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In this review we discuss recent developments in the emggisearch field of miniaturized desalination. Traditibndesali-
nation is performed to convert salt water into potable wated research is focused on improving performance of lacgkes
desalination plants. Microfluidic desalination offers es@l new opportunities in comparison to macro-scale dest@in, such

as providing a platform to increase fundamental knowledgerotransport on the nano- and microfluidic scale and new mi-
crofluidic sample preparation methods. This approach lsad@hd to the development of new desalination technigesgdion
micro/nanofluidic ion-transport phenomena, which are ptdécandidates for up-scaling to (portable) drinking evadevices
This review assesses microfluidic desalination techniquebeir applications and is meant to contribute to furthgslementa-
tion of microfluidic desalination techniques in the lab-cdrip community.

1 Introduction the operational principle of each technique is describeld, -
lowed by a discussion on promising application areas. Tre
Macrofluidic desalination techniques are established austh following techniques are considered: dialysis, electutydiis
for drinking water production from salt water and are fre- (ED), (membrane) capacitive deionization (M)CDI), iome~
quently highlighted as a contributing solution to reducihg  centration polarization (ICP), and electrochemical dasal
world-wide drinking water shortaée3. In contrast, microflu-  tion. Concentration techniques such as solid phase extnar
idic desalination is an emerging research field, which EI’VG(SPE)‘lv5, ion exchange columns and separation technique_f %
as an optimizing tool for traditional techniques and ofiee®  compounds of interests such as liquid chromatography§LC,
opportunities for lab-on-chip devices. isotachiophoresis (ITP)and electrophoresishave been re-
This literature review focuses on desalination on the micro viewed recently and are therefore not considered.

and nanofluidic scale and it's potential applications. Tifis  The content of the review is structured in the followil
further defined as devices/setups with two dimensions in thenanner. In section 3 an overview is given of establishe
sub-mm scale and flow rates in the order of nano- to minO“tEIf'nacro_Sca|e desalination techniques for later Comparim_‘
per minute. The trend of down-scaling medical analysis to &ection 4 microfluidic desalination techniques are disediss

lab-on-chip format has created new application areas for depased on their specifications and applications.
salination, mainly as tool in sample preparation. Advaesag

of online sample desalination in contrast to manual offline
methods include speed of operation, improved reproditgibil 2 1N€Ory

and reduction of dead volume, sample loss and contamination ) . ) . ..
The terms on- and offline are both frequently used in the ﬁemBefore progressing reviewing the microfluidic desalinatio

of analytical chemistry. The term "offline” refers to a diseo  teCNNigques, a quick introduction into the relevant terme an
tinuous process in which each manipulation is performed sup?Perational mechanisms that are essential in charactgriz:
sequently, whereas in an "online” process the individugpst ~2nd classifying desalination techniques is given.

are connected via continuous flow and are performed in a sin-

gle pass. Besides this, desalination-on-chip can cong&rittu 2.1  Electrical double layer

the understanding of ion transport in existing large-sciale . . o
salination devices and hence improve performance (e.g. deT—he occurrence of a double layer is a phenomena that s fa

salination percentage and regeneration speed). In thiswev at the interface of a conductor and.an electroqytwhere_ :
the surface charge of the conductor is screened in the lig, 7.

2 BIOS - the Lab-on-a-Chip group, Mesa+ Institute for Nanbtealogy, through a dlstrlbutlon profile of ions. This ph_en(_)me_na Ca.” be
MIRA Institute, University of Twente, P.O. box 217, 7500 ABdede, The USed to store ions. Methods to model the distribution of ic ns
Netherlands, E-mail: s.h.roelofs@utwente.nl in the double layer were reviewed by Burt et?alHelmholt-

This journal is © The Royal Society of Chemistry [year] Journal Name, 2010, [vol], 1-11 |1
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was the first to introduce a double layer model in the 19th

century®*L in which he considered a single layer of solvated AG = Gq + G¢ — Gin )
ions in the solution packed in close proximity to an eleatrod

The compact layer was also referred to as Helmholtz layer. WhereGq, Gc andG; are respectively the Gibbs free ener v
Gouy and Chapmas extended the double layer model with of the desalinated, concentrated brine, and influent stre~-=
the contribution of mobile of ions in solution, in close prox The Gibbs free energy of specieis a solution is proportiona!
imity to the electrode. This results in a double layer whigh i to the chemical potentialf) and the number of ionsy) ir
made up of a compact layer of ions packed to the surface tc@ solution, according t& = pin; *°. The chemical potentia:
gether with a distribution profile of ions which extends itite ~ ©f component i in a solution is given by,

solution. SterA® combined the two models and formulated

the widely accepted Gouy-Chapman-Stern (GCS) theory. i = 12 +RTInx v (3)

wherey; is the mole fraction of specie@sn the solution and
2.2 Double layer overlap v is the corresponding activity coefficient. The activity toe
A category of desalination techniques relies on the utitiza .ficie.nt is a Qime_nsionlt_ass.number Which accounts fgr the_i n-
of nanopores. Within the pores, double layer overlap occurd? interaction in the liquid. For an ideal solution, in _W7h'(’
if the width of the pores is in the same size range as the Det_here IS o 1on-ion interaction, the act_|V|ty coefﬁmgntué '
bye length, see figure 4. Figure 4a represents a pore in which€ Minimum amount of energy required to desalinate \water
no double layer overlap occurs. In this situation, the ceann 'S €xPressed through,
is much wider than the Debye length. The Debye length is a
characteristic length indicating the distance of the diflayer
into the solution. Typical values are 1 to 10 nm for concentra  AG = [CiaVaRTIN(Xa.a) + Ci.cVeRTIN(X cYi.c)—
tions of 100 to 1 mM. The potential is maximum close to the :
surface and zero at the center of the pore. The concentiation CiinVinRTIN(Xin¥in)] ~ (4)
counter-ions is higher than the concentration of co-iong- F . )
ure 4b explains the phenomena of double layer overlap. The where the concentration of the desalinated, concentra*~

potential does not reach zero in the center of the pore and trnd influent water streams are represented Byci c andci in,
co-ion presence in the pore is nitfitS. respectively.Vy, V; andVj, refer to the volumes of the corre

sponding three water streams. The minimum amount of = -
ergy needed to desalinate water depends on the concentr atic
of the influent and effluent streams. For brackish water uc-

A frequently mentioned performance indicator for desalina Salination, the theoretical minimum is around 0.17 kWh’
tion is the water recovery rate, which is the ratio of fresh wa for the case where the input concentration is twice the dutpt!

ter produced over the influent solution and can be calculategoncentratiof®. The total energy consumption of a desa’ a
from: tion plant is higher than the theoretical minimum and ineleid

the energy consumption of pumps, valves and losses due to
friction.

2.3 Performance indicators

flowrate fresh water produced
recoveryb = 8 b x 100 (1)
flowrate influent stream

3 Traditional desalination methods

For large scale desalination energy efficiency is a key per-
formance parameter. For microfluidic applications thisfis o Desalination of water is typically applied on the macrolke ca
minor importance, because the energy consumption is genefer drinking water production from seawater or brackish wa-
ally low, for a complete theoretical overview the minimum en ter. The salinity of seawater is 35 g/L on aver&ygewhile
ergy required for desalination is described in this panalgra brackish water has a salinity ef 1-10 g/L2°. Drinking wa-
The minimum amount of energy that is required to removeter is also known as potable water and typically has a sglinit
ions from the solution is equal to the amount of energy that ca < 1000 mg L2 According to the World Health Organise
be gained from mixing the fresh and concentrated stream. Thigon, the amount of people living in countries sufferingrfro
term Gibbs free energyd[J mol~1]) indicates the amount of a fresh water shortage is expected to increase from org-+'..,
energy in a system available for wdfk!”. The energy re- of the world’s population (2004) to two-thirds in 20252
quired to desalinate a salt solution is given by the change iThe urge for energy efficient methods to unlock the salt water
Gibbs energy&G) of the solutions before and after desalina- sources for drinking water supply is reflected in the growvftt o
tion according to, the amount of desalination plants throughout the world & u:

2| Journal Name, 2010, [vol]1-11 This journal is © The Royal Society of Chemistry [year]
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Fig. 1 Overview of basic principles of desalination techniques commonly appdiesefawater desalination: a) Multi stage flash distillation
(MSF) and multi-effect distillation (MED), where heat is used to distill saltawvand the condensate is collected. b) An electrodialysis
system, which consists of two electrodes with alternating cat- and anioamgelmembranes are placed in paréflelThe elements are
separated through spacers. A potential is applied across the stadlnshe the electrolyte, entering from below, transport through the
membranes. Cations can only pass through the cation selective me&sprdnrereas anions can only pass through anion selective memhranes
The result is alternating dilute and concentrated streams. ¢) ReverssiegRO) which is based on an over-pressure on the concentratic 1
side of a semipermeable membrane

past decad® 23 The worldwide desalination capacity is ex- facilities build in the last two decad& Electrodialysis is
pected to double in size between 2008 and 2016 to 38 billiortompetitive in energy efficiency for desalination of bratki
m® per yeaf?. water’” and reaches a recovery percentage of 94% in one cv-le
and 97% in two cycle®. The energy consumption of electrc

An overview of commonly implemented techniques for sea-
y Imp g dialysis is 0.4-8.7 kWh md according to AlMarzooqi et &f®.

water desalination is given in Fig. 1. Fig. la represents the
mal desalination methods including multi-stage flash Ithsti
tion (MSF) and multi-effect distillation (MED). Wateris@p- 4 Microfluidic desalination techniques

orated through the input of heat and condenses in a fresh wate

reservoir. Reverse osmosis (Fig. 1b) is a membrane based prepe microfiuidic desalination techniques are discusselifn «
cess. A pressure is applied to pass water molecules throughgaction and our findings are summarized in two tables. Table
semi-permeable membrane, leaving ions behind in the cony contains an overview of each of the techniques and ca:. w.
centrated reservoir. The typical recovery rate of RO varie§;se for comparison of the dimensions, flowrates and acthic .
from 35% to 85% depending on amongst others the conceryesalination performance. For potable water productien u:
tration and composition of the feed solutin According to gnergy efficiency is a critical parameter, while this is ohoni
Ghaffour et al. the typical energy consumption of a reversemnortance for microfluidic desalination. A qualificatioort
osmosis desalination plant for seawater and brackish water 5ch technique, considering the applications, advantag ‘s
3-4 and 0.5-2.5 kWh ¥, respectively. disadvantages is given in table 2.

An alternative technique is electrodialysis (Fig. 1c). Al-
ternating cat- and anion selective membranes are stacked. pq Dialysis
potential is applied across the stack which causes the ions i
the electrolyte to transport through the membranes urdil th Dialysis is a separation process based on selective difiu-
are blocked. The result is alternating channels of fresh andf molecules and ions through a membrane. The salt ¢~
concentrated water streatis Thermal methods and reverse centration of the influent stream is diluted through the me ..
0SMosis are energy intensive processes, due to eitherdmgh t brane into a second solvent with a low/zero salt concentrat,
peratures (MSF, MED) or high pressures (RO). Currently ROwhereas alternative described desalination techniqses ie
is the most energy efficient method for desalination of seaa concentrated brine solution and a dilute stream. The cer .po
water and therefore the most favored method for desalimationents to be removed diffuse across the membrane, tradlfiviia

This journal is © The Royal Society of Chemistry [year] Journal Name, 2010, [vol], 1-11 |3
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Fig. 2 Schematic of operational principle of microfluidic desalination technigaBialysis is a separation process based on the diffusio | ot
ions through a membrane. The top channel contains a sample in a tategsalt solution, and the bottom channel contains the waste
stream. b) Capacitive deionization, which is based on the storage of itims @tectrical double layer of the electrodes upon the applicatic 1
a potential of~1V. c) lon concentration polarization is a phenomena that uses thetfomud a depletion zone around a nanopore which is
situated as a junction between two microfluidic channels with different poleriadified from Kim et ak°. d) Electrochemical

desalination is based on Faradaic reactions. Oxidation of silver at the Sy&dectrode results in silver chloride formation. Nins pass
through the nafion membraf&

fabricated from cellulose or poly(vinylidene fluorid®) into  bination with analysis techniques. The diffusion time, evhi

a buffer solution. The operational principle is illustehtey ~ can be calculated throudb ~ x?/2D, is shorter in microflu-
Fig. 2a. A sample is flowing in the top channel, and a bufferidic systems compared to larger dialysis devices. A deercas
solution in the bottom channel. The channels are separgted bn width of the channel by a factor 10 leads to a decrease in the
a membrane, which separation characteristics are spebified diffusion time of a factor 100. However, within dialysis sys

a molecular weight cut-off number (MWCQO). Generally the tems on chip the diffusion time across membranes is often tha
pore size is not specified but the MWCO number is providedimiting factor and therefore more relevant is the develepr

in the papers cited. The compounds of interest remain in thef ultra-thin membranes on chip which achieve a signifig. ntl
top channel, while salts diffuse through the membrane to théower membrane diffusion tin#8. Zhang et al. studied the
bottom channel. Microdialysis has been implemented op-chi formation of free standing films in a microfluidic chip thrdug
and coupled to electrospray ionization mass spectromgsry s interfacial polymerizatio®.

tems (ESI-MS) as a sample preparation mefiéd Analysis

of ESI-MS spectra from protein- or DNA-samples with a high  Microdialysis was categorized by Song et al. in three ¢**
concentration of buffers and salts can be impossible due to rent geometries: tubular, flat chip-like devices with csar

low signal-to-noise ratio also known as ion suppres¥iofT. wiched membranes and microdialysis probes Xu et al.
demonstrated dialysis on a chip as an off- and online san.;'_

The development of miniaturized dialysis is focused on fabpreparation method in 1998 with flowrates as low as of 2-5
rication methods for membranes on-chip as well as incrgasinuL/min®2, through a cellulose dialysis membrane which v as
the speed of the process to enable online desalination in conclamped between two microfluidic chips. Buffer and anaiyi.c

4| Journal Name, 2010, [vol] 1-11 This journal is © The Royal Society of Chemistry [year]
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Table 1 Specifications of the different microfluidic desalination techniques. Tihle toontains dimensions of the microfluidic channel, the
flowrate and the achieved amount of desalination.

size sample channel

w idth flow rate

author, year electrolyte height [um] [um] [uL min™] desalination
Tibavinsky, T.A.,
2015 100 mM KCl 6 100 0.5-2.5 95% in 1s
500 mM NaCl and 100 mM online 2-5 online ESI SNR
Xu, N. ,1998 Tris and 10 mM EDTA 60 160 offline 0.01-0.3 40x improved
50 mM buffer
Song, S., 2004  10ppm Rhodamine 560 20 280 0.01 30-80%
ESI SNR 20x
Xiang, F., 1999 10 mM PBS 60 150 0.2-5 improved
10 mM NaCl and
Kw ak, R., 2013 0.01 mM Rhodamine 6G 200 1000 10 90%
2:10°g mL" Rhod. B in 1mM
CusO, 1mgmL"’ cylinder height 3000
Deng, D, 2015  fluorescein in 1 MM CuSO, and radius 5000 0.1-100 88% of neg. dye
Schiermeier, Q.,
a 2008 seaw ater = 500 mM 100 500
O |Kim, S., 2013 brackish w ater = 100 mM 15 100 0.1-20 99%
MacDonald, B.D.,
2014 20, 200 and 500 mM NaCl 200 2000 0.5 90% for 500 mM
Suss, ME, 2014 5-80 mMKCl 5000 1500 0 10% at t = 25s
Demirer, O., 0.7 mM of fluorescein (-)
5 2014 and sulforhodamine B(+) 100 200 0 60% at t = 60s
© droplet
volume 50
Dak, P., 2014 <100 mM pL - 90%
Roelofs, S.H.,
2015 10 mM NaCl 400 1500 1 10% att= 3 min
Knust, K.N.,
o |2013 seaw ater 22 100 0.08 255%
O
m cylinder
Grygolow icz- length 480 flow injection
Paw lak, 2012 0.6 MNaCl mm 30 max 40 mode 90% in 90s

are separated by the membrane and the system is operatednmicrodialysis which incorporated two membranes with diffi -
counter flow. The buffer flowrate was 1QL min~1. The  ent MWCOS®. The chip was coupled to ESI-MS, through an
signal-to-noise ratio (SNR) of the ESI-MS spectrum was im-integrated spray-tip, and resulted in an improved SNR L/ a
proved by a factor of 40 compared to the ESI-MS spectrum ofactor of 20. Song et al. increased the speed and introducead a
the original sample containing salt, a specific desalimgtier-  photo-patterning method to implement dialysis membranes ~
centage is not mentioned. Xiang et al. performed online duah chip, with a desalination time of approximately 1 fHife

This journal is © The Royal Society of Chemistry [year] Journal Name, 2010, [vol], 1-11 |5
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Further increase in speed of dialysis on-chip for mass spec-
trometry purposes was demonstrated by Tibavinsky &t al
who miniaturized a dialysis configuration and achieved a de-
salination percentage of 95% in 1s. The flowrate of the sam-
ple channel was 30-150L /h while the flowrate of the buffer
channel was 50 mLh, resulting is a recovery rate 0.3% The
pore size in these experiments was estimated &0 nne.
They hypothesized that the diffusion time through the mem-
brane is the most time consuming part of the process and re-
duced this through replacing the standard cellulose nehteri
with ultrathin aluming®.

Drawbacks of dialysis are that besides the salt also part of potential
the compounds of interest diffuse through the membrane int'O:_ 3 Graph explaining the th ) . ¢
the buffer, which could result in a lower sensitivity of thesd Ig. 3Graph explaining the three operation regimes of

- . . . electrodialysis: Ohmic, limiting and over-limiting, modified from
ysis. The application of a membrane with a certain mechan—snathmanm
ical stability sets limits for the pressure difference ahdst
flowrate that can be applied.

Ohmic limiting over-limiting

current

of charge present in the solution in the presence of an <i~~-
42 Electrodialysis tric field*? as well as water-splitting at or charge-carrf&érd*

and occurs at AEN™45. An elaborate overview of theoretical

4.2.0.1 ElectrodialysisThe previously introduced macro- and experimental work on electroconvection is given by M. =

scopic desalination technique electrodialysis was intced  nenkd*. Rubinstein et al. concluded from numerical studic -
on-chip in 2013%. Fig. 1b illustrates the configuration of a and experiments with modified membranes that in additior, &
single cell electrodialysis setup. Two electrodes with & ca electroconvection, the electro-osmotic flow contributethe
and anion exchange membrane in between are placed in pasver-limiting currenf®.
allel. The elements are separated through spacers. A poten-Miniaturizing electrodialysis may contribute to optimiz.:
tial is applied across the stack which is sufficient to indace tion of the operation of large scale ED systems, through a
Faradaic current. The ions in the electrolyte, enterinmfb@-  thorough understanding of transport mechanisms. Kwa. !
low, transport through the membranes. Cations can only passl. investigated ion transport within an poldimethylsame
through the cation selective membranes (CEM), whereas aqPDMS) ED celf®. A 10 mM NaCl solution was insertec,
ions can only pass through anion selective membranes (AEM)nto the system. The local salt concentration as well as the
This results in alternating dilute and concentrated stezam flow profile was visualized through the addition of Rhodamiric
where the desalination percentage depends on the applied peG which is positively chargeld. With this platform expe-
tential, the input concentration and the flowrdteStrathmann  iments were performed in all three regimes. From their ea
reviewed electrodialysis and related processes in 200%-  periments they found that the observed asymmetry in the vor-
plications for electrodialysis are water desalination aalt  tices at the AEM and CEM could be explained by differe nt
pre-concentratioff. Electrodialysis is currently not competi- Stokes radii and transport properties of the cat- and afiforis
tive with reverse osmosis in terms of energy efficiency. How-Also the limiting regime for the CEM and AEM were reached
ever, ED is a scalable technique, which does not require higlt different potentials. They concluded that the optimal «'n
pressure pumps as e.g. is required for®Gand can there- eration mode in terms of energy efficiency is the beginning
fore be advantageous for applications where ion specificity of the over-limiting regime. The previous example illusét 1
a high purity is require@”“°. For the operational mode of an that ED on-chip contributes to the fundamental understanui
ED system three regimes, depending on the potential appliedf ion transport near ion selective membranes and potsntial
can be distinguished: an Ohmic, limiting and over-limiting leads to improvements of the energy efficiency of largees( a
regime*!. Fig. 3 illustrates these three regimes in a graph ofED systems.
the applied potential across an ED system versus the magulti
current. In the Ohmic regime, 0-2 V, the applied potential an  4.2.0.2 Shock electrodialysisDeng et al. introduced &
the resulting Faradaic current are linearly related. Upgmn t variation of ED named "shock electrodialysis”, which in €o’.
complete depletion of ions at the membrane surface, the limtrast to ED is not limited in speed by diffusibh The oper-
iting current is reacheéd. The mechanism behind the over- ational principle is based on a porous frit (500 nm mean pore
limiting current (OLC) is thus far explained as partly efeet  size), placed on top of a CEM (nafion) with a fluid reservoir "-
convectiorf”41, which is transport of volume due to migration cated above these two layers. A potential of 0-2 V is appiicu,

6| Journal Name, 2010, [vol]1-11 This journal is © The Royal Society of Chemistry [year]
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which drives the system through the three regimes (Ohmictrip efficiency of 85%. The roundtrip efficiency is defined as
limiting and over-limiting). The mechanism behind the over the ratio between the energy retrieved during dischargsg v
limiting current in microchannels is explained by elecgoo the energy input during charging. Water recovery rates ef 78
motic flow (EOF) or surface conduction (S¥) For larger  86% have been observed, but strongly depend on the d= =~ 4
pores, with increased width, EOF is the dominant mechanismoutput concentratioty. Implementing CDI on an optically
The term "shock” refers to the sharp edge between the depldransparent microfluidic chip enables the visualizatioionic

tion region and the bulk electrolyte in the frit. It was demon transport through fluorescence microscopy. Suss and C&noin
strated that desalted water could be removed from the reseers studied the spatially and temporally resolved salt ennc
voir. Shock ED may be applied to selectively remove ions bytration upon charging of a CDI céf. Their experimental
size or valenc’, for example to remove heavy metals. An work was based on adding a neutral dye to the electroly..,
alternative application for macro-scale shock ED is thattre whose fluorescence intensity quenches upon colliding wi'n a
ment of produced water, which is a waste product from the oikchloride ion. This resulted in the observation of two time-
and gas industry. Initial experiments demonstrated a dsere scales, namely a quick cell charging process and a slower rat
in concentration by 4 orders of magnitdde In 2015 Deng  of desalination of the bulk. An alternative approach waslus®
et al. demonstrated additional benefits of the system, namelby Demirer and coworkers, who used laser induced fluo: =<-
ion separation, disinfection and filtration on top of theliear ~ cence in a CDI cell with semi-porous electroéfesThey stud-
demonstrated desalinatith The combination of these prop- ied the transport of the charged fluorescent dyes using oerize
erties make shock ED a candidate for compact systems. trations in theuM-range. We have experimentally and c' ..
putationally demonstrated the formation of pH waves in a »~._
electrode cell on-chip using fluorescence microsé8pyRe-
cently we implemented CDI on-chip using porous carbon aler-
trodes and demonstrated in situ impedance spectroscoj Vv t)
monitor the average salt concentration between the desa'-
tion electrodes in real-tinf. A two-electrode configuratior.

4.3 Capacitive deionization

Capacitive deionization (CDI) is an electrostatic desslon
technigue which is potentially energy efficient for desalin
tion of brackish water and waste-water streams from inglustr
Large-scale capacitive deionization in comparison toradte
tive desalination techniques was recently reviewed by Ande
son and coworker€ and AlMarzoogi and coworkef§. An ® cation +

extensive review on the theory of CDI was published by Po- @ anion-

rada et al:®. A schematic overview of a CDI cell is Shown &) | concentration (c,) surface charge density (o)
in Fig. 2c. A typical CDI cell consists of two electrodes fac-

ing each other with an electrolyte flowing in between. To re- 8 N g
move ions from the electrolyte solution, a potential of appr o g
imately 1 V is applied across two porous electrodes. The ions g ) ©
move to the oppositely charged electrodes and are stored in non-overlapped EDLs clectric onic
the electrical double layer. The storage capacity of theesys potential  concentration
is proportional to the effective surface area of the elefsso ) e o _ e . . o

and the potential applied across the electrodes. Duringgeha e0®, ¢ . O °o © 8
ing of the CDI cell, the applied potential and thus electron e o0 ®0° o.. = §
displacement is responsible for the removal of ions fromthe &£=2_-2 °_@© _® ©_8

solution. At the same time co-ions are repelled from the-elec overlapped EDLs

trodes, which results in an efficiency loss. The ratio betwee _. . :
. . F@. 4 a) Pore with non-overlapping double layers. b) Pore whe ~
the amount of salt removed and the charge stored is defined . .

. . ouble layer overlap takes place. Adapted with permission from
the charge efficiency and depends on the concentration and thy
applied potential®>2 To achieve desalination a charge effi-
ciency> 50% is required, typical values are 65-70% for CDI
with porous activated carbon electro8&sA CDI system acts
as an energy storage system which is equivalent in opegdtionto desalinate droplets was suggested by Dak and cowSfke: =
mechanism as a supercapacitor. For energy efficient operati Their theoretical model based on the Poisson equation der ...
the stored energy during charging should be regained duringtrates that the bulk concentration of a 50 pL droplet w.*
regeneration. According to Anderson et al. the energy cona starting sub-mM concentration can be desalinated substan
sumption to produce a solution of 0.3 gtis ~ 0.3-1.9 kWh tially. Improvement of the performance is suggested thino'.g
m~2 for an input concentration of 10 g1, assuming around the use of fractal electrodes.

arnik et al}* Copyright (2005) American Chemical Society

This journal is © The Royal Society of Chemistry [year] Journal Name, 2010, [vol], 1-11 |7
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4.4 lon concentration polarization A cylindrical two-electrode electrochemical desalinatio
cell was implemented by Grygolowicz et #. The center

Ion.concentr.anon pqlanzatmn (IC.:P) IS a m|c_rofIU|d|c desa of the cylinder consists of a silver/silver chloride (Ag/8K
nation technique which was applied to desalinate seawater t

. g electrode. This is encapsulated by a nafion membrane v
fresh water by Kim and coworkers, as shown in Fig.?2d P y

. ) . ) is again surrounded by a solution. Upon the application ¢
The operational mechanism of ICP can be explained in th%ositive potential Ct ions are removed from a sample sol_.

fO”OW'.ng way. A current t_hrough anion sele_zcnve membranetion through the oxidation of silver at the Ag/AgCI electeou
establishes an ion depletion zone on one side of a membran

th f the si ¢ imately the Debye lefigth Which results in silver chloride formation. The nafion mer
with pores of the size of approximately the Debye 1endgin - 1, 56 s cation-selective and only passes thé Mas while
The depletion zone occurs due to the fact that ions of simi-

lar ch tth Is of th tin th the transport of chloride ions is block&d It was demon-
ar charge at the wafls of the hanopores present In € MeMky, o4 that in flow-through mode 90% of the salt is remo' € 1

brane are repelled by the membrane. The ions of opppsnlt?1 90 s with a maximum flowrate of 4aL min~2 and start
charge travel through the membrane pores. The result is a

) ) ) _Abncentration of 0.6 M NaCl.

ion depletion zone on one side of the membrane and an ion

enrichment zone on the other side of the membrane. This

principle is applied by Kim et a#® to desalinate water us- 5 Field deployment of microfluidic based de-
ing a y-shaped microfluidic channel, as depicted in Fig.3c. B salination systems

passing a salt solution through the feed channel with a nano-

junction located at the onset of the outlets, a desaltedrstre As stated in the introduction, the world wide fresh water ar-
can be separated from a brine strédmThe nanojunction is mand is rising enormously and triggers the interest in'..c..
a nanometer sized channel or pore which connects two largegnergy efficient desalination methods. In table 2 for each
micrometer size channéf% Across the nanochannel a poten- microfluidic desalination technique suitable applicaiare

tial is applied and consequently, according to the above dementioned, however this section provides a more detailed ur
scribed operational mechanism, a depletion zone establish cussion on the field deployment of each of the techniques. [ ¢
at the interface between the nano- and microfluidic channelater recovery rate of dialysis on-chip is only 0.3%, whigk i
The result is a fresh water stream exiting at one outlet and &o low to consider dialysis as a large scale desalinaticim-te
concentrated brine solution exiting at the second outl€® | nique. ED is a mature technology, which is due to its pot:'n-
can be implemented to remove charge from uncharged specigal ion selectivity suitable for high purity application€DI

and not to separate particles/ions on the base of their mobils a potentially energy-efficient technique for desalioatof

ity. The geometry is robust since separation is based on ionsrackish water with a high water recovery rate-(78-86%).
which are deviated from the membrane or nanopore away anFor a competitive energy consumption rate per produced I
not through the pores. ICP is scalable in sample throughpuiecovery of the stored energy in the system during char¢ino
as was demonstrated by MacDonald et@lThe energy con- s required®. In field prototype testing of a CDI device was
sumption of the device was 4.6 and 13.8 Wh'lfor 20 and  already performed by Zhang et and commercialization =
200 mM electrolyte, respectivel§. The water recovery rate on the verge of taking place by companies such as \bitda
observed by Kim et al. was 50% at a salt rejection rate ofcontrast to the previously discussed techniques ICP is ag/o

99%6%°. technology which was first introduced on chip in 2010 by K.m
et al2%%4 The energy efficiency of a first demonstration of a
4.5 Electrochemical desalination scalable ICP device was a factor 10 lower than the report~~

energy efficiency of a CDI device with a realistic energy * ~

In contrast to previously discussed methods, electroatemi covery percentag®. The water recovery percentage of e'c-
desalination (ECD) is based on Faradaic reactions 0C@UITiNy o chemical desalination is comparable to that of CDI arfe IC

at electrodes upon a sufficiently high driving potential. @&y  4nq energy efficient operation was demonstrated for seawate
plying a potential of 3 V across a bipolar electrode, faliéda  jesajination. Both ICP and electrochemical desalinatien

frpm pyrolyzed photoresist, thg Clpresent in seawater OXi~ in an early development/research stage and the long-terr. s
dizes at the anode and neutralizes. The resultis a Iocaédeplbi”ty of the processes requires further investigation.

tion zone. This phenomena is used by CrdBkand cowork-
ers in a similar configuration that Kim and cowork&tsised
a nanopore for ICP to desalinate seawater. The reportect reje6 ~ Bridging the flow rate between macro and
tion rate was 255% of salt. While the energy consumption micro desalination systems

was 25 mWhL? at a water recovery of 50%. The system is

potentially energy efficient for small scale desalinatiaaili- A hurdle in implementing microfluidic desalination tec':-
ties. niques for macroscale desalination is scaling the flow rbde u

8| Journal Name, 2010, [vol]1-11 This journal is © The Royal Society of Chemistry [year]
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single chip, which is typically severalL min— or milliliter Second, microfluidic desalination is a promising sample
per day to a flow rate which could provide drinking water for preparation technique, which enables the use of extremely
a single person, family or village (liters to several humidre small sample volumes in the nano- and picoliter range. It in-
of liters per day). The most simplistic idea is to implement creases the speed of the sample preparation process, ee" =~
several desalination units on a single chip via a singleniti-a the sensitivity of detection limits and can be integratethw”
outlet and to design stackable chips. Assuming a drinking waother microfluidic sample preparation techniques. An exc...
ter production flow rate of %L min—! and a drinking water ple is the integration of dialysis on-chip as a sample p@pw
consumption of 3 L per day for a single person, 416 chipsion method for ESI-MS, which improves the SNR of ESI-NV =
are required to provide for a single person. The unit wouldspectr&?2-33.38

cover a total volume ok 0.25 liters. MacDonald et al. intro-  Thjrd: new techniques, such as ICP, BPE and shock ki

duced the term "out-of-plane design” to describe their@ftg  arise from the micro/nanofluidic approach to desalinatiosh
approach to scale the desalination capacity of ICP on®hip are promising techniques for scaling out to a size-range f~
By extending the design in a third dimension the productionyortaple to container-size desalination facility. Defagcn
capacity per volume is potentially higher. These createe d factors like the input concentration (seawater or brackigh
sign considerations are necessary to implement microd':luiditer) and required purity, ICB:6°and ECD! are energy com-
desalination techniques for macroscale applications. petitive to state-of-the art macro-scale techniques (RGFN
and MED). Additionally these techniques do not suffer from

7 Summary and conclusion membrane fouling.
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Table 2 This table gives a qualitative overview of each of the techniques, in whechpplications, advantages as well as disadvantages of

ICP

CDI

ECD

microfluidic desalination

author application advantages disadvantages
loss of analyte
flow rate too high for
Tibavinsky, T.A., 2015  ESFMS fast nano-ESFMS
sample cleanup for ESFMS DNA fast

Xu, N.,1998

Song, S., 2004

Xiang, F., 1999

Kwak, R., 2013

Deng, D., 2015

Schiermeier, Q., 2008
Kim, S., 2013

MacDonald, B.D., 2014

Suss, M.E., 2014

Demirer, O., 2014

Dak, P., 2014

Roelofs, S.H. 2015

Knust, K.N., 2013

Grygolow icz-Paw lak,

and protein samples

enables analysis small volumes

ESI-MS

study and optimize ED process

seaw ater and brackish w ater
desalination. potentially suitable
for highly compact systems

small-scale or portable
seaw ater desalination

portable w ater desalination

CDI performance improvement
study ion transport

effect potential on bulk
concentration

study ion transport w ithin
electrodes

reduced temp DNA melting.
improved sensitivity sensors.
modulation of pH-profile e.g.
isoelectric protein separation.
control of electrolyte
concentration in loc systems

sample preparation
demonstrated w ith desalination
of FITC-dextran

seaw ater desalination

seaw ater sample treatment for
nutrient analysis through

improved sensitivity ESFMS

on-chip membrane fabrication
enables on-chip sample
preparation

reduced sample consumption
low dead volume robust
potential integration w ith other
techniques

in situ

high w ater purity

scalable

bacteria are killed or filtered.
filters micron scaled particles or
aggregated nano-particles.
separates positively from
negatively charged particles

potentially energy-efficient.
low membrane fouling
no high pressure pumps

scalable
cost-effective

in situ measurements
spatially and temporally resolved

in situ measurements

increase in detection limit
confined small volume

in situ real-time concentration
measurements
increase in detection limit

no membrane
low voltage operation
low investment costs
low pressure

2017 0~
This journal is © The Royal Society of Chemistry [year]

arlometry

loss of analyte

desalination time = 1
min.

less energy-efficient
than RO

limited membrane
fouling

energy-efficiency
needs investigation
no removal of neutral
organic compounds

mm size range
no flow

electrodes are semi-
porous, with large
pores. no double
layer overlap

evaporation

optimization of speed
and desalination
percentage required

life-time of the
electrode is unknow n

operation in stop-
flow regeneration is

Tl regenerahon was achieved

neCeSSfer
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