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Membrane capacitive deionization (MCDI) is a water desalination technique based on

applying a cell voltage between two oppositely placed porous electrodes sandwiching

a spacer channel that transports the water to be desalinated. In MCDI, ion-exchange

membranes are positioned in front of each porous electrode to prevent co-ions from

leaving the electrode region during ion adsorption, thereby enhancing the salt adsorption

capacity. MCDI can be operated at constant cell voltage (CV), or at a constant electrical

current (CC).

In this paper, we present both experimental and theoretical results for desalination

capacity and rate in MCDI (both in the CV- and the CC-mode) as function of adsorption/

desorption time, salt feed concentration, electrical current, and cell voltage. We demon-

strate how by varying each parameter individually, it is possible to systematically optimize

the parameter settings of a given system to achieve the highest average salt adsorption rate

and water recovery.

ª 2013 Elsevier Ltd. All rights reserved.
1. Introduction efficient (Anderson et al., 2010; Cipollina, 2009). To treat
Lack of access to fresh water is one of the most severe issues

for humanity in the 21st century (Cipollina, 2009). Two-third

of the world population will be facing water scarcity by 2025

(Buerkle, 2007). Desalination technologies are used to generate

fresh water from sea water and brackish water. The state-of-

the-art desalination technology, namely Reverse Osmosis

(RO), extracts fresh water from salt water by pressurizing the

feed water on one side of a semi-permeable membrane. RO is

considered to be energy-efficient for treating high salinity

streams. However, to treat streams with lower salt concen-

tration, say below w5000 ppm, RO becomes relatively less
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brackish water, Capacitive Deionization (CDI) serves as an

efficient alternative, which extracts the ions from the feed

solution instead of extracting the water. A CDI cell consists of

two conductive porous electrodes, which are materials with

a high internal surface area around w1000 m2/g, two graphite

current collectors that facilitate electron transport in and out

of the electrodes, and a spacer channel in between the elec-

trodes for the transport of the water, see Fig. 1. In a practical

CDI unit, several parallel cells are assembled into one stack.

When an electrical voltage is applied across the cell, ions in

the spacer channel are transported towards the electrodes

and adsorb in the electrical double layers (EDLs) formed
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Fig. 1 e Schematic view of the membrane capacitive

deionization (MCDI) process. Influenced by an applied

electrical field, cations in the water flowing through the

spacer channel migrate through the cation-exchange

membrane and are stored inside the adjacent porous

electrode; simultaneously, anions are stored in the

opposite electrode.

Table 1 e Reference settings for MCDI-CC operation in
ZVD mode.

Influent salt concentration (NaCl) 20 mM

Adsorption current (applied until

the cell voltage reaches Vcell ¼ 1.6 V)

1 A (w37 A/m2)

Water flowrate (stack) 60 mL/min

Desorption time 500 s
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within the micropores in the porous electrode structure

(Arnold and Murphy, 1961; Avraham et al., 2011; Haro et al.,

2011; Humplik et al., 2011; Seo et al., 2010; Suss et al., 2012;

Zou et al., 2010).

A Membrane Capacitive Deionization (MCDI) cell has

a similar configuration as a conventional CDI cell, but in

addition contains anion and cation-exchange membranes

which are positioned between the spacer channel and the

anode, and between the spacer channel and the cathode,

respectively (Biesheuvel et al., 2011b; Kim et al., 2010; Kim and

Choi, 2010; Lee et al., 2006, 2011; Li et al., 2008; Li and Zou, 2011;

Nie et al., 2011; Park et al., 2011), see Fig. 1. It is also possible to

use only one membrane, in front of only one electrode (Kim

and Choi, 2010; Porada et al., 2012a). Because the mem-

branes block transport of co-ions, the macropores within the

electrode structure become available as extra storage space

for ions, andMCDI can removemore salt than CDI (Biesheuvel

et al., 2011b; Porada et al., 2012b; Zhao et al., 2012a). The exact

mechanism of ion adsorption in CDI and MCDI will be

explained in detail in the theory section.

So far, the overwhelming majority of CDI and MCDI

research has focused on applying a constant cell voltage (CV)

between the electrodes during the adsorption step, followed

by short-circuiting of the electrodes, or reversing the voltage,

during the desorption step. Recently it has been demonstrated

that in MCDI charging and discharging the electrodes at con-

stant current (CC) can have several major advantages in

comparison with CV, such as a constant (i.e., not varying in

time) and adjustable effluent concentration (Zhao et al.,

2012a).

For all desalination technologies, it is essential to max-

imize the desalination performance, i.e., the extent of

desalination per unit time, besides optimizing the water re-

covery (WR), which is the ratio of the flow of freshwater rel-

ative to the flow of feed water. In the present manuscript, we

focus exclusively on MCDI and analyse the influence of sev-

eral process parameters such as adsorption time, water

flowrate, and adsorption current, to investigate the influence

of each parameter on two key performance indicators in

MCDI, namely the average salt adsorption rate (ASAR) and
water recovery, WR. We discuss both the CC operational

mode, as well as CV operation. The aim of our work is to

demonstrate how the average salt adsorption rate and the

water recovery can be systematically optimized for a given

MCDI system.
2. Materials and methods

Experimental details of the MCDI stack design used in this

work have been outlined previously (Biesheuvel et al., 2011b;

Porada et al., 2012b; Zhao et al., 2010) and will be briefly

summarized here. Materials used are graphite current col-

lectors (thickness d ¼ 250 mm), porous carbon electrodes (Ma-

terials & Methods LLC., PACMM� 203, Irvine, CA, de ¼ 362 mm,

anion and cation-exchange membranes (Neosepta AMX,

dmem¼ 140 mm, andNeosepta CMX, dmem¼ 170 mm, Tokuyama,

Japan) and a polymer spacer (Glass fibre prefilter, Millipore,

Ireland, dsp ¼ 250 mm). In the MCDI stack, we use N ¼ 8 cells,

with total electrode mass of 10.8 g. The salt solution flows

from all four sides of the stack into the square 6$6 cm2 spacer

channel of each of the N cells, and leaves from a hole

(1.5$1.5 cm2) in the middle of each cell. After assembly, all

layers in the stack are compressed and placed in a PTFE

housing. The stack is fed from a 10 L vessel with NaCl as the

electrolyte, to which the effluent is recycled. The conductivity

of the effluent of the stack is measured in-line and is con-

verted into salt concentration according to a calibration curve.

Effluent pH is alsomeasured and used to correct themeasured

conductivity. The electrical current through the cell is applied

using a potentiostat (Iviumstat standard, Ivium Technologies,

The Netherlands) which can simultaneously apply and mea-

sure the cell voltage and the electrical current between the

two electrodes. Reference electrodes are not used in our

experiments.

In this paper, experimental and theoretical work of MCDI is

reported as function of several input parameters. In the ex-

periments, we vary each of them in turn, while keeping the

others at their reference settings, see Tables 1 and 2. For

constant current operation (CC), the reference settings for the

whole stack are defined as follows: during ion adsorption we

apply an electrical current of 1 A to the entire stack, until the

cell voltage reaches Vcell ¼ 1.6 V. At this moment we switch

from the ion adsorption step to the ion desorption step

by changing either the voltage or the current. Note that an

electrical current of 1 A is equal to a current density of

w37 A per m2 electrode area. During desorption, we either

immediately switch off the cell voltage to Vcell ¼ 0 V for a fixed

period of time (500 s) (as if short-circuiting the cell), which is

the zero-volt desorption mode (ZVD), see Table 1, or we apply

http://dx.doi.org/10.1016/j.watres.2013.01.025
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Table 2 e Reference settings for MCDI-CC operation in
RCD mode. Except for desorption current, all settings are
fixed throughout Section 4.1.2.

Influent salt concentration (NaCl) 20 mM

Adsorption current (applied until

the cell voltage increases

to Vcell ¼ 1.6 V)

1 A (w37 A/m2)

Water flowrate (stack) 60 mL/min

Desorption current (applied until

the cell voltage decreases to 0 V)

�0.2 to �2 A
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an electrical current of�1 A until the cell voltage drops back to

0 V, which is the reverse-current desorption mode (RCD), see

Table 2. The ZVD and the RCD mode will be discussed in

Section 4.1.1 and 4.1.2. Note that in these experiments for CC-

RCD operation of MCDI, only one input parameter, namely the

desorption current, is varied in the range of �0.2 A and �2 A,

while the other input parameters are unchanged, see Table 2

and Fig. 5.

For constant voltage operation (CV), we define the refer-

ence settings as follows: A cell voltage of Vcell¼ 1.2 V is applied

during ion adsorption for 500 s, and during ion desorption, we

either immediately drop the cell voltage to Vcell ¼ 0 V for

a fixed duration of 500 s, which is the zero-volt desorption

mode (ZVD), or we apply a reversed voltage of�1.2 V, again for

500 s, which is the reverse-voltage desorption mode (RVD).

These two reference settings for CV were defined in our
Fig. 2 e Schematic view of MCDI model for ion transport and sto

that which runs inadvertently through each of the electrodes is a

for each of the i [ 1.M mathematical sub-cells that are placed

density for each sub-cell, and Itot is the total average ion current

electrodes. In the electrode, macropores and micropores co-exi

concentration cmA, while in the micropores the difference betw

charge present in the carbon matrix.
previouswork as 0-MCDI and r-MCDI, respectively (Biesheuvel

et al., 2011b). A full cycle consist of an ion adsorption step

followed by an ion desorption step. During both steps of the

cycle, a 20 mMNaCl solution is continuously pumped into the

stack at a constant water flowrate of 60 mL/min for the whole

stack, which is equal to 7.5 mL/min per cell. The effluent is

recycled back to the reservoir (solution residence time in

reservoir w3 h).

The salt adsorption and charge in an MCDI-cycle can be

derived from the data of the salt effluent (outflow) concen-

tration versus time, and from the data for electrical current

versus time, respectively, following the procedures as

explained by Zhao et al. (2010) and Biesheuvel et al. (2011b).

For salt adsorption, the difference in inflow salt concentration

and outflow concentration is integrated with regard to time,

and multiplied with the water flowrate, while for charge, the

current is integrated over time. The dynamic steady state

(DSS) is reached after a few cycles, when the measured salt

adsorption during one phase of the cycle is equal to the salt

desorption in the other phase of the cycle (salt balance is

maintained). Likewise in the DSS, the total electrical charge

transferred in one direction (from cathode to anode) during

the adsorption step, is equal to that transferred in the opposite

direction during the desorption step except for a small leakage

current. After start of a new experiment (new settings) it takes

a few cycles to reach the dynamic steady-state (DSS)

(Biesheuvel et al., 2011b). All data shown in this manuscript

are obtained under the DSS condition.
rage. Ftot is the total water flowrate per cell. The fraction of

. Jion,i is the ion flux from spacer channel into the electrode

in series in the model. Ii (i [ 1.M ) is the electrical current

density. Vcell is the voltage drop across the cell between two

st. In the macropores cations and anions have the same

een cation and anion number is balanced by the electrical

http://dx.doi.org/10.1016/j.watres.2013.01.025
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(a) (b)

(c) (d)

Fig. 3 e Effluent salt concentration during a dynamic steady-state cycle for CC-MCDI in ZVD-mode as function of

experimental parameters varied around the reference settings, see Table 1: (a) influent salt concentration, (b) adsorption

current, (c) water flowrate, and (d) desorption time. The dotted lines are experiments, and the solid lines are theory.
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3. Theory

To describe the desalination performance of MCDI, we use

a theoretical model for the MCDI process that takes into ac-

count many geometrical and experimental details. To

describe ion adsorption in the porous electrode during

capacitive charging, we use the two-porosity model that

considers the two types of porosity in the electrodes, namely

the macropores (transport pathways) in between the porous

activated carbon particles, and the micropores (intraparticle

porosity) within the carbon particles, see Fig. 2 (Biesheuvel

et al., 2011a, 2011b; 2012; Porada et al., 2012c; Zhao et al.,

2012b). In MCDI, after an electrical current or voltage is

applied, counterions will pass through the membrane into

the electrode, and move via the macropores into the micro-

pores, where they will be stored in the electrical double layers

(EDLs). Simultaneously, co-ions are expelled from the mi-

cropores, but are prevented from leaving the electrode region

because of the ion-exchange membranes placed in front of

the electrodes; these ions will therefore end up in the mac-

ropores of the electrode. Because the macropores are always

electrically neutral (which implies that the amount of co-ions

there equals the amount of counterions), additional coun-

terions can migrate from the spacer channel into the
macropores, thereby enlarging the salt storage capacity when

membranes are used, i.e., when MCDI is used instead of CDI.

These effects of micro- and macropores, and the membrane,

are included in the present model. In the model we describe

the plug-flow character of the spacer channel by placing

a certain number (M ) of ideally stirred volumes, or ‘sub-cells’

in series.

3.1. Electrostatic double layers in porous electrodes and
overall cell voltage balance

In the two-porosity model (Biesheuvel et al., 2011b), the

transport of ions across the electrode takes place through the

macropores which form the space in between the carbon

particles (typical dimension of the order of one to several mm)

with porosity of pmA (macropore volume per unit total elec-

trode volume). The micropores are where the counterions are

preferentially stored in the electrical double layers (EDLs). The

pore size of the micropores is typically a few nanometres or

less.

In the macropores, ccation has the same concentration as

canion and thus a salt concentration csalt (per unit of macropore

volume) can be defined. Micropores are the pores inside

the carbon particles, which have a porosity of pmi (micropore

volume per unit total electrode volume), in which the

http://dx.doi.org/10.1016/j.watres.2013.01.025
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cation concentration, ccation,mi can differ from the anion con-

centration, canion,mi (ion concentration per unit of micropore

volume). As the size of the micropores is smaller than the

Debye length (a length scale to characterize the thickness of

the diffuse part of the double layer in the classical Gouye-

ChapmaneStern theory for a single double layer), the EDLs

will overlap strongly. This allows us to use the Donnan

approach of assuming a constant electrostatic potential in the

micropore space relative to that in themacropores,Dfd, and to

relate the ion concentration in the micropores to that in the

macropores according to

cj;mi ¼ cmA$exp
�� zj$Dfd þ matt

�
; (1)

where zj ¼ þ1 for the cation and zj ¼ �1 for the anion, and

where matt is an attractive term which quantifies the chemical

attraction between ions and the carbon material. In order to

keep symmetry and simplicity in the present model, we will

use the same value of matt for both the cation (Naþ) and the

anion (Cl�), though in a generalized model this assumption

can be relaxed. In Eq. (1), Dfd is the Donnan potential differ-

ence between inside (micropores) and outside (macropores) of

the porous carbon particles.

Inside the micropores, the difference between ccation,mi

and canion,mi is defined as the ‘charge concentration’,

ccharge,mi ¼ ccation,mi � canion,mi. This charge, ccharge,mi, relates to

the potential difference across a Stern layer, DfSt, which is

located in between thewater-filledmicropores and the carbon

matrix, in accordance with the Gauss equation,
ccharge;mi$F ¼ �VT$DfStCSt;vol; (2)
where F is the Faraday constant (96,485 C/mol), VT is the

thermal voltage (¼RT/Fw25.7 mV at room temperature), and

CSt,vol is the volumetric capacitance of the Stern layer. For the

Stern capacity, CSt,vol, we use the empirical expression

CSt,vol ¼ CSt,vol,0 þ a$ccharge,mi
2 whichmakes CSt,vol go up slightly

with micropore charge. The charge concentration also relates

to the current density I (per projected area of the electrode, A)

by

delec$
v

vt

�
pmi$ccharge;mi

� ¼ I; (3)

where delec is the electrode thickness and t is time. At this

point it is relevant to note that Eqs. (1)e(11) in Section 3.1 and

3.2 are solved separately for each sub-cell. For instance, the

current density Ii (used e.g. in Eq. (3) above) is calculated for

each sub-cell separately, with the total average current den-

sity Itot given by Itot ¼ 1=M
PM

i¼1 Ii. Important is that the total

cell voltage difference Vcell, see Eq. (5), is at each moment in

time the same for each sub-cell, although it changes in time

for CC operation.

The description of ion transport through the porous elec-

trodes is a complicated problem (Biesheuvel et al., 2011a, 2012;

Rica et al., 2012; Zhao et al., 2012b). Here we follow a simplified

approach, and do not describe ion transport in the electrode in

detail. We do, however, in an empirical way include an elec-

trode resistance, via an electrode voltage drop, Dfelec, which

depends on current and macropore ion concentration (high

http://dx.doi.org/10.1016/j.watres.2013.01.025
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concentrations lead to a low voltage drop). Using this

approach, the current I relates to the electrode potential drop,

Dfelec, according to

Dfelec$VT ¼ �I$F$Relec=cmA; (4)

where Relec is an electrode specific resistance with dimension

U mol/m.

The cell is assumed to be symmetrical as we use a simple

1:1 salt, NaCl, as the electrolyte and take equal values for

porosities p, Stern capacity CSt,vol, and chemical attraction matt,

for both electrodes. Thus the voltage drop across the cell be-

tween the two electrodes is given by

1
2
Vcell=VT ¼ Dfsp;half þ Dfdonnan;membrane=spacer þ Dfmem

� Dfdonnan;membrane=electrode þ Dfelec

þ ðDfd þ DfStÞmicropores; (5)

where all Df’s are dimensionless voltage drops for different

elements in the sub-cell: Dfsp,half is the voltage drop across

half of the spacer channel (from themid-plane to the edge, i.e.

to themembrane),Dfmem is the voltage drop across the bulk of

the membrane, Dfdonnan,membrane/spacer and Dfdonnan,membrane/

electrode are Donnan potential drops at the interface between

membrane and spacer, and between membrane and macro-

pores in the electrode, respectively, which are given by

Helfferich (1962), Ohki (1965), Vetter (1967).
Dfdonnan ¼ sinh�1 uX
2csalt

; (6)

where Dfdonnan is the Donnan potential for either of these two

interfaces. In Eq. (6), the salt concentration is csalt ¼ cspacer
when the interface betweenmembrane and spacer channel is

considered, and csalt ¼ cmA when taking the interface between

membrane and themacropores in the electrode. Furthermore,

in Eq. (6), u is the sign of the membrane charge (u ¼ þ1 for an

anion-exchange membrane), and X (with dimension mol/m3)

is the fixed membrane charge density. Furthermore, Eq. (5)

shows the two contributions from the modified-Donnan EDL

model, Dfd and DfSt, calculated using Eqs. (1) and (2).
3.2. Ion transport in membrane and in spacer channel

In the flow direction, we discretize the spacer channel, as well

as the electrodes, intoM ideally-stirred volumes (or, sub-cells)

placed in series, see Fig. 2. Starting with the spacer channel,

for each volume, a salt mass balance is given by

vcsp;i
vt

¼ �Jion;i
dsp

� M
ssp

�
csp;i � csp;i�1

�
; (7)

where csp is the spacer channel salt concentration in

mM ¼ mol/m3, i is the counter running from 1 to M, and ssp is

the total spacer channel residence time (the spacer channel

http://dx.doi.org/10.1016/j.watres.2013.01.025
http://dx.doi.org/10.1016/j.watres.2013.01.025
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volume, Vsp, divided by the spacer channel flow rate, Fsp). In

Eq. (7), on the left-hand side is shown the accumulation term

for salt, while the first term on the right-hand side gives the

ion flux through one membrane (see Fig. 2) and the second

term is the convective flow of salt from one sub-cell to the

next. The effluent from cell i has concentration csp,i (this is the

stirred-volume approach) while the inflowing solution coming

from the previous cell has concentration csp,i�1.

The current I, is discussed next. In each of the M volumes

(or, sub-cells), the current I has the same value in the spacer

channel, in themembrane, and in the electrode, but this value

differs between sub-cells, and changes in time, also for CC

operation (because only the average current, Itot, is pre-

scribed). For the spacer channel, the current relates to the

electric potential difference across half of the spacer channel

according to

I ¼ �2D$csp$
Dfsp;half

dsp=2
: (8)

Eq. (8) is valid when we assume that from membrane to

membrane (across the width of the spacer channel) the salt

concentration gradients are small. The diffusion coefficient in

the spacer channelD can be taken as the average of that of the

cation and the anion (Sonin and Probstein, 1968). For the

membrane the current I relates to the inner-membrane po-

tential drop, Dfmem, and can be written as

I ¼ �Dmem

dmem
$
�
cT;mem

�
$Dfmem: (9)

In this equation subscript “mem” is used for properties

within themembrane and cT,mem is the total ion concentration

in the membrane, given by cT,mem ¼ ccation,mem þ canion,mem.

Furthermore, <.> denotes an average property and D is the

difference across themembrane, while dmem is themembrane

thickness. This equation is valid when the concentration

cT,mem drops linearly across the membrane (Biesheuvel et al.,

2011b). To solve the membrane model, we make use of the

fact that at each position in the membrane, charge balance is

maintained, given by ccation,mem � canion,mem þ uX ¼ 0. In Eq.

(9), Dmem is a diffusion coefficient of the ions within the

membrane, assumed equal for cation and anion. Because of

the locally high concentration of ions inside the membrane

and because of its porous structure, the diffusion coefficient in

the membrane, Dmem can be much lower than in the spacer

channel (Andersen et al., 2012; Elattar et al., 1998).

At both solution/membrane edges, the total ion concen-

tration in the membrane, cT,mem, is given by cT,mem ¼
2$csalt$cosh(Dfdonnan) ¼ O[X2 þ (2$csalt)

2], with csalt as for Eq. (6)

either csp or cmA (Biesheuvel, 2011). The average concentration

<cT,mem> required in Eq. (9) is calculated as the average of

these two boundary values for cT,mem. The linearized ion flux

through the membrane, Jion, is given by

Jion ¼ �Dmem

dmem
ðDcT;mem � uXDfmemÞ: (10)

3.3. Ion transport and storage in the electrode

Finally we describe the balance for total ion concentration in

the electrode, relating to Jion, by
v

vt

�
2$pmA$cmA;i þ pmi$

�
ccation;mi;i þ canion;mi;i

��
¼ Jion;i
delec

þ M
selec

�
cmA;i � cmA;i�1

�
; (11)

where selec is the superficial residence time in the electrode

(electrode total volume Velec divided by the electrode flow rate

Felec). The total water flowrate per cell is Ftot, and the fraction

of that which runs inadvertently through each of the elec-

trodes is estimated as Felec ¼ a$Ftot, and thus Fsp ¼ (1 � 2a)$

Ftot. The effluents of the spacer channel and the two elec-

trodes are combined into a single flow with the effluent salt

concentration ceff leaving the cell. It is the parameter ceff
which is measured, given theoretically by ceff ¼ (1 � 2a)$

csp,M þ 2a$cmA,M. Theoretical predictions for this effluent salt

concentration are presented in Fig. 4.
4. Results and discussion

In this section, we first discuss desalination cycles for CC

operation of MCDI under the DSS condition and show the in-

fluence on a series of performance indicators, such as salt

adsorption, charge transferred, and especially the average salt

adsorption rate (ASAR) and water recovery (WR), by varying

the following input parameters, namely: inflow salt concen-

tration, adsorption current, water flowrate, desorption time,

and desorption current. We will show the results for each

parameter independently by varying each one in turn. In the

second part of this section we describe results of CV operation

of anMCDI system, focusing on the influence of cycle duration

and desorption voltage. In all cases we compare experimental

results with theoretical model predictions. An overview of the

parameter settings for our theoretical calculations is pre-

sented in Appendix A.

4.1. Constant current (CC) operation of MCDI

4.1.1. Desorption in “zero volt desorption”-mode
In Section 4.1 we will present results of CC operation of MCDI

in two operational modes: zero-volt desorption (ZVD) and

reverse-current desorption (RCD).

Fig. 3 presents results forMCDI-CC-operation in ZVDmode,

where the variation in effluent salt concentration during

a single desalination cycle is shown. Both experimental and

theoretical results are presented, and as can be observed all

experiments can be well reproduced by the model. Fig. 3a

shows that the duration of the desalination cycles depends on

the influent salt concentration. For instance, when the influ-

ent salt concentration is decreased from 20 mM to 5 mM, the

adsorption time drops from 200 s to only a couple of seconds.

This can be explained by the fact that at lower influent con-

centrations we have a higher spacer resistance and quicker

ion depletion. Therefore, at a fixed constant current of 1 A, the

cell voltage reaches the set end voltage of 1.6 V much more

rapidly.

In Fig. 3b and c it is shown that a lower effluent salt con-

centration can be achieved by increasing the electrical current

during the adsorption step, as well as by decreasing the

water flowrate. Fig. 3d shows that when we decrease the

desorption time, the adsorption capacity per cycle decreases

http://dx.doi.org/10.1016/j.watres.2013.01.025
http://dx.doi.org/10.1016/j.watres.2013.01.025
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and consequently the adsorption time also becomes shorter.

This is because a decrease in the desorption time leads to

incomplete release of counterions from the electrodes and

consequently leads to a lower ion removal in the next

adsorption step.

It can be observed in Fig. 3b and c that by varying the

current during ion adsorption and/or by varying the water

flowrate, the salt concentration in the effluent can either be

increased or decreased, and therefore in the CC mode it is

possible to fine-tune the salt concentration in the effluent

water stream to a desired level (Zhao et al., 2012a).

Data such as obtained for the experiments shown in Fig. 3

are presented in aggregate form in Fig. 4 with each panel (aed)

in Fig. 3 corresponding to one column (IeIV) in Fig. 4. In Fig. 4

row A we present the total cycle time (tcycle) and the water

recovery (WR) as function of influent salt concentration (col-

umn I), adsorption current (column II), water flowrate (column

III), and desorption time (IV). WR indicates the fraction of the

salt stream which is reclaimed as freshwater. WR can be cal-

culated according to:

WR ¼ F$tads
F$tads þ F$tdes

¼ tads
tcycle

(12)

whereF is the water flowrate, tads the adsorption time, tdes the

desorption time, and tcycle is the sum of tads and tdes. As in our

examples F is always the same for the adsorption and

desorption step, we can use a simplified expression for WR

(¼tads/tcycle).

Results of salt adsorption and charge per cycle are given in

row B both experimentally and theoretically, as function of

the same four parameters (column IeIV). Fig. 4BeI shows that

when the influent salt concentration is increased from close

to zero to around 20 mM, the salt adsorption and charge

rapidly increase, but after that the salt adsorption again

slightly decreases whereas the charge still increases. Fig. 4B-II

shows that when the electrical current during adsorption is

increased, both salt adsorption and charge decrease and

when the electrical current is above 1.5 A, the decrease is

even faster. Fig. 4B-III shows the existence of two regions,

one of low charge and salt adsorption at a low flow rate

F < 35 mL/min, and one of high charge and salt adsorption for

F > 35 mL/min. All the experimental data can be reproduced

very well with our theoretical model. However, some phe-

nomena, for instance the rapid increase of salt adsorption

when the influent salt concentration increases from zero to

w20 mM, or when the flowrate is increased beyond w35 mL/

min, do not have a single and easy explanation and must be

due to the interplay of various process parameters.

For commercial use of an MCDI system it is important to

have maximum salt removal within a given period of time.

Therefore, in order to evaluate how quickly salt can be adsor-

bed, we introduce a new performance indicator, namely the

average salt adsorption rate (ASAR) (see Fig. 4 row C), which is

the salt adsorption per cycle, per gram of total electrode mass

(Fig. 4-row B), divided by the cycle time (Fig. 4-row A). ASAR is

ameasure of the ‘speed’, or rate, of salt adsorption. The data in

Fig. 4-row C demonstrate that when we vary each input

parameter in turn, optimal values for ASAR are obtained in

each case. ThehighestASARcanbe achieved at an influent salt

concentration of around 20 mM (Fig. 4C-I), at an adsorption
current of 1A (Fig. 4C-II), at awater flowratehigher than 40mL/

min (Fig. 4C-III), and for a desorption time of 50 s (Fig. 4C-IV).

Note that these optimized input parameters depend on the

specific device, its operational mode, and values for other pa-

rameters. A general conclusion that can, however, be drawn is

that the input parameter settings that lead to the highest salt

adsorption per cycle do not always lead to the highest ASAR.

In addition, closer inspection of the results in Fig. 4 shows

that for most cases, the trends in WR and ASAR as function of

each input parameter are different. For instance, the highest

ASAR can be achieved when the adsorption current of 1 A is

used (Fig. 4C-II). However, for this condition the WR is less

than 0.4 (Fig. 4A-II). Only when increasing the water flowrate,

F, we find for the whole range of F simultaneously a higher

ASAR and higher water recovery, see Fig. 4C-III.

In brief, we have demonstrated that in the CC-ZVD mode,

variation of input parameters has a great impact on salt

adsorption and electrical charge per cycle, and also onWR and

ASAR, which are the two most important indicators to eval-

uate the performance of an MCDI system.

4.1.2. Desorption in “reverse current desorption”-mode
In a different operational mode, we apply a reversed current

during desorption until Vcell becomes zero again (RCD mode).

Fig. 5a shows that by applying a less negative current during

the desorption step, we extend the period of desorption and

consequently also extend the duration of the adsorption step.

This leads to more salt removal per cycle, see Fig. 5c. However,

Fig. 5b shows that less negative desorption currents decrease

theWR and increase the total cycle time. Combination of these

effects is shown in Fig. 5d, where we show that as the desorp-

tion current becomes more negative, ASAR first increases and

then decreases again. Thus, for this system, it is found that the

highest ASAR is at a desorption current between �0.8 and

�1.8 A, while theWR is highest at a desorption current of�2 A.

4.2. Constant voltage (CV) operation of MCDI

4.2.1. Desorption in “zero volt desorption”-mode and in
“reverse voltage desorption”-mode
Next, we discuss CV operation of MCDI, which implies that

during the adsorption step a constant voltage is applied,

instead of a constant current. Constant Voltage (CV) is the

classical operation mode of CDI and MCDI. CV operation can

be done in the ZVD and the RVD mode, the difference to be

discussed below. For all CV experiments, during salt adsorp-

tion a cell voltage of Vcell ¼ 1.2 V is applied for a fixed period of

time. During desorption in ZVD-modewe short-circuit the cell

(i.e., apply Vcell ¼ 0 V) for the same period. For the RVD-mode,

we apply Vcell ¼ �1.2 V (which is the reverse of the adsorption

voltage) during desorption, also for the same period as

adsorption. In both operational modes, because the water

flowrate is the same in a complete cycle (60mL/min for the full

stack of N ¼ 8 cells), and we set the adsorption time equal to

the desorption time (both are half of the cycle time, which is

varied in Fig. 6), thewater recovery is always 50%. In Fig. 6 data

for MCDI operation in CV-ZVD and CV-RVD mode are pre-

sented as function of cycle time. In Fig. 6(a) and (c), salt

adsorption and charge per cycle per gram of total electrode

mass are shown both experimentally and theoretically. As

http://dx.doi.org/10.1016/j.watres.2013.01.025
http://dx.doi.org/10.1016/j.watres.2013.01.025
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Fig. 6 shows, when the cycle time exceeds 500 s, for both

operational modes, salt adsorption and charge level off.

However, ASAR peaks in both modes at a much shorter cycle

time, around 200 s, indicating that in the present setup such

a low cycle time of 200 s is the optimum value to achieve the

highest ASAR (Fig. 6b and d).

4.2.2. MCDI-CV operation with varying desorption voltage
As can be inferred from Fig. 6a, c (similar to Fig. 4 in Biesheuvel

et al., 2011a), by applying a negative cell voltage during

desorption, it is possible to achieve about 20% more salt

adsorption per cycle than simply by short-circuiting the cell

during the desorption step, which is the classical operational

mode of CDI and MCDI.

In order to find the optimal desorption voltage to achieve

the maximum in ASAR, we performed a further series of CV

experiments, where we vary the desorption voltage. An

adsorption voltage of þ1.2 V was applied for 500 s, and during

desorption, the cell voltage was varied between 0 V and �2 V,

also for a duration of 500 s. As the total cycle time for each

experiment is 1000 s, ASAR follows the same trend as the salt

adsorption per cycle shown in Fig. 7 and consequently is not

shown. Both experimental data and results of theoretical cal-

culations of salt adsorption and charge are presented in Fig. 7.

It is observed that salt adsorption and charge increase slightly

with desorption voltage, with for instance at a value of �1.4 V,

approximately 20%more salt adsorption than for desorption at

0 V. However, at voltages more negative than �1.0 V, the
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Vcell [ 1.2 V, and during desorption Vcell [ 0 V for ZVD and Vcell

the same, and the cycle time is the sum of these two. Lines: th
charge per cycle increases strongly, which is not predicted by

the model. For CDI, a similar observation was made when

increasing the cell voltageduringadsorption (Bouhadanaet al.,

2011). We believe the effect is due to Faradaic reactions, e.g.

water splitting, at high desorption voltages. As a result, MCDI

operated at very negative desorption cell voltages utilizes

more charge, resulting in a less energy-efficient salt adsorption

process, and is therefore not recommended.

4.3. Discussion

The interesting question is what can exactly be inferred from

the data. Starting at Fig. 4, a comprehensive data set for MCDI-

CC operation in the ZVD-mode is presented, focusing on the

two key performance indicators for MCDI, namely water re-

covery (WR) and average salt adsorption rate (ASAR). As can be

observed, varying influent salt concentration (column I), water

flowrate (III), or desorption time (IV), in all cases leads to

a similar trend in WR and in ASAR, both either going up or

down with a change in one of the parameter settings. A dif-

ference is found in the dependence of ASAR and WR on the

adsorption current (II), where the former has a maximum at

an adsorption current around 1 A, while to achieve the highest

WR, the adsorption current must be minimized.

Next, Fig. 5 summarizes data forMCDI-CC in the RCD-mode

of operation. In this case we also find that ASAR and WR have

a different dependency on the input parameter that is varied,

being in this case the adsorption current, with ASAR being at
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Fig. 7 e Saltadsorptionandchargepergramof total electrode

massper cycle inMCDI-CVas functionofnegativedesorption

voltage (0 toL2 V). The desorption cell voltage is the cell

voltageappliedduring the ionrelease-step.Otherparameters

to define the full cycle are: influent salt concentration

csalt,in [ 20mM, durations of the adsorption and desorption

step each 500 s, and voltage during adsorption Vcell [ 1.2 V.

Symbols: data; lines: theory. Symbols intersected by the

dashed vertical lines correspond to the CV-ZVD and CV-RVD

data at cycle time of 1000 s in Fig. 6.
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a maximum in a fairly large range of values for the desorption

current (between�0.8 and�1.8A),whileWRsteadily increases

with less negative desorption currents. The results for MCDI-

CV (Figs. 6 and 7) demonstrate that optimum cycle times (to

have the highest ASAR) are much shorter than typically con-

sidered in the literature (often beyond 10 min, approaching

1 h); here we find a maximum ASAR at a cycle time of only

200 s, much shorter than previously used values. All of these

results show that the complete optimization of an MCDI sys-

tem, considering also energy costs and material properties, is

a complicated task requiring multidimensional optimization.

In general, Figs. 3e7 show that our two-porosity modified-

Donnanmodelwell describes the datawhenwefit the CV-data

and CC-data separately using as freely adjustable parameters

themembrane chargedensityX, the iondiffusioncoefficient in

themembraneDmem, the fraction of the total water flow going

through one electrode, a, as well as the specific electrode

resistance, Relec. However, asmay be observed from Table A in

Appendix A, to fit these two large data sets (one for CV- and the

other for CC-operation), we need to use different numbers for

X, Dmem and a. This is not an optimal situation and indicates

that our model is not yet fundamentally rigorous, because

ideally one set ofmodel parameters describes data both for CC

and CV operation at the same time. Several model improve-

ments can bemade tohelp us achieve this aim, as summarized

next: first of all, full porous electrode theory has not yet been

implemented, but instead we have assumed that in each sub-

cell we have equalized properties across the electrode, with

the ionic resistance empirically described by a single parame-

ter Relec. An improved model makes use of porous electrode

theoryanddoesnotneed thisparameterRelec. Secondly, for the

membrane we have assumed equal ion diffusion coefficients

for the counterion and the co-ion. However, as known from

membrane open-circuit voltage diffusion potential
measurements (Barragán et al., 2009), the co-ion can have

a differentmobility (diffusion coefficient) from the counterion.

This effect can be included in an improved model. Fur-

thermore, at the moment the spacer channel is modelled as

a series of stirred tanks, and the exact concentration profile of

ions across the channel (in the direction from membrane to

membrane) is not yet considered. Finally, our model assumes

perfect symmetry of anode and cathode, which is not true in

reality because the cation and anion have different diffusion

coefficients (both in the open space, and in the membranes),

and because the anion-exchange membrane and the cation-

exchange membrane have a different charge density. When

all of these effects are included in a full-scale model, it is

hopefully possible to fit all presented data sets in this work by

one and the same model, with one set of input parameters.

Such amodel can be confidently used for process optimization

studies.
5. Conclusions

In this work we have presented experimental and theoretical

results for CC and CV operation in the membrane capacitive

deionization (MCDI) process. We have systematically varied

the following input parameters, namely influent salt concen-

tration, water flowrate, adsorption and desorption current,

desorption voltage, and adsorption and desorption times, and

presented their effect on salt adsorption per cycle, total

charge, and water recovery (WR). We define the average salt

adsorption rate (ASAR) to evaluate the rate of desalination,

and demonstrate a systematic procedure to optimize the

input parameters in order to reach the highest ASAR. A the-

oretical MCDI process model is validated by comparison with

experimental data, with the outcome that in most cases the

theory describes the experimental results very well, though

the need for parameter settings that differ between CC and CV

operation makes it clear that the model must be significantly

improved. In the future, an exact optimization of parameter

settings can be realized based on a validated MCDI process

model, in order to obtain the highest ASAR and WR for the

operation of a particular MCDI system.
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Appendix A. Parameter setting

In appendix A we summarize all the parameter settings

required for comparing the model to the data given in the

figures throughout the results and discussion section.
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Fig. B e Electrical circuit analogue for MCDI cell combined

with external capacity. Here, Imax is the constant applied

electrical current, part of which, Icap, will be used to charge

the external capacitor, Ccap, which represents external

wires and connections. Itot depicts the electrical current

going into the MCDI cell, CEDL represents the electric double

layer capacitance, and Rcell represents the cell resistance.
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Appendix B. Electrical circuit analogue of MCDI
system

In appendix B we present a schematic diagram of the electric

circuit analogue of the MCDI system, see Fig. B. To avoid the

numerical problem that occurs when we apply a step change

in current to the MCDI cell, we have placed a very small

capacitance in the external circuit, Ccap ¼ 2 mF/m2, parallel to

the MCDI cell, so the applied electrical current, Imax, will first

saturate the small capacitor and then charge the system with

current Itot, according to

vVcell

vt
¼ F$

Imax � Itot
Ccap

: (13)

Initially, because of the spacer channel resistance, all the

applied current, Imax, goes to the external capacitor, thus ini-

tially the current to the MCDI cell will be zero, Itot ¼ 0. How-

ever, in time, when the external capacity saturates, Icap
becomes zero, and the average current into the MCDI cell, Itot,

will approach the value of Imax. Note that in the model Itot
distributes self-consistently over the M numerical sub-cells,

see Fig. 2. Another method to avoid the numerical dis-

continuity after each sudden change in current (at time t*) is to

solve jointly Eqs. (4), (5), (8) and (9) for all sub-cells 1.M,

together with Itot ¼ 1=M
PM

i¼1 Ii, with Dfdonnan and

(Dfd þ DfSt)mi in each sub-cell unvarying at t*, to calculate in

this way the cell voltage and currents Ii right after t*.
Table A e Parameter settings for theoretical MCDI
transport model. Numbers with subscripts cc are for
constant current operation (Figs. 3e5) and subscripts cv
denote constant voltage operation (Figs. 6 and 7).

Symbols Value Dimension

pmA Porosity of macropores 0.30

pmi Porosity of micropores 0.30

CSt,vol,0 Volumetric Stern layer

capacitance (low charge limit)

0.12 GF/m3

a Parameter to describe

non-linear part of Stern capacity

17.3 F m3/mol2

Relec Specific electrode resistance 0.12cc
0.108cv

U mol/m

X Fixed membrane charge

density

3000cc
8000cv

mol/m3

D Ion diffusion coefficient in

the spacer channel

1.68 10�9 m2/s

Dmem Ion diffusion coefficient in the

membrane

1.12cc
0.168cv

10�9 m2/s

Vsp Total volume of one spacer

channel

0.147 mL

Velec Total volume of one electrode 0.153 mL

a Fraction of total flow going

through one electrode

1 %cc

0.25 %cv

matt Chemical attraction term

between ions and carbon

1.4 kT

M Number of sub-cells in

the model

6

Ccap Capacitance in the

external circuit

2 mF/m2
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