of As observed during the 
experiments with the up-scale unit is in line with previous 
research on electroselectivity of CDI electrodes. On lab-
scale experiments, Hou and Huang [19] and Mossad and 
Zou [20] showed that the electrosorption capacity onto 
charged electrodes is dependent on the ionic charge and the 
hydrated radius of the dissolved ions, as well as the initial 
feed concentration. Fan et al. [21] demonstrated the elec-
troselectivity of As in comparison to other anions showing 
lower adsorption as follows: NO3

− > F− > Cl− > As, which is in 
line with the As removal results of these experiments and 
results documented in the literature [21–23]. Similar results 
were observed in laboratory experiments with multi-ionic 
solutions in different studies that suggested that the higher 
the ion concentration in the bulk, the greater the adsorption 
on the activated carbon electrodes [23,24]. By understand-
ing the specific interactions of As within the electrodes, we 
can corroborate the adsorption behavior for As not only tak-
ing into consideration the diffusion and transport models 
within an electrode cell, but also within the unit module at 
pilot-scale.

However, results show that the specific As adsorption 
is strongly inhibited in brackish solution by the higher elec-
troselectivity towards Cl–. The achieved removal efficiency 
by the MCDI unit was lower than the minimum required for 
complying with the drinking water standard of 0.01 mg L–1. 
Achieving concentrations below the standard limit were 
only possible for concentrations under 50 μg L–1 at the given 
conditions (79% removal) with the chosen MCDI parame-
ters (mode A). The average specific energy demand of the 
electrode module (in kWh per permeate volume) for the 
treatment of As was 0.86 ± 0.01 kWh m–3 for the experiments 
with arsenic-spiked tap water and 0.91 ± 0.1 kWh m–3 with 
synthetic water and 0.5 g L–1 NaCl.

A low energy consumption was also shown by Fan et al. 
[21], where removals of >80% were also achieved but with 

Table 2
Operational parameters MCDI for mode A (energy-efficient) and mode B (high removal)

Phase Cycle Mode A (energy-efficient) Mode B (high removal)

Flow rate 
(L min–1)

Cycle 
time (s) 

Applied 
current (A)

Flow rate  
(L min–1)

Cycle 
time (s) 

Applied 
current (A)

1 Discharge 0.25 115 57.6 0.25 115 57.6
2 Pre-charge* 1.0 40 18.1 0.25/0.5/0.75/1.0 40 18.1/36/45
3 Charge 1.0 310 18.1 0.25/0.5/0.75/1.0 310 18.1/36/45

*Pre-phase to ensure water quality at beginning of charge cycle
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much higher arsenic concentrations (50 mg L–1), which sug-
gests that operational parameters for the single-pass exper-
iments chosen can still be improved. In order to assess the 
overall feasibility for As removal with the MCDI unit, its per-
formance was investigated under different conditions and 
changing operational parameters such as pH, flow rate, and 
applied current.

3.1.1. Effect of pH

Arsenic electrosorption by CDI results from the electro-
static interaction between arsenate and the carbon electrode 
surface. Due to the occurrence of different ionic species of 
As in groundwater, the removal of arsenite As(III) (pres-
ent as uncharged H3AsO3 at neutral pH) with MCDI can be 
achieved by the oxidation to arsenate As(V) (charged anion) 
[21]. Likewise, the speciation of As(V) in water is pH depen-
dant, as arsenate might exist as a monovalent or bivalent ion 
around neutral pH. Experiments with model water spiked 
with arsenate As(V) at different pH values were carried out 
showing that the removal efficiency was highly dependent 
on the ionic state of As. Experiments at pH  <  pKa of 6.94 
(pH = 6.6 ± 0.1) showed removal rates for monovalent H2AsO4

– 
as low as 30% for the highest volume flows. By slightly 
increasing the solution pH above the pKa (pH = 7.2 ± 0.3) the 
removal of total arsenic increased up to 90%, showing that 
bivalent arsenate (HAsO4

2–) can be more easily electrosorbed 
by the MCDI. These results are shown in Fig. 2a.

3.1.2. Effect of flow rate

In order to test other options for reducing the As con-
centration on diluate, experiments with different operational 
settings of the MCDI module (Table 2, mode B) were car-
ried out. By lowering the flow rate during the charge phase 
from 1.0 to 0.25  L  min–1, a continuous increase in the As 
removal was achieved. However, there were lower recovery 
rates (decrease from 82% to 58%) and overall higher spe-
cific energy demands. Results are shown in Figs. 2a and b, 
respectively.

As diluate flow rate decreases, the lower recovery 
rates (decrease from >80% to <60%) with the constant 
energy consumption have a direct increase on the spe-
cific energy demand from 0.8 to >2.7 kWh m–3. The linear 
decrease (r2 = 0.952) of the specific energy demand depen-
dent on the recovery rate (permeate to influent) is shown  
in Fig. 2b.

3.1.3. Effect of applied current

Following the EDL, electrosorption theory, increased 
electrical currents during the charge and pre-charge phases 
(18.1, 36, and 45  A) delivered higher removal efficiencies. 
However, by increasing the charge current, only the over-
all salt rejection was improved (94.5% ± 0.7% to 98.1% ± 1%) 
while the specific As ion removal remained almost equal at 
79% ± 2%, as shown in Fig. 3. In a simple EDL model, the 
condensed layer of counter-ions directly compensates the 
surface charge on the electrodes. The charge that is hereby 
being transferred is related to both the electronic charge in 
the carbon electrode and the ionic charge of the aqueous 
phase. When applying higher currents to the CDI module, 
the storage capacity on the electrodes increases as the charge 
being transferred from one electrode to another is larger and 
higher ion concentration inside the porous electrodes (EDL) 
can be stored.

Due to the higher electroselectivity of Cl– over As(V) the 
increase in current allowed higher sodium chloride rejec-
tion and an overall increase in TDS removal. The charge 
efficiency Λ in the three experiment series increased slightly 
with higher applied current from 66.5% to 68.6%. However, 
specific adsorption capacity for As did not improve during 
these experiments, while the energy demand increased 
from 0.86 to 0.89 and 1.44 kWh m–³ for the higher applied 
currents of 18.1, 36 and 45 A, respectively. Correlations in 
charge efficiency and the adsorption capacity suggest that 
both internal resistances and diffusion rates control the spe-
cific ion adsorption efficiency and increases in current will 
have a larger effect on the electroselectivity of the species 
with higher diffusion coefficients.
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Fig. 1. Removal of As with pilot-scale MCDI (TDS = 0.5 g L–1 NaCl, initial pH = 6.5 ± 0.5, and T = 18°C ± 0.2°C).
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3.2. Ammonium and manganese removal

3.2.1. Effect of initial concentration

Experiments for Mn2+ and NH4
+ as co-ions in brack-

ish model water with concentrations based on typical val-
ues in groundwater in South East Asia (NH4

+  =  25  mg  L–1; 
Mn2+ = 6 mg L–1) were carried out to investigate the specific 
ion removal capacity of MCDI. The results for the experi-
ments with different initial concentration of sodium chlo-
ride (NaCl = 0–2.0 g L–1) are shown in Fig. 4: The decrease 
in the Mn2+ and NH4

+ removal capacity with increasing TDS 
(NaCl) concentrations from 99.3% to 32.4% for NH4

+ and 
from 100% to 52.6% for Mn2+ can be attributed to the elec-
trosorption competition by Na+ ions. This is in accordance 

with previously described electrosorption behavior with 
arsenate (e.g., section 3.1 (Arsenic removal)).

Results also show that the removal efficiency of Mn2+ 
is greater than NH4

+ and the overall TDS removal (Na+Cl–),  
which can be explained by the higher ionic charge of 
Mn2+ over NH4

+ and Na+. The higher removal of NH4
+ over 

the Na+ might be due to its smaller hydrated ion radius 
(NH4

+ = 250 pm, Na+ = 450 pm) [25], which allows a higher 
ion mobility and increased diffusion towards the electrodes 
and through the IEM. Better electrosorption of NH4

+ over 
Na+ can be explained as well by its higher initial concen-
tration, which improves the relative sorption performance 
as seen in the experiments with As and in previous studies 
[19,22,26,27].
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Fig. 2. (a) Decrease in As removal efficiency with higher flow rates and (b) specific energy demand to recovery rate for experiments 
in mode B.
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Furthermore, the investigation of adsorption competi-
tion of similar ions in multi-ionic solutions was carried out 
with experiments with NH4

+ and potassium (K+) using syn-
thetic water spiked with KCl instead of NaCl. As discussed 
before, adsorption kinetics is characterized by ion mobility, 
which is given by the charge and hydrated radius of an ionic 
species. Due to the similarity of NH4

+ and K+ with regard 
to ion mobility (73.4 and 73.5  S  cm²  mol–1, respectively) 
their adsorption rates are also expected to be very similar. 
Analog experiments with 25.0  mg  L–1 NH4

+ and increasing 
KCl concentration showed the same removal for both K+ and 
NH4

+ of 97.8%  ±  1.2%, 62.7%  ±  1.3%, and 44.3%  ±  0.9% for 
0.5, 1.0, and 2.0 g L–1 NaCl, respectively. Thus, the adsorp-
tion series for monovalent ions K+ ≈ NH4

+ > Na+ can be pro-
posed, which follows the behavior of higher sorption with 
higher ion mobility. For ions with the same charge, higher 
initial concentration also has an impact on the removal 
selectivity, as the bulk concentration gradient serves as a 
driving force for enhanced mobility towards the electrodes 
and faster electrosorption. Results also show that lower 
hydrated radius size and higher ionic charge have a posi-
tive impact on the removal efficiency due to increased ion 
mobility. The experiments conducted in this project were 
able to successfully correlate removal efficiency and ion 
mobility in a qualitative manner to describe the selectivity 
of CDI in a pilot scale.

3.2.2. Effect of pH

Because of its dissociation in water, ammonium is pres-
ent in basic milieus as ammonia (NH3) which reacts as a 
weak acid in water (pKa  =  9.2) [28]. In order to investigate 
how the removal of ammonium is influenced by the pH value, 
tests were carried out with the feed water at pH = 9.5 ± 0.3. 
Results show a removal of 97.7% ± 0.3% at an initial ammo-
nium concentration of 17.4  ±  4.4  mg  L–1. At strong basic 
conditions ammonia is the predominant species. High removal 
rates of NH3, even though it is not charged, can be explained 
by pH changes taking place at the electrode level. During 

the charge phase, a pH change can occur between feed and 
effluent due to the different adsorption rates of OH– and H+.

Dykstra et al. [29] suggests that high pH changes are 
caused mainly by Faradaic reactions in the micropores by 
taking the water reduction reaction 2 H2O  +  2e– → H2(g) +  
2 OH– into consideration, which leads to a pH increase 
during the charging phase and a decrease during discharging 
phase. With the higher mobility of OH– ions, the pH changes 
to the acidic milieu, shifting the equilibrium to the side of 
ammonium improving the removal efficiency [29].

4. Conclusions

The selective arsenate (As(V)) electrosorption with 
MCDI was limited (<89% removal) for the low concentra-
tions given (<0.2 mg L–1) when dissolved salts were present, 
even at low NaCl concentrations of 0.5  g  L–1. This means 
that complying with the stringent drinking water limit of 
0.01  mg  L–1 was not always possible. The decrease in the 
As(V), Mn2+, and NH4

+ removal efficiency with increasing 
TDS concentrations can be attributed to the electrosorp-
tion competition by Cl– and Na+ ions.

The removal of NH4
+ and Mn2+ at given concentrations 

was significantly higher than for As(V) but rejection of 
As(V) could be tripled by increasing the initial pH value 
(pH  >  pKa,As  =  6.94). A pH value above 7.0 is required for 
the removal of As(V) with MCDI. However, the selective 
removal of substances at very low concentrations (µg-range) 
is mostly limited by the TDS concentration of the raw water.

In general, MCDI represents a viable option for the 
removal of Mn2+ and NH4

+ from contaminated brackish water 
with an optimal energy consumption below <1  kWh  m3, 
depending on selected operational settings and feed water 
characteristics. However, removal efficiency can drop by 
half when feed TDS concentration is doubled from 1 to 
2 g L–1. In order to improve removal efficiency at higher TDS, 
higher currents (increased energy consumption >1  kWh) 
and shorter charge cycles (lower recovery  <  60%) should 
be considered. For the removal of arsenic in brackish water 
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Fig. 4. Removal of manganese (C0,Mn = 6 mg L–1), ammonium (C0,NH4+ = 25 mg L–1), and total dissolved solids (TDS) with respect to their 
initial concentrations C0 vs. increasing initial NaCl. Initial pH = 7.1 ± 0.6 and temperature = 25°C ± 3°C.
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with competing ions, further tests with substances such as 
phosphate, silica, and carbonates must be carried out.
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