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- Aletta Jacobs (1854 - 1929)

Physician, feminist, suffragette





Preface

When the well is dry, we know the worth of water.

- Benjamin Franklin (1706 - 1790)

Scientist, Philosopher and Statesman
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All people are equal. All people are equal in their need for clean water to sustain

life. However, access to clean water is one of the largest inequalities threatening

the world population nowadays [1–3]. Access to clean drinking water is scarce in

large parts of the world [4, 5] and the sources are often not reliable [6]. In the past

few decades clean water availability for domestic use has increased immensely, but

there are still large regions of the world where more than 20% of the population

has no access to clean, safe drinking water [1, 6]. On the other hand, overall

water stress has increased due to an increased world population [2, 7]. In total, in

2015, one in ten people only have access to water from unprotected sources [6].

Primarily, this affects women and girls who have to travel great distances for the

retrieval of drinking water for their families [1], posing a threat to their education

and development [8]. In most of western Europe, a tap can be opened on demand

to continuously obtain clean drinking water, although even this is not guaranteed

for the future since the demand for water is currently growing faster than the

increase in production capacity [4, 9].

Clean water is not only required for domestic use but is also essential in

agriculture and for the production of energy and our consumer products [8, 10, 11].

In almost all industrial processes, water is used at some stage of the production

for a chemical reaction, to cool, to dilute or to wash process streams [12]. Through

international trade, water inequalities in the world can be reduced. However, the

current trade levels are not sufficient to provide for water equality around the

world [13, 14].

Water scarcity is one of the drivers of large scale migration [15–17], imposing

dilemmas worldwide. Throughout history, many border skirmishes have been

fought over water and water scarcity still threatens the stability of many regions,

indicating that water scarcity is a possible catalyst for conflicts in the future

[17–20]. As a result of this, political, economic and war refugees are migrating

around the world in search of a better future for themselves and their children. At

the same time, countries are restricting border access in response to this increasing

migrant population [21, 22] which only enhances the degree of misery from this

situation. No direct solutions are provided for the problems at the origin of these

migration patterns. Consumption of food and energy in so-called ‘developed

countries’ is increasing [23], and consumption in fast growing economies, such as

China, India and countries alike, is increasing at an even faster pace [23–25]. This

enhanced consumption places a larger stress on the world’s resources [8, 26, 27]

and will only lead to more migration if no sustainable solution for attending

peoples needs is provided in the coming decades.

This can lead us to the conclusion that the production of clean water is one

of the most important challenges on earth, as is also identified by the UN and

the H2020 program of the European Union [28, 29]. A challenge that we are

able to tackle, if we all agree on the urgency of this problem. Political choices
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have to be made in ensuring clean drinking water for the future generations, even

though they might not always be the popular decisions in the short term. We

all need to dare to speak out for the interest of the world and all its people, not

only for those of us lucky enough to be born in countries of relative wealth. More

research should be conducted to enhance efficiency of water cleaning processes,

the re-use of water and the optimum usage of water in agricultural and industrial

applications. Efficient water purification processes should be made available to all

people, worldwide. In my view this should be the top priority of policy makers

everywhere, since providing clean water to all people is one of the most important

steps in resolving a lot of the world’s current and future challenges. To paraphrase

the 18th century statesman Benjamin Franklin; as we know the value of water,

we should prevent the well from drying.

To produce drinking water, contaminants such as bacteria, viruses and dissolved

salts must be removed. The most efficient water production processes are based

on membrane separations of these contaminants from water [30, 31]. Reverse

osmosis (RO) utilizes a pressure gradient to push water through a reverse osmosis

membrane (with sub-nanometer pores), while the solutes are retained by the

membrane. Another example is electrodialysis (ED), which uses electric fields over

stacks of cation and anion exchange membranes to purify water. ED is a suitable

technique for smaller scale desalination of brackish feed streams, for instance in

rural areas, but is not as energy efficient when compared to RO processes for

large scale, high concentration desalination plants (yet) [32].

In ED, selective ion transport towards and through the membrane is important

in achieving an efficient process. Ion transport in the vicinity of a membrane is a

result of combined diffusion, electromigration and advection. In industrial ED

processes, the operational range is limited by the limited diffusion of ions through

a stagnant boundary layer at the membrane. If this transport can be enhanced,

for instance by convection in the direction of the membrane, ED efficiency can

increase. In this research, convective transport at a charge selective interface as a

result of local net charges inside the solution has been investigated in a variety of

systems. Experiments and theoretical investigations on various length scales for

the effect of various parameters such as temperature and geometry were carried

out.

The understanding of ion transport adjacent to charge selective interfaces

is important for applications other than electrodialysis as well. Another large

challenge for society at the present is the production of power/storage of energy,

preferably with an as low as possible impact on the environment and climate.

Fuel cells are widely applied for the storage and transport of energy and rely on

ion transport through a membrane for their operation [33–35]. Apart from this,

ion selective interfaces are also used in solid-state applications, such as sensors,

actuators [36] or ion selective electrodes [37]. The knowledge gained in this work
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can be of potential relevance for these fields as well, as the fundamentals of ion

transport investigated here are also applicable to these systems.

The work presented in this thesis is only a small step in understanding the

complex transport phenomena at charge selective interfaces and certainly is at

most a drop in the bucket of solving the worldwide water scarcity issue. The

fundamental insights gained in this work are part of my attempt to contribute to

a world in which all people have equal chances, through potentially alleviating

even the smallest amount of water stress by improving efficiency of electrodialysis

processes and other processes relying on ion transport phenomena. This thesis

represents my tiny contribution to try to make the world a better place, and

that is all any of us can do. The insights on the concepts and possible further

investigations have definitely made working on this project worthwhile for me.
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Summary

This thesis combines numerical, theoretical and experimental investigations of

charge transport through and near ion selective interfaces, for electrodialysis appli-

cations. Electrodialysis (ED) is typically used industrially for the de-ionization of

process streams and the desalination of brackish water. In ED, alternating cation

and anion selective interfaces are placed in a DC electric field, which causes ions

to migrate towards their counter electrode. As a result of the transport through

the charge selective interface, ion depleted and enriched streams are formed within

the ED stack. A depletion boundary layer establishes at the membrane interface

as a result of the difference in the magnitude of transport of ions in the membrane

and the solution. At low applied potentials (in the “Ohmic regime”), the number

of ions transported increases with increasing applied potential according to Ohm’s

law. In the so-called “limiting current regime”, diffusive ion transport through

the depletion boundary layer is limiting the total charge transport in the system.

Increasing the applied potential difference results in the transition towards the

“overlimiting current regime”, in which the boundary layer breaks down as a result

of the electric field acting on an extended space charge that develops at the

membrane interface.

Different aspects of charge transport in these three different current regimes are

discussed. In particular, the influence of temperature and temperature differences

in ED systems and the influence of interface geometry are the subject of investi-

gation, primarily by a combination of experimental and numerical investigations

of ED systems. Microscopic observations are combined with simple numerical

simulations in order to understand the macroscopic transport characteristics in

these systems. A general introduction on charge transport, ion selective interfaces

and the theory behind the influence of geometry and temperature on system

behaviour is given in Chapter 1.

The influence of temperature differences on charge transport through electrically

gated cation selective nanochannels is investigated numerically (Chapter 2) using

a non-isothermal formulation of the Poisson-Nernst-Planck and Navier-Stokes

equations. Nanochannels are charge selective as a result of their characteristic

length scale, which is in the order of the size of the electric double layer. In this

work, both uniform and tapered nanochannels were simulated. Joule heating

and viscous dissipation were found to be negligible at relevant field strengths
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and ion concentrations at which ion selectivity was maintained. In isothermal

systems, the selectivity of the nanochannel is reduced when the temperature is

increased, as a result of increased co-ion transport through the nanochannel. This

increased co-ion transport is a result of the increased ion diffusivity and decreased

viscosity of the solution. For the same reasons, the total current is enhanced if

the temperature increased. More interestingly, it is found that the selectivity of

the cation selective nanochannels is enhanced when a temperature gradient is

applied in the same direction as the electric field. In this situation, the diffusivity

of the ions on the hot “inlet” side of the nanochannel is enhanced when compared

to the diffusivity of the ions on the colder “outlet” side of the nanochannel. Apart

from that, the viscosity of the solution on the inlet side is lower than the viscosity

on the outlet side as a result of the temperature differences. These combined

effects on diffusivity and viscosity result in enhanced selective transport through

the nanochannels. If the direction of the temperature gradient is reversed, the

opposite interactions yield a lower overall selectivity of the nanochannel when

compared to a low temperature isothermal case. Tapered nanochannels are of

interest as diodes since they show rectification of current as a function of the

direction of the applied electric field. For tapered nanochannels, the selectivity

is mostly determined by the minimal size of the nanochannel. Since the average

height of the nanochannels is kept constant, the tapered nanochannels show a

slightly higher selectivity, albeit at lower total currents. The temperature gradient

enhances the rectification of tapered nanochannels, which is of possible use in

sensing applications.

The results of these numerical investigations motivated the experimental inves-

tigations of the effect of temperature gradients in lab-scale electrodialysis stacks.

First (Chapter 3), the effect of temperature and temperature gradients is inves-

tigated in the industrially relevant Ohmic regime in which the current is linearly

increasing with increasing potential. Four different temperature configurations

are investigated in both ED and reverse electrodialysis (RED) operation of a

commercially available RED-stack with a cross-flow feed configuration, employing

Neosepta® CMX (cation exchange membranes) and Neosepta® AMX (anion

exchange membranes). In RED, two feed streams of different salinity are fed

to the stack and as a result of the concentration gradient an ionic current is

established through the membranes, which can be harvested as electric work. The

efficiency of the ED process is enhanced (by ∼ 15 % when increasing the feed

temperature from 20 °C to 40 °C) with increasing temperature, meaning lower

power is required to achieve the same separation degree. It was postulated from

the numerical results in nanochannels that imposing a temperature gradient could

lead to enhanced ion-selectivity. However, no significant difference in ED efficiency

was measured between the two temperature gradient cases. This is attributed

to operation in the Ohmic regime, in which the effect of the depletion boundary
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layer is relatively small, and the significant heat conduction in the experimental

system. The total efficiency for the ED process is increased by ∼ 9 % if only one

of the feed streams is heated to 40 °C. For the operation in RED mode, the same

overall conclusion can be drawn. At elevated constant temperature, the obtainable

gross power density is increased by ∼ 38 % when the feed streams are heated

from 20 °C to 40 °C, as a result of increased diffusivity of the ions in solution.

The direction of an imposed temperature gradient has no significant effect, while

it was expected that heating the more dilute “river” water feed stream would

enhance the obtainable power density when compared to heating the concentrated

“sea” water. For both cases, the gross power density was increased by ∼ 25 %.

However, the heat required to increase the feed temperature greatly exceeds the

gained power, which implies that this is only feasible if waste heat is used. This

indicates that the total efficiency of both ED and RED processes can be enhanced

by increasing the temperature of the feed streams, which can be established by

low grade waste heat.

In the limiting current regime, the effect of temperature and temperature

gradients is expected to be enhanced, since in this regime the diffusive transport

through the ion depletion boundary layer is determining the total transport

in the system. To investigate this, experiments are conducted in the limiting

current regime and co-flow configuration (Chapter 4) using a different com-

mercial lab-scale ED stack (FUMATECH, Germany BWT GmbH) with their

FKS (cation exchange) and FAS (anion exchange) membranes. Two different

feed configurations are measured, a monovalent KCl/NaCl feed and a mixture

of both KCl/NaCl and MgCl2. In the limiting current regime, the direction of

the temperature does yield a significant difference in the obtained current at a

fixed applied potential. For the monovalent NaCl solution, the case in which the

diluted stream is heated yields a higher total current (∼ 7 %) than the case in

which the concentrate stream is heated, which is in line with the expectations

based on our numerical investigations in the nanochannel system. The difference

in obtained current is also reflected in an enhanced degree of separation for the

case in which the dilute stream is heated, although the differences are minor. For

the mixture, the effect of imposing temperature gradients is even more interesting,

as the diffusivity of the different ions has a different response to temperature.

The competitive transport between Mg2+ and the monovalent K+ and Na+ ions

results in a different influence of temperature on these systems. The transport

of divalent ions is enhanced with respect to the transport of monovalent ions if

the temperature of the dilute stream is heated, which implies that temperature

gradients can be of use in enhancing the selective transport of multivalent to

monovalent ions in these systems.

For ED stacks, operation is limited generally to the Ohmic regime in order

to maximize efficiency. In order to study the development of boundary layers
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and their role in the onset of the overlimiting current, we have developed a

new investigation platform based on charge selective hydrogels in a microfluidic

device (Chapter 5). Visualization of the ion depletion zone and the microfluidic

flows yielding additional ion transport towards the interface can be done using

microfluidic systems that contain a charge selective interface. Six parallel channels

are separated by alternating cation and anion exchange hydrogels, that are

patterned in-situ using a capillary line pinning technique. The hydrogels have

been characterized for performance as charge selective interfaces by measuring

the permselectivity, area resistance and charge density. Desalination of low

concentration feed streams was obtained using these microfluidic devices. Ion

depletion zones are visualized using charged fluorescent dyes that mimic the

behaviour of the ions in the system. Combining these visualization and outlet

concentration measurements, we have a proof-of-principle demonstration of the

functionality of our microfluidic ED stack. This system can then be used as

a mimic of an ED stack, in which the development of ion depletion zones and

electrokinetic flows can be visualized.

The hydrogel patterning method allows for the fabrication of charge selective

interfaces with different geometries (Chapter 6). Three different hydrogel geome-

tries were investigated, a homogeneous interface and two different heterogeneous

interfaces. It was found that, as a result of the electric field distribution, charge

transport through the heterogeneous hydrogels is enhanced when compared to

the transport through the homogeneous hydrogels. Already in the Ohmic regime,

tangential components of the electric fields arise adjacent to the microchannel

walls and hydrogel interface, causing an electro-osmotic fluid motion towards

the charge selective interface. This additional transport towards the interface

results in larger currents through the interface and a more efficient operation of

the device. The development of ion depletion zones in systems without imposed

flow is visualized qualitatively using fluorescence intensity microscopy, while it is

quantitatively measured using fluorescent lifetime image microscopy (FLIM). The

absence of imposed flow allows us to decouple the development of ion depletion

zones and electrokinetically induced flows from the cross flow through the channels.

The development of ion depletion zones depends on the geometry of the hydrogels,

as in the heterogeneous configurations there is pinning of the ion depletion zones

at the plane between the hydrogel and the channel wall. In the homogeneous

hydrogel, this pinning of the ion depletion zones does not take place and the

depletion zones move along the charge selective interface. Our approach allows

for a rapid investigation of different membrane topologies on overall ion transport

performance.

The influence of geometry on the development of ion depletion zones and

electrokinetically induced flows was also investigated in a more conventional

microfluidic device containing charge selective nanochannels. The nanochannels
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have a characteristic length of 20 nm, while the microfluidic channels are 70×20 µm.

In experiments using a charged fluorescent dye to track the ion concentration

and particles for fluid flow tracking, vortex speeds over 1.5 mm/s are found

in the vicinity of the nanochannels (Chapter 7). Three different nanochannel

distributions are investigated, yielding information on the interplay of geometry,

the electric field and charge transport. Ion depletion zones are observed at the

nanochannels, and are developing as a function of time. Nanochannels further

away from the driving electrodes show less ion depletion in their vicinity when

compared to the nanochannels close to the electrodes. The confined geometry plays

an important role, as large portions of a membrane interface can be unused which

would represent a significant process inefficiency. Vortex formation is observed

adjacent to the nanochannels in all different geometries, but is also dependent on

the location of the nanochannels with respect to the driving electrodes.

In the final chapter of this thesis (Chapter 8) a short reflection on the

research that is presented is given, including some suggestions for improvements

on the numerical and experimental investigations and further research. The

implications of this research for electrodialysis systems and analogous applications

such as fuel cells are also described. The influence of temperature and more

importantly temperature gradients on charge transport can be of use in enhancing

the selective transport ions and reducing the required power in ED processes.

Using gradients in permittivity or conductivity at the charge selective interface

can enhance the convective transport of solute towards the membrane, resulting

in increased currents and therefore process efficiency in for example desalination

or concentrating waste streams.





Samenvatting

Dit proefschrift combineert numeriek, theoretisch en experimenteel onderzoek

naar ladingstransport door en bij ionselectieve grensvlakken, voor toepassingen

in elektrodialyse. Elektrodialyse (ED) wordt in de industrie gebruikt voor het

de-ioniseren van processtromen en de ontzouting van brak water. Voor ED

worden kation en anion uitwisselingsmembranen afwisselend onder een elektrische

gelijkspanning geplaatst, waardoor de ionen naar de elektrode met tegengestelde

lading worden getransporteerd. Doordat de ionen worden tegengehouden door

membranen met een gelijke lading worden er ontzoute en geconcentreerde stromen

gevormd in de ED stack. In het “Ohmse regime”, bij relatief laag aangelegde

spanningen, wordt het aantal getransporteerde ionen lineair verhoogd als de

potentiaal verhoogd wordt. Bij voldoende hoog aangelegde spanning vormt zich

een stagnante, ontzoute grenslaag aan het membraanoppervlak door het verschil in

transportsnelheid van ionen in de oplossing en het membraan. Diffusief transport

door deze ontzoute grenslaag limiteert het ladingstransport door het ED systeem

in het zogenoemde “limiterende stroomdichtheid regime”. In dit regime groeit

de stroomdichtheid niet meer lineair als functie van de aangelegde spanning.

Door de aangelegde spanning nog verder te verhogen wordt het “overlimiterende

stroomdichtheid regime” bereikt. In dit regime wordt de ontzoute grenslaag

verstoord doordat het elektrisch veld werkt op een vergrote niet ladingsneutrale

zone die zich ontwikkeld aan het membraanoppervlak.

Verschillende aspecten van ladingstransport in deze drie verschillende regimes

worden behandeld in dit proefschrift. In het bijzonder worden de invloed van

temperatuur, temperatuurverschillen en de invloed van oppervlaktegeometrie

onderzocht, door een combinatie van experimenteel en numeriek onderzoek aan

ED systemen. Microscopische observaties worden gecombineerd met simpele

numerieke simulaties om het macroscopische ladingstransport in deze systemen te

begrijpen. Een algemene introductie over ladingstransport, ladingsselectieve grens-

vlakken en de theorie achter de invloed van oppervlaktegeometrie en temperatuur

op het systeemgedrag is beschreven in Hoofdstuk 1.

De invloed van temperatuurverschillen op ladingstransport door kationselec-

tieve nanokanalen is numeriek onderzocht door een niet isotherme formulering van

de Poisson-Nernst-Planck en Navier-Stokes vergelijkingen (Hoofdstuk 2) . Na-

nokanalen zijn ladingsselectief doordat hun karakteristieke lengte de ordegrootte
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van de elektrische dubbellaag heeft. In dit hoofdstuk worden zowel uniforme als

asymmetrische nanokanalen gesimuleerd. Verwarming door de elektrische stroom

die door het nanokaal gaat (Joule opwarming) en viskeuze dissipatie van warmte

zijn verwaarloosbaar bij relevante elektrische veldsterktes en bij ionconcentraties

waarbij het nanokanaal nog ladingsselectief is. In isotherme systemen wordt

de selectiviteit van het nanokanaal lager als de temperatuur verhoogd wordt,

doordat er een hoger transport van co-ionen door het nanokanaal is. Dit ver-

hoogde transport van co-ionen is een resultaat van de verhoogde diffusiviteit van

ionen en de verlaagde viscositeit van de oplossing. Om dezelfde redenen is de

totale elektrische stroom hoger bij hogere temperatuur. Nog interessanter is dat

de selectiviteit van het nanokanaal hoger wordt als er een temperatuurgradient

aangelegd wordt in dezelfde richting als het elektrisch veld. In deze situatie wordt

de diffusiviteit van ionen aan de warme “ingaande” kant van het nanokanaal

verhoogd in vergelijking met de diffusiviteit van ionen aan de koude “uitgaande”

kant van het nanokanaal. Daarnaast wordt ook de viscositeit aan de ingaande

kant verlaagd in vergelijking met de viscositeit aan de uitgaande kant door het

opgelegde temperatuurverschil. Gecombineerd zorgen deze effecten voor een toe-

name in het selectieve ladingstransport door het nanokanaal. Als de richting van

de temperatuurgradiënt wordt veranderd, zorgen de tegenovergestelde interacties

voor een lagere ladingsselectiviteit van het nanokanaal in vergelijking met de

isotherme situatie. Asymmetrische nanokanalen zijn interessant als diode omdat

hierin rectificatie van de stroom plaatsvindt als de richting van het elektrisch

veld veranderd wordt. In deze asymmetrische nanokanalen wordt de selectiviteit

vooral bepaald door de minimale grootte van het nanokanaal. Omdat in ons

onderzoek de gemiddelde grootte van het nanokanaal gelijk gehouden wordt zijn

de asymmetrische nanokanalen meer ladingsselectief dan de symmetrische kanalen,

maar is de totale stroom door het kanaal ook lager. Een temperatuurgradiënt

vergroot de rectificatie van asymmetrische nanokanalen, wat mogelijk gebruikt

kan worden in toepassingen zoals iondetectie.

De resultaten van dit numerieke onderzoek motiveerden experimenteel onder-

zoek naar de effecten van temperatuurgradiënten op een labschaal elektrodialyse

stack. In eerste instantie (Hoofdstuk 3) is het effect van temperatuur en tem-

peratuurgadiënten in het industrieel relevante Ohmse regime onderzocht. Vier

verschillende temperatuurconfiguraties zijn onderzocht in zowel ED als omgekeerde

ED (RED) modus van een commercieel beschikbare RED-stack met een dwars-

stroom vloeistof voedingsconfiguratie, gebruikmakend van commerciële Neosepta

® CMX (kation uitwisselingsmembranen) en Neosepta ® AMX (anion uitwis-

selingsmembranen). Voor RED worden twee voedingsstromen met verschillend

zoutgehalte aan de stack gevoed, waarbij door het concentratieverschil een ionische

stroom door de membranen ontstaat. Deze ionische stroom kan als elektrische

energie gewonnen worden. Het rendement van het ED proces wordt verhoogd
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als de temperatuur verhoogd wordt, met ongeveer 15% als de temperatuur van

20 °C tot 40 °C wordt verhoogd, wat betekent dat minder vermogen nodig is

om dezelfde scheiding te bewerkstelligen. Op basis van de numerieke resultaten

met nanokanalen was een hogere ladingsselectiviteit verwacht wanneer er een

temperatuurgradiënt was aangelegd. Er is echter geen significant verschil in ED

rendement gemeten tussen de configuraties waarbij een temperatuurgradiënt is

aangelegd. Dit kan verklaard worden doordat er in het Ohmse regime gemeten

werd, waar het effect van de ontzoute grenslaag relatief klein is. Daarnaast

is er een goede warmteoverdracht in het systeem, waardoor de daadwerkelijke

temperatuurverschillen kleiner zijn dan de ingaande temperatuurverschillen. Het

rendement van het ED proces is met ∼ 9% verhoogd als één van de voedings-

stromen is opgewarmd tot 40 °C. Dezelfde conclusie kan getrokken worden voor

de experimenten in RED-modus. De gewonnen elektrische energie wordt met

∼ 38% verhoogd als de temperatuur van de voedingsstromen wordt verhoogd van

20 °C naar 40 °C door een verhoogde diffusiviteit van ionen in de oplossing. De

richting van een opgelegde temperatuurgradiënt had geen significant effect op

het systeemgedrag, terwijl er was verwacht dat het verwarmen van het laagzoute

“rivierwater” een verhoging in de elektrische energie zou opleveren in vergelijking

met de situatie waarin het hoogzoute “zeewater” verwarmd zou worden. Voor

beide richtingen van de temperatuurgradiënt is de gewonnen elektrische energie

met ongeveer 25% verhoogd. Deze resultaten laten zien dat het rendement van

zowel ED als RED processen verhoogd kan worden door de temperatuur van

de voedingsstromen te verhogen. Wel moet overwogen worden dat de energie

die nodig is om de voedingsstromen te verwarmen vele malen groter is dan de

energie die bespaard kan worden door het gebruik van een verhoogde temperatuur,

waardoor het toepassen van deze resultaten alleen uitvoerbaar is als de stromen

worden opgewarmd met afvalwarmte.

Verwacht wordt dat het effect van temperatuur en temperatuurgradiënten in

het limiterende stroomdichtheid regime groter is omdat in dit regime diffusie door

de ontzoute grenslaag limiterend is voor het iontransport door het systeem. Om

dit te onderzoeken zijn experimenten gedaan in het limiterende stroomdichtheid

regime onder gelijkstroom configuratie (Hoofdstuk 4). Deze experimenten zijn

gedaan in een andere commercieel verkrijgbare labschaal ED-stack (FUMATECH,

Germany BWT GmbH) met de bijbehorende FKS (kation uitwisseling) en FAS

(anion uitwisseling) membranen. Er is gemeten met twee verschillende voedings-

samenstellingen, een voeding met enkel monovalente KCl/NaCl zouten en een

mengsel van mono- en divalente ionen KCl/NaCl en MgCl2. In het limiterende

stroomdichtheid regime maakt een verschil in de richting van de opgelegde tempe-

ratuurgradiënt een significant verschil in de verkregen elektrische stroom bij een

constante opgelegde potentiaal. Voor experimenten met de monovalente ionen

in oplossing levert de situatie waarin de ontzoute voedingsstroom is verwarmd
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een hogere totale elektrische stroom (∼ 7% hoger) dan de situatie waarin de

geconcentreerde voedingsstroom is verwarmd. Dit resultaat komt overeen met

de verwachtingen gebaseerd op het numerieke onderzoek aan ladingsselectieve

nanokanalen. Het verschil in gemeten stroom heeft ook een effect op de totale

ontzouting van de stroom als de ontzoute stroom verwarmd is, ook al zijn deze

effecten klein. Nog interessanter is het effect van temperatuurgradiënten op me-

tingen met een mengsel van mono- en divalente ionen, omdat de diffusiviteit van

de verschillende ionen op een verschillende manier afhangt van temperatuur. Het

competitief transport tussen de Mg2+ en de monovalente K+ en Na+ resulteert

in een veranderde invloed van temperatuur op het systeem. Het transport van de

divalente ionen is verhoogd in vergelijking met het transport van monovalente

ionen als de ontzoute stroom is opgewarmd. Dit impliceert dat het toepassen van

een temperatuurgradiënt gebruikt kan worden om de scheiding tussen divalente

en monovalente ionen te vergemakkelijken.

In de industrie wordt de exploitatie van ED-stacks vaak gelimiteerd tot het

Ohmse regime om de efficiëntie zo hoog mogelijk te houden. Om de ontwikkeling

van ontzoute grenslagen en de rol van deze grenslaag in het ontstaan van het over-

limiterende stroomdichtheid regime te bestuderen is er een nieuw microflüıdisch

platform ontwikkeld, gebaseerd op ladingsselectieve hydrogels (Hoofdstuk 5).

In dit systeem kunnen de ontzoute grenslaag en de ontstane microflüıdische stro-

mingen gevisualiseerd worden. Zes parallelle kanalen worden gescheiden door

afwisselende kation en anion selectieve hydrogels, die in-situ gevormd worden.

De hydrogels zijn gekarakteriseerd voor hun gebruik als ladingsselectieve grens-

vlakken door de permselectiviteit, weerstand en ladingsdichtheid te meten. Met

dit platform hebben we voedingsstromen met een relatief lage zoutconcentratie

kunnen ontzouten, terwijl ook de ontwikkeling van de ontzoute grenslagen ge-

visualiseerd werd door een negatief geladen fluorescente kleurstof toe te voegen

aan de voeding. Deze fluorescente kleurstof bootst het gedrag van de negatieve

ionen in het systeem na. Door de visualisatie te combineren met metingen van de

uitgaande ionconcentraties hebben we de functionaliteit van onze microflüıdische

ED-stack kunnen aantonen. Dit systeem kan gebruikt worden als imitatie van een

ED-stack waarin we de ontwikkeling van ontzoute grenslagen en elektrokinetische

stromen kunnen visualiseren.

Door het in-situ vormen van de hydrogels kunnen ladingsselective grensvlakken

met verschillende geometrieën gemaakt worden, zoals beschreven in Hoofdstuk

6. Drie verschillende hydrogelgeometrieën zijn onderzocht; een homogeen grens-

vlak en twee verschillende heterogene grensvlakken. Door de vervorming van het

elektrisch veld door de heterogene hydrogels wordt het ladingstransport in deze

systemen vergroot in vergelijking met het transport in heterogene systemen. Al in

het Ohmse regime ontstaan er componenten van het elektrisch veld parallel aan

het grensvlak, die resulteren in een elektro-osmotische vloeistofstroom richting
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het ladingsselectieve grensvlak. Deze vloeistofstroom zorgt voor een aanvullend

transport van ionen naar het grensvlak waardoor er grotere elektrische stromen

door het grensvlak ontstaan en het rendement van het systeem verhoogd wordt.

Het ontstaan van ontzoute grenslagen is gevisualiseerd in systemen zonder op-

gelegde vloeistofstroom door fluorescentie microscopie en gekwantificeerd door

“fluorescence lifetime microscopy (FLIM)”. Door de afwezigheid van een opgelegde

vloeistofstroom kunnen de ontwikkeling van de grenslaag en elektrokinetische

vloeistofstromen ontkoppeld worden van de dwarsstromen door het kanaal. De

ontwikkeling van ontzoute zones is afhankelijk van de geometrie van de hydrogels.

In de heterogene configuraties is worden de ontzoute zones vastgepind aan het

oppervlak tussen de hydrogel en de kanaalwand. In het homogene systeem worden

de ontzoute zones niet vastgepind en kunnen ze vrij over het ladingsselectieve

oppervlak bewegen. Deze aanpak maakt het mogelijk om snel en gemakkelijk het

ladingstransport voor verschillende membraantopologieën te onderzoeken.

De invloed van geometrie op de ontwikkeling van ontzoute zones en de elektro-

kinetische vloeistofstromen is ook onderzocht in een meer conventioneel micro-

flüıdisch systeem waarin ladingsselectieve nanokanelen het membraan represente-

ren (Hoofdstuk 7). Onze nanokanalen hebben een karakteristieke lengte van 20

nm en de microflüıdische kanalen die door de nanokanalen gescheiden worden zijn

70× 20 µm. Een geladen fluorescente kleurstof is gebruikt om de ionconcentratie

in het systeem te meten terwijl polystyrene deeltjes gebruikt zijn om de vloei-

stofstroom te volgen. Wervelingssnelheden van meer dan 1.5 mm/s zijn gemeten

nabij de nanokanalen. Er zijn drie verschillende distributies van nanokanalen

onderzocht, die informatie opleverden over de wisselwerking tussen geometrie,

elektrisch veld en het ladingstransport. Ontzoute zones worden gevormd nabij

de nanokanalen and ontwikkelen zich als een functie van tijd. Nanokanalen die

verder van de elektroden geplaatst zijn hebben minder ontzouting in hun nabijheid

dan nanokanalen dichterbij de elektroden. De begrenzende geometrie van het

microflüıdisch systeem speelt een belangrijke rol omdat grote gedeelten van het

ladingsselectieve oppervlak ongebruikt kunnen blijven, wat leidt tot een signifi-

cant verlies van procesefficiëntie. Wervelingen ontstaan nabij nanokanalen in alle

verschillende geometrieën, maar de snelheid en grootte van deze wervelingen is

afhankelijk van de locatie van de nanokanalen ten opzichte van de elektroden.

In het laatste hoofdstuk van dit proefschrift (Hoofdstuk 8) wordt een korte

reflectie op het gepresenteerde werk gegeven, inclusief een aantal aanbevelingen

en verbeteringen met betrekking tot de numerieke en experimentele onderzoeken

en suggesties voor verder onderzoek. De implicaties van dit onderzoek voor

elektrodialyse systemen en analoge toepassingen zoals brandstofcellen zijn ook

beschreven. De invloed van temperatuur en, belangrijker, temperatuurgradiënten

op ladingstransport zouden gebruikt kunnen worden om het selectief transport

van ionen te bevorderen en hiermee de benodigde elektrische energie voor ED
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processen te verminderen. Het gebruik van gradiënten in conductiviteit en per-

mittiviteit op het ladingsselectieve oppervlak kan het convectief transport van

de ionoplossing naar het membraan verhogen, waardoor er een grotere elektri-

sche stroom ontstaat en de efficiëntie van het proces verhoogd kan worden, in

bijvoorbeeld ontzoutingsprocessen.







CHAPTER 1

Transport phenomena near charge selective

interfaces



2 Transport phenomena near charge selective interfaces

1.1 Introduction

If a salt is dissolved in a polar solvent, it (partially) dissociates into positive

cations and negative anions. Since ions possess a fixed charge, they are responsive

to gradients in electric potential and they can be manipulated by imposing an

electric field over the solution. Ions can also diffuse through a solution as a result

of local concentration gradients. The total flux of ions through a solution as

a result of these gradients can be described by the Nernst-Planck equation, as

will be discussed in Section 1.5. Selective ion transport can be established by

using charge selective interfaces, which preferably allow one type of ions (either

positive or negative) to be transported. Ion selective interfaces have a multitude

of applications, for instance in fuel cells [1], analytical chemistry, sensors [2] and

in the human body.

Electrodialysis (ED) is a well-established technique that can be employed in

demineralization and preconcentration of brackish feed streams such as river water

and industrial waste streams [3–5]. Prior to the introduction of membrane based

desalination techniques, desalination was mostly done using thermal techniques

that require relatively large amounts of energy. Electrodialysis using ion selective

membranes was developed in the 1940s [6, 7], when the concept of utilizing a

stack of cell pairs with alternating anion (AEM) and cation (CEM) exchange

membranes was conceived. Development of stable, low resistance ion exchange

membranes resulted in practical application of the ED process in the 1950s. In

the following decades, both companies and governments of different countries

invested in research and development of industrial ED processes, resulting in

commercial scale ED demineralization plants [3, 8, 9].

In electrodialysis processes, an electric potential is applied over a stack of

alternating cation and anion exchange membranes, as is schematically shown in

Figure 1.1. The inter-membrane distance is in the order of ∼ 100 − 2000 µm

[5, 10, 11], obtained by positioning a spacer between the membranes. Aqueous

feed solutions containing dissolved salts are pumped through the membrane

compartments and an electric potential is applied at the electrodes in the outermost

compartments. The electrode compartments are usually flushed using a reversible

electrolyte pair to suppress gas formation as a result of electrode reactions. As a

result of the electromigration of ions in the electric field, cations move towards the

cathode and anions move towards the anode. Ion selective membranes selectively

block either anions or cations from transporting towards the electrode, resulting

in alternating concentrated and diluted compartments [5, 11–13].

The combination of one AEM and CEM, together with their adjoining concen-

trate and dilute compartments, is called a cell pair. In industrial applications of

electrodialysis a stack typically contains 100 - 200 cell pairs between a pair of

electrodes but this number can be as high as 2000 [5, 11]. Charge transport in the
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Figure 1.1 — Schematic representation of an electrodialysis (ED) stack, in which
equiconcentrated feed streams are separated into a concentrated and diluted stream
under the influence of an externally applied electric field. The electrode compartments
are often flushed with a redox solution (orange arrows), providing electrons for charge
transport and to avoid gas formation.

system can be divided into three main parts: (i) ion transport in the electrolyte,

(ii) ion transport through the membrane and (iii) electron transport through

the wires and electrodes [5, 14]. Commercial membranes are highly charged

and thus exhibit a low electrical resistance. As the membrane and electrodes

have a low resistance to charge transport, the main limitation in electrodialysis

systems is often the resistance of the electrolyte solution. Particularly, at low ion

concentrations this resistance to charge transport is significant and imposes a

challenge in efficient operation of ED processes.

In aqueous electrolyte solutions the bulk of the solution is electrically neutral,

meaning that there is no net charge density in the fluid [15, 16]. This electroneu-

trality condition implies that the sum of all charges in the system, arising from a

certain concentration c of ions with a valence z should be zero in the bulk over

all N species (Equation 1.1).

N∑
i=1

zici = 0 (1.1)

In thin regions near a charged boundary (in the order of the Debye length, see

section 1.2.2) the solution is not electroneutral, as the ions screen the fixed charge
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CEM

cb cb

cm,d

cm,c

Figure 1.2 — Ion concentration profile at a cation exchange membrane (CEM). A
boundary layer of increased ion concentration forms at the enriched (cathodic) side of
the membrane where the local concentration at the membrane cm,c is increased when
compared to the bulk cb. At the depleted (anodic) side of the CEM a boundary layer
with decreased ion concentration forms (cm,d).

of the boundary. Equation 1.1 holds for aqueous solutions and implies that there

is no electric body force on the liquid bulk in an electric field [15, 17].

Electrodialysis processes utilize the difference in transport numbers of ions in the

solution when compared to the transport numbers of ions in membranes [12, 18].

The transport number τ of a certain species i is defined as the fraction of the total

current that is carried by species i and thus, as a result of the electroneutrality

condition τ+ + τ− = 1 holds [19–21]. In an ionic solution transport numbers of

both anions τ− and cations τ+ are similar while in, for example, a cation selective

membrane τ̄+ � τ̄−. The bars indicate transport numbers in the membrane,

while transport numbers in the solution are displayed without a bar. For cation

selective membranes τ̄+ > τ+ and for anion selective membranes τ̄− > τ−. As a

result of the difference in transport numbers, in combination with the application

of an electric potential, a concentrated layer will form on one side of the membrane

and a diluted layer will form on the opposite side of the membrane, schematically

shown in Figure 1.2.

The permselectivity of an ion exchange membrane is the extent to which the

membrane is selective for transport of one charge and blocks the transport of

the opposite charge and is defined based on the transport numbers. In Equation

1.2, the definition of the permselectivity of a cation exchange membrane is shown

[12, 19]. If αc = 1 the membrane is perfectly cation selective, while if αc = 0

there is no selectivity for cations.

αc =
τ̄+ − τ+
1− τ+

=
τ̄+ − τ+
τ−

(1.2)

As the resistance of the electrolyte solutions in the stack limits the ion trans-

port in the system, ED is only practical for solutions with relatively high inlet
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concentrations (between 1500 - 10,000 ppm, i.e. 25.7 mM to 171.1 mM NaCl

[3]). However, beyond certain concentrations (higher than ∼ 10,000 ppm), the

power consumption of ED processes increases significantly and scaling on the

concentrated side of the membrane occurs which makes it unattractive for large

scale sea water desalination [12]. The power consumption in ED scales linearly

with both current and applied potential, meaning that for high concentration feed

streams the required current is increased to such extent that ED is not feasible

in comparison to other techniques such as reverse osmosis. Currently, ED is

primarily applied in the production of potable water from brackish water sources

and the concentration of sea water [10, 22]. Other typical applications are the

demineralization of whey and nonfat milk for food and animal feed applications

and treatment of industrial wastes [5].

1.2 Charge selective interfaces

For the selective transport of ions, charge selective materials are required. Com-

mercial membranes used in industrial ED processes are usually dense polymeric

membranes with fixed charged groups in the polymer chain [23, 24]. This fixed

group can either have a positive or negative charge, resulting in a selectivity of

the membrane towards the other ion. Apart from these membranes, nanoporous

materials such as nanochannels in glass, porous silicon, ZIFs or MOFs can also

be applied as charge selective interface at lower salt concentrations [25, 26]. For

these nanoporous (sometimes with sub-nanometer pores) materials, size exclusion

as well as exclusion based on double layer overlap (see section 1.2.2) and dielectric

exclusion contributes to the charge selectivity of the material.

1.2.1 Ion exchange membranes

Ion exchange membranes can be fabricated of a large variety of either organic,

inorganic or hybrid materials and are charge selective because of functional groups

being present in their chemical structure [23, 27]. These functional groups can be

either acidic or basic in nature, which yields the membrane to be either cation or

anion selective. Cation exchange membranes have negatively charged functional

groups that allow the passage of positively charged counter ions. Anion exchange

membranes, on the contrary, have positively charged functional groups that allow

for the transport of negatively charged counter ions. Ion exchange membranes are

micro-structured in nature, require a high permselectivity, a low electric resistance

and typically have a hydrocarbon or fluorocarbon polymeric backbone. They are

charge selective because of Donnan exclusion of ions with the same charge as the

functional end groups inside the membrane material [28].

For the description of the transport phenomena in ion exchange membranes, the
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ψ
EDon,1

Em

Ediff

EDon,2

ci,1

c̄i,1

c̄i,2

ci,2

Membrane

Figure 1.3 — The concentration profile through a cation exchange membrane in equi-
librium with two perfectly mixed compartments of unequal ion concentration (upper
part) and the resulting potential distribution ψ in the solution (lower part). Not to
scale. The membrane potential is established through the Donnan potentials at both
membrane-solution interfaces and the diffusion potential through the membrane. Note
that in this case, there is no external electric field applied.

theory of Teorell, Meyer and Sievers (TMS Theory) [29–31] is often applied [21].

This theory describes the important parameters and transport mechanisms in

membranes when there is no applied current (no external electric field is applied)

and is based on the Nernst-Planck equation and the derived Donnan equilibrium

[28, 32].

The Donnan equilibrium theory is based on the chemical potentials of the

components inside the solution, which are, by definition, equal in equilibrium.

As a result of this requirement for the electrochemical potentials, a potential

difference between the membrane and adjacent solutions (ψ̄ − ψ) arises. This

Donnan potential EDon can be calculated by equalizing the chemical potentials of

species i in the membrane and the solution. Note that EDon < 0 on one side of

the membrane while EDon > 0 on the other side. This results in Equation 1.3, in

which zi is the charge number, F is the Faraday constant, R is the gas constant, T

is the absolute temperature, ai is the activity of species i in the solution and āi is

the activity in the membrane. π is the osmotic pressure resulting from the water

swelling of the membrane and Vi is the partial molar volume of ion i [24, 33, 34].

EDon = ψ̄ − ψ =
1

ziF

(
RT ln

ai
āi
− πVi

)
(1.3)

Transport of ions inside the membrane is based on diffusion, driven by con-
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centration gradients or the application of an external field [35, 36]. Owing to

the charged groups present in the membrane, diffusion of counter ions through

the membrane is much larger than the diffusion of co-ions. As a result there

is a separation of charges and therefore in equilibrium an electric potential will

arise between solutions with different ionic concentrations separated by a charge

selective interface. This potential is called the diffusion potential or concentration

potential [24], and can be calculated using Equation 1.4. In this equation, c̄m
is the fixed concentration of ion exchange groups inside the membrane, while

ci,1 and ci,2 are the concentrations on the concentrate and dilute side of the

membrane. The relative mobility of ions inside the membrane ū is calculated

using the diffusivity D̄ of both ions inside the membrane [21].

Ediff = −RT
F
ū ln

√
c̄2m + 4c2i,2 + ūc̄m√
c̄2m + 4c2i,1 + ūc̄m

(1.4)

where

ū =
D̄+ − D̄−
D̄+ + D̄−

(1.5)

The total potential difference between the two solutions adjacent to the mem-

brane is by definition equal for all species in the solution and is called the

membrane potential. This membrane potential (Equation 1.6) is the sum of the

Donnan potentials on both sides of the membrane and the diffusion potential

in the membrane, shown in Figure 1.3 [24, 36]. For monovalent salt solutions

(e.g. NaCl), instead of using ū we rewrite these to the transport numbers τ̄ using

τ̄+ = D̄+/(D̄+ +D̄−). When the system is in equilibrium, the membrane potential

can be calculated by Equation 1.6, which is based on the activity coefficients

(or concentrations for sufficiently diluted systems) of the ions present in the

compartments adjacent to the membrane. For ideally permselective (τ̄i = 1 for

either positive or negative ions) membranes this equation reduces to the Nernst

equation.

Em = −τ̄+
RT

z+F
ln

(
a+,1

a+,2

)
+ τ̄−

RT

z−F
ln

(
a−,1
a−,2

)
(1.6)

Note that this membrane potential arises solely due to a difference in chemical

potentials of the species present in the solution and that no external electric field

is considered here. Also, this simplified equation is only valid for membranes with

a high charge density where the diffusion potential is small. In typical commercial

ion exchange membranes, which have charge densities of approximately 5 M [37],

this is the case and the diffusion potential can be neglected.

Apart from electrolyte transport, there is also transport of non-charged solvent
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(in ED this is most typically water) through the membrane. This transport does

not influence the potential distribution in the solution directly, but it has an

influence on the ion concentrations inside the solutions [12, 18, 24]. As a result

of the concentration gradient, an osmotic pressure gradient occurs resulting in

an osmotic flow of solvent towards the compartment of higher concentration

reducing the concentration gradient. Electro-osmotic transport (see Section

1.4.1) of solvent, in which the solvent is transported alongside the counter ions

present in the membrane as a result of an electric field, also yields a lower overall

concentration gradient. Solvent transport through an ion exchange membrane is

usually undesirable since it reduces the driving force for transport or reduces the

efficiency of the separation of charges [33].

1.2.2 Nanoporous materials

Most solid surfaces have a surface charge, which is screened by ions of the opposite

charge (counter ions) when placed in an electrolyte solution (Figure 1.4(a))

[17, 26, 38]. At the solid surface, an electric potential ψ is present as a result

of the surface charge (see Figure 1.4(b)). By screening the surface charges, the

ions decrease the local electric potential in the fluid to zero and there is local

charge neutrality at a finite distance from the wall. The Stern model provides a

description of the potential inside the fluid as a function of the distance from the

wall.

The Stern model proposes a combination of the previously developed Helmholtz

and Gouy-Chapman models [39, 40]. Adjacent to the charged surface, there is the

so-called Stern layer (also referred to as Helmholtz layer) in which the counter ions

are adsorbed to the surface. The Stern layer has a size in the order of the length

scale of the effective size of the hydrated screening ions, which is on the order

of 0.3 nm. Outside of this layer, there is a diffuse layer in which the ions can be

treated as being point charges in a solution (as was done in the Gouy-Chapman

model). A slipping plane occurs between the inner Stern layer and the diffuse

layer. At this slipping plane, the local potential is equal to the experimentally

measurable ζ-potential. Therefore, this value is generally treated as the value of

the surface potential. The diffuse region can be orders of magnitude larger than

the Stern layer and is, amongst other factors, a function of the ionic strength of

the solution. Outside the so-called electrical double layer (EDL), which consists

of both the Stern layer and the diffusive layer, the local electric potential in the

solution reduces to zero and in the bulk electroneutrality is restored.

An indication of the characteristic length of the double layer is called the

Debye length (κ−1 or λD) and can be calculated using equation 1.7 [17, 26, 38]

where εrε0 is the permittivity of the medium kB is Boltzmann’s constant, T is the

temperature, e the elementary charge, z ion valency and n is the concentration of
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(a)
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(c)

Stern plane
Slipping plane
Diffuse layer

x

|ψ|

λD

|ζ|

c−
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Figure 1.4 — Charge distribution in a 1:1 electrolyte solution adjacent to a solid surface,
according to the Stern model. Figure 1.4(a) shows a schematic of the distribution of ions
in the solution with the Stern layer of counter ions directly at the negatively charged
wall. The slipping plane, at which the ζ-potential is defined is separating the Stern layer
from the diffuse layer. In figure 1.4(b) the absolute potential in the solution is plotted.
The Debye length, an indicator of the size of the electrical double layer is indicated by
λD. The total electric double layer (EDL) is completed by the diffuse layer, in which
the cation concentration is still slightly higher than the anion concentration. Figure
1.4(c) schematically shows the concentrations of anions and cations in the vicinity of the
negatively charged wall. In the bulk, outside of the diffuse layer concentrations of anions
and cations are such that there is no net space charge and the solution is electrically
neutral.
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ionic species (in mole/m3).

λD =

√
εrε0kBT∑
e2z2

i ni
(1.7)

From this equation, it follows that for lower ionic strengths, the size of the

double layer is larger than for solutions with high ionic strength. Inside the

electrical double layer, there is an excess of counter ions when compared to co-ions

(Figure 1.4(c)). When two walls with wall charges of equal sign are spaced in the

order of two Debye lengths (or shorter), co-ions will mainly be excluded from the

created void as they are somewhat excluded from the electrical double layer [41].

This results in charge selectivity of the pore for ions with a charge opposite to the

wall charge. When the ionic strength of the electrolyte is increased, the Debye

length is decreased and the pore can lose its charge selectivity.

Nanopores, nanochannels or nanoslots all have at least one dimension that is

in the order of (tens of) nanometers, making them charge selective at low ion

concentrations [42–50]. For a 1 mM monovalent salt solution, the Debye length

is 10 nm, while it drops to 3 nm when the concentration is increased to 10 mM.

Typical nanochannel sizes in experimental systems are in the order of tens of

nanometers [42, 51], and nanoporous networks can have pore sizes down to a few

nanometers [52, 53].

1.2.3 Ion exchange membranes in microfluidic systems

Experimental observations of concentration and velocity profiles are of high

importance in understanding the transport phenomena adjacent to charge selective

interfaces. For in-situ investigation of concentration and flow profiles, optical

access to the system under investigation is extremely convenient. Local ion

depletion zones at the charge selective interfaces can be indicated using a charged

dye, while the convection in the system can be tracked using fluorescent particles.

As the typical length scale at which these ion depletion zones and fluid flows

occur is in the order of ∼ 20 − 100 µm [18, 54, 55], microfluidic systems are

useful for experimental investigations. Several microfluidic platforms containing

a charge selective material have been developed in the recent years. Typically,

these systems consist of two (or more) microfluidic channels (in for instance glass,

silicon or PDMS) with dimensions in the order of 100 µm, interconnected by a

charge selective barrier. For this charge selective barrier different materials have

been applied such as prefabricated, polymeric membranes with a fixed charge

[56, 57], microfluidically patterned charged polymeric membranes (e.g. Nafion)

[58–62] or nanoporous materials [42, 48, 63–66].

Different aspects of the development of ion depletion zones and electroconvection

have been investigated in these systems. The onset, growth and characteristic
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length of ion depletion zones have been measured as a function of time [47, 67],

applied voltage [68–70], channel dimensions [71] and solution properties such as

pH and ion concentration [42, 72]. Electroconvective flows and vortices have been

observed under various conditions in these systems [49, 61, 66, 73, 74]. Vortices

are usually visualized by means of particle tracking inside the fluid, but can

also be indicated by visualization using a (charged) fluorescent dye. Several

comprehensive reviews have discussed these experimental investigations and their

important results in detail [44, 54, 55]. Since all these experimental systems

have different dimensions, dominating resistances and operating conditions, it is

difficult to directly compare the experimental results from the different systems.

1.3 Ion transport at charge selective interfaces

The amount of ions transferred through a membrane can be quantified by measur-

ing the electric current that is going through a system when an electric potential

is applied. The total current I is related to the amount of transported ions

J [mol/s] through the Faraday constant, F = eNA = 9.65× 104 C/mol, and

the valence z [−] of the different ion species i transported through Equation 1.8

[12, 15, 19, 75, 76]. The ion flux Ji consists of electromigration, diffusion and

convection1 fluxes, as described by the Nernst-Planck equation. To calculate the

current density (usually denoted as i) through the membrane, the total measured

current is simply divided by the membrane area available for transport A [m2].

I = F
∑
i

ziJi (1.8)

If the driving force for ion transport (the electric potential V ) is increased

while the resistance to this transport R is kept constant, following Ohm’s law

(Equation 1.9) a higher flux of ions is expected and therefore a higher current

should be measured.

V = IR (1.9)

The resistance in ED systems consists of the resistance in the membrane and

the resistance in the electrolyte solution, in series such that the total resistance

is the sum of the different resistances [5]. For systems with highly conductive

membranes and fairly dilute electrolyte solutions, the resistance in the solution is

higher and determines the resistance of the total system as the different resistances

are in series. The electrical resistivity (ρ = R · (l/A), in which l is the length and

A the specific area of the material) of an electrolyte solution is the reciprocal of

1 In transport phenomena (and throughout this thesis), convection is the term used for transport
by the bulk motion of the fluid and used as synonymous to advection [77]
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Figure 1.5 — Schematic representation of the relation between the current and the
potential in an electrodialysis stack. At low applied potentials, the current increases
linearly with an increasing driving force following Ohm’s law (region I). In the so-called
limiting current regime (region II) the current is nearly constant as ion transport in
this region is limited by diffusive ion transport through the depletion boundary layer.
Above a certain potential an overlimiting current (region III) is observed, indicating the
additional transport of ions through the membrane.

the conductivity σ, which scales with the ion concentration and ion mobility (ν)

in the solution as per Equation 1.10.

σ =
1

ρ
= F 2

∑
i

z2
i νici (1.10)

The ion mobility is directly related to the ion diffusivity D through the Nernst-

Einstein equation, νi = Di/RT and is a measure of the ease of transport of ions

in the solution. If concentration gradients are established in the system, Ohm’s

law will not hold as a result of additional diffusive ion transport in the system

contributing to the total current [76].

For ED (and other electrolyte) systems, when the measured current is plotted

against the driving potential, a characteristic shaped IV-curve is obtained [78–81].

A schematic example of such a curve is drawn in Figure 1.5, in which three distinct

regions can be identified. In the first region (I), at relatively low applied potentials,

the current linearly increases with increasing applied potential following Ohm’s

law indicating a constant resistance in the system. At elevated potentials, the

current reaches a plateau region (II) in which the total current is not increasing

linearly with increasing field strength but is instead nearly constant or weakly

increasing. In this region, the resistance to charge transport increases as a result
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of the formation of an ion depletion zone adjacent to the membrane. Upon further

increase of the driving potential, in the so-called overlimiting current regime (III),

additional current is measured indicating the additional transport of ions through

the charge selective interface. Commercial electrodialysis processes are operated

at current densities in which charge transport through the solution is in the Ohmic

regime, as this yields the highest energy efficiency [5].

1.3.1 Ion concentration polarization

To be able to understand the characteristic shape of such an IV-curve, we have to

zoom in on the ion transport in a thin stagnant layer (∼ 20 µm) adjacent to the

membrane. When an electric potential is applied perpendicular to a membrane

immersed in an electrolyte solution, ions in the solution will migrate towards

the electrode with opposite charge [81]. If we take the example of a cation

exchange material (CEM) immersed in an ionic solution (as schematically shown

in Figure 1.6), upon application of the electric field anions will migrate towards

the positively charged anode, and cations will migrate towards the negatively

charged cathode. The CEM blocks the transport of anions, while it conducts the

cations. As a result of this, anions will be enriched on the cathodic side of the

membrane (Figure 1.6, left) and because of the resulting potential distribution,

the cations will distribute accordingly, resulting in local charge neutrality in the

boundary layer. For cations, the transport number in the CEM is higher than the

transport number in solution, yielding a depletion layer (of thickness δ) on the

anodic side of the membrane (Figure 1.6, right). Again, anions are distributed

accordingly as a result of the resulting potential distribution adjacent to the

membrane and there is local neutrality in the boundary layer [12, 55, 82, 83].

Note that these boundary layers are typically orders of magnitude larger than

the electrical double layer, in which the distribution of anions and cations is not

equal and there is a net charge in the solution. The simultaneous development

of an ion enriched zone and an ion depleted zone on the different sides of the

membrane is called ion concentration polarization.

Diffusive fluxes of both anions and cations develop, with the local concentration

gradient in the boundary layer as the driving force for this transport. The

boundary layer thickness δ (indicated by the dotted lines in Figure 1.6) increases

with time until ionic fluxes match and is dependent on the hydrodynamics of the

flow adjacent to the membrane, the transport numbers of ions in solution and

membrane and the desired current density through the membrane [83].

1.3.2 Limiting current

In steady state, a concentration gradient is established in the boundary layers

adjacent to the membrane interface. By assuming a stagnant boundary layer,

we neglect any possible ion transport by convection. For both the membrane
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and the solution, the flux of cations Ji is described by adding a diffusive and an

electromigration flux, as per the Nernst-Planck equation [84–86]. This results

in Equation 1.11, in which τi and τ̄i are the ion transport numbers in the

solution and membrane respectively, i is the current density, D and D̄ are the

diffusion coefficients of the cation in the solution and the membrane, δ is the

thickness of the stagnant boundary layer and d is the thickness of the membrane.

∆cbl is the concentration difference inside the boundary layer, while ∆cm is the

concentration difference in the membrane. For the flux through the boundary layer,

electromigration and diffusion act in the same direction, while in the membrane

diffusion opposes electromigration [16, 19, 83].

Ji =
τii

ziF
+
D∆cbl
δ

=
τ̄ii

ziF
− D̄∆cm

d
(1.11)

Since electromigration is the dominant ion transport process within the mem-

brane, D̄∆cm/d� τ̄ii/F , then ∆cbl can be rewritten to be the difference between

Jmigr

Jdiff

Jdiff

Jmigr

Jdiff

Jmigr

Jdiff

Jmigr

δ

CEM

cb cb

Figure 1.6 — Schematic representation of ion concentration polarization at a cation
exchange membrane (CEM). As a result of the electric field anions and cations are
migrating in opposite directions Jmigr. At the CEM, anions are blocked, resulting in
a local increase of ion concentration c while cations are conducted by the membrane,
resulting in a local decrease of ion concentration at the anodic side of the membrane.
Due to the developed concentration gradients, diffusive fluxes Jdiff of both ions are
established alongside the electromigrative fluxes. Local ion concentration is indicated
by the thick black lines, the dashed lines indicate the situation in which the developed
boundary layer δ is completely stagnant. The influence of the electrical double layer
(EDL) at the membrane is not represented here, since the length scales are usually
different by orders of magnitude.
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the bulk concentration cb and the concentration at the membrane cm, so that:

i =
ziFD

τ̄i − τi
cb − cm

δ
(1.12)

In the limiting situation, the concentration at the membrane interface vanishes

yielding cm = 0. With these assumptions, the Peers equation is obtained for the

limiting current density in the system as a result of concentration polarization at

the membrane[78]:

ilim =
ziFD

τ̄i − τi
cb
δ

(1.13)

The limiting current density can be experimentally determined by IV-character-

ization of membrane systems. The limiting current density of experimental

systems is externally influenced by the temperature, temperature gradients, the

membrane selectivity and flow conditions. By changing these parameters, the

onset of the limiting current regime can be shifted, yielding more favourable

operating conditions. The development of ion concentration polarization near

membranes is unfavourable for the transport of ions, but ultimately it cannot be

avoided beyond a certain point as it is an intrinsic result of the selectivity of the

membrane. Ion concentration polarization can be suppressed by enhanced mixing

of the boundary layer, which usually is accomplished by increasing the feed flow

rate and usage of functional spacers in the system [11, 12].

1.3.3 Overlimiting current

Upon increase of the driving potential, a current higher than the theoretical

limiting current can be measured in ED systems, as was depicted in Figure 1.5.

Since the current is a result of the transport of charge carriers, an increased amount

of charge carriers are transported through the membrane in the overlimiting current

regime. Different theoretical [78, 82, 87–98], and experimental [44, 45, 68, 70,

71, 99–104] explanations for the overlimiting current have been proposed and

investigated. In reality, the overlimiting current regime is usually established

through a combination of the different mechanisms and the dominant mechanism

is dependent on the system properties and operating conditions [105–107].

Water splitting

Water splitting is induced by an electrical potential gradient, usually in combina-

tion with a reaction promoting surface [78, 104, 108–111]. In polymeric membrane

systems, the membrane itself is the surface at which this reaction takes place

as the charged end groups promote the reaction. As a result of the depletion

layer and the low local ion concentration, the local electric potential gradient is

sufficient to induce the water splitting reaction given by Equation 1.14. Since
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the presence of H+ and OH– shifts the local pH of the solution, water splitting

can be experimentally observed by measuring the pH at the membrane or in the

outlet streams [12].

2H2O 
 OH− + H3O+ (1.14)

Additional charge carriers in the form of OH– and H+ are formed in the

water splitting reaction, resulting in a measurable increase in current. This

contribution to the total current is not desirable in ED since it does not contribute

to the separation of desired ions in the solution. The mobility of hydroxide and

hydronium ions is higher than the mobility of all common ions in the solution

[112], yielding these ions to be transported favourably over the salt ions in solution.

In ED processes using bipolar membranes, in which a salt is converted into its

corresponding acid and base (for instance the procution of NaOH and HCl from

a NaCl solution), the water splitting reaction is required and promoted at the

bipolar membrane interface [113, 114]. In most systems, however, the contribution

of water splitting is found to account for a minor contribution in the additional

charge carriers [12, 115].

A secondary effect of water splitting is the exaltation effect [93, 94], in which

the ions generated at the membrane attract ions of the opposite charge towards

the membrane. For instance, if at a cation exchange membrane water is split into

hydroxide and hydronium, the hydronium will migrate through the membrane

leaving the hydroxide to cause a negative space charge at the membrane interface.

Cations in the solution are attracted by this negative charge near the membrane,

causing an additional flux of ions towards the membrane. Theoretical and

numerical modeling of this phenomenon has shown that there is an increased

ion flux through the charge selective interface when water is split, along the flux

of water ions [111]. Current induced membrane discharge as a result of water

self-ionization results in the loss of selectivity of the membrane and also can result

in an overlimiting current [97].

Gravitational convection

When ion concentration polarization occurs at the membrane interface, local

differences in density are arising owing to the ion concentration differences. In

the earth’s gravitational field, these density differences can result in convective

flows [92, 99, 116]. If the density gradient is along the gravitational field and

the ion depleted zone (having a lower density) is below the ion enriched zone,

Rayleigh-Bénard instabilities arise if the Rayleigh number Ra is above the critical

Rayleigh number Rac [117]. The Rayleigh number is defined as the ratio of the

buoyancy forces to the viscous forces and is mainly dependent on the density

difference (as a result of the concentration difference ∆c) and the characteristic
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length L of the system. Ra = M∆cgL3

ηD in which M is the molar mass of the

solute, g is the gravitational constant and η is the viscosity of the solvent. If the

density gradient is perpendicular to the gravitational field, convective mixing will

always occur. The critical Rayleigh number depends on the system parameters,

but is usually in the order of Rac = 1000− 2000 [117]. By this convective mixing,

additional ions are transported from the bulk solution towards the charge selective

interface resulting in additional current through the interface. Additionally, the

boundary layer thickness δ is reduced by the convective mixing.

In systems containing dilute salt solutions the effect of gravitational convection

is small as a result of the relatively small density differences that can arise. In

systems with small dimensions, since the Rayleigh number scales with L3, the effect

of gravitational convection is usually small. For higher salt concentrations and

relatively large systems gravitational convection can be a significant contributor

to the overlimiting current [87, 103, 118]. Imposing a temperature gradient in the

membrane system can also yield gravitational convection as a result of the arising

density differences [119], which might be of use in the promotion of convective

fluid mixing adjacent to a membrane. In this case, gravitational convection can

be significant in systems containing a low salt concentration.

Electroconvection

Another form of convective mixing adjacent to the membrane interface is elec-

troconvection (EC), which is a result of the interplay of the electric field and

a local space charge inside the solution [82, 88]. A net space charge can be

developed when local potential gradients are high enough, locally breaking the

electroneutrality condition and resulting in an effective charge on the solution.

The applied electric field will act on this charge, causing the fluid to move and

convective mixing in the this charged boundary layer, schematically shown in

Figure 1.8. This convection yields an additional transport of ions towards the ion

selective interface, increasing the current through this interface. Electroconvection

has been experimentally found to be the most common origin of the overlimiting

current in dilute solutions [87, 99, 105], and therefore will be expanded upon in

the following sections.

1.4 Electroconvection at charge selective interfaces

Fundamental understanding of (electro)convective transport adjacent to charge

selective interfaces is important in the description of phenomena happening in

the boundary layer adjacent to the interface. In section 1.3.1 and 1.3.2, the

boundary layer was described as a thin stagnant layer adjacent to the membrane

and convection was only introduced briefly as a possible explanation for the
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observed overlimiting current regime. Contributions of electro-osmosis through

the membrane and other fluid flow perpendicular to the membrane interface

were neglected in the description of charge transport and the calculations of the

limiting current. For commercial operation of ED processes, the assumption of

a thin, stagnant boundary layer adjacent to the membrane usually holds as a

result of the imposed flow in the direction parallel to the membranes [120] and the

operating range being below the onset of the limiting current regime. In systems

without imposed flow, the contribution of electro-osmosis and electroconvection

to the charge transport becomes more significant.

1.4.1 Electro-osmosis

Electro-osmosis is the movement of an ion containing fluid relative to a stationary

charged surface as a result of an applied electric field. This phenomenon was

described first in 1809, when F.F. Reuss demonstrated that water migrated through

porous clay under the application of an electric field without the application of

an external pressure gradient [121–123].

In the electrical double layer (which was described in Section 1.2.2), there is an

unbalanced distribution of ions as counter ions are screening the fixed wall charge

of the material that is immersed in the liquid. The concentration of counter ions is

exceeding the concentration of co-ions (see Figure 1.4), resulting in a space charge

being present in the double layer. When an electric field is applied tangential to

the wall, the ions in the solutions will start to migrate towards the electrode with

opposite charge. In the bulk, where cation and anion concentrations are equal

and the space charge is zero, there is no net force on the fluid. In the electrical

double layer, there is a net charge in the fluid resulting in a unidirectional flow

toward the electrode of opposite charge, as is schematically depicted for an ionoic

solution adjacent to a negatively charged wall in Figure 1.7 [34, 124–126].

The fluid is dragged along as a result of viscous drag and an electro-osmotic

flow (EOF) adjacent to the wall is established. Due to the no-slip condition at

the wall, the velocity of the fluid will increase from zero to the maximum velocity

over the width of the space charge region adjacent to the wall. Since the width

of the double layer, in which the velocity gradient is present, is usually small

when compared to the channel dimensions, the flow profile of EOF is a plug flow

profile through the channel. This also means that most of the resulting EOF is

shear-free since nearly all the viscous dissipation takes place inside the charged

double layer [17, 125].

For steady state EOF past a planar homogeneously charged surface, the

theoretic electro-osmotic velocity is dependent on the applied external field in

the direction of the flow Ex, the wall potential ζ, the viscosity of the medium η

and electric permittivity of the medium εrε0. The electro-osmotic velocity can

be obtained by solving Stokes equation (µ∇2u = εrε0∇2ψE) using the relevant
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λD

EDL

ueo

Figure 1.7 — The concept of electro-osmotic flow at a charged wall. The applied
electric field is acting on the (positive) space charge in the electric double layer (EDL),
resulting in a fluid movement. The space charge is indicated by the color, where white
indicates a zero net charge and blue indicates a positive net charge. The cations in
the EDL screening the negatively charged wall (see section 1.2.2) are attracted by the
negatively charged cathode. Water is drawn by these cations as a result of viscous drag,
which results in a net convective flow with velocity ueo [m/s] towards the cathode. All
shear stress is dissipated between the slipping plane (indicated by the dotted line) and
the neutral bulk, resulting in a plug flow velocity profile in the bulk.

system boundary conditions (at the wall, u = 0 and ψ = ζ while in the bulk,

u = ueo and ψ = 0) which results in the Helmholtz-Smoluchowski equation [127];

ueo = −εrε0ζ
η

Ex (1.15)

For this equation to apply, the channel width a should be much larger than the

Debye length λD, there should be no concentration gradient along the width of the

channel and the surface conduction contribution should be negligible compared

to the bulk [128]. For channels with a small diameter (when a >> λD) the

electro-osmotic contribution to the total flow becomes significant.

In ED, electro-osmosis in the membrane pores results in water being transported

through the membrane alongside the transport of ions. This water transport

reduces the efficiency of the separation as it reduces the concentration of the

concentrate while it increases the concentration in the dilute stream. By tuning

the material properties of the membrane, this water transport can be minimized

[34].

1.4.2 Electro-osmosis of the second kind

In the description of concentration polarization and the emergence of the limiting

current density, charge neutrality outside of the electric double layer was given
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as a result of the potential distribution in the solution. For the understanding

of electro-osmosis of the second kind [95, 96] (or induced charge electro-osmosis

[129, 130]), this charge neutrality is not necessarily present [131]. In this type of

electroconvection, a space charge outside the equilibrium double layer is induced

by the application of an external electric field [82, 95, 129, 130]. This electric

field will in turn act on the induced charge in the solution, resulting in convective

motion of the fluid.

The emergence of an extended space charge region in the vicinity of a charge

selective interface under the application of an electric field is the result of different

spatial distributions of counter ions and co-ions in the diffusive boundary layer,

as described by the Poisson-Boltzmann equation [95]. By increasing the current

above the limiting current, the electroneutral diffusion boundary layer (DBL, not

to be confused with the diffuse layer in the electric double layer) is reduced while

the space charge region adjacent to the membrane is increased in size, resulting

in a non-equilibrium situation, see Figure 1.8(b) [90, 132]. In the extended space

charge (ESC) region, the concentration of cations (c+) and anions (c−) are not

equal. The non-equilibrium extended space charge region has a much larger

dimension (up to 10 µm in size) than the equilibrium electrical double layer

(usually in the order of tens of nm) [82, 96].

If there is a tangential component of the electric field acting on this space charge,

the fluid will exhibit an induced convective motion. The tangential component

of the electric field can emerge, amongst others, from inhomogeneities in the

membrane interface, a not perfectly flat membrane surface or local concentration

differences in the solution adjacent to the membrane [88, 95, 106]. The tangential

component of the electric field results in a tangential component of the fluid flow

adjacent to the membrane, referred to as non-equilibrium electro-osmotic slip

[88, 133] disturbing the diffusion boundary layer. As a result of this induced

flow, pressure gradients build up in the system which induce vortical movement

of the fluid, as is schematically shown in Figure 1.8(c). These vortices mix the

extended space charge region with part of the diffusion boundary layer and result

in convective transport of ions towards the membrane interface. In systems with

a periodic heterogeneity at the membrane interface and a perpendicular applied

electric field, this will result in the formation of counter-rotating vortex pairs since

the heterogeneities will bend the electric field in opposite directions [42, 98, 134].

1.4.3 Electroconvection at membranes

On perfectly flat, homogeneous membranes, electroconvection only emerges above

a critical voltage in the form of electrokinetic instabilities (electro-osmosis of

the second kind) which result from an induced inhomogeneity in the solution at

the membrane such as a concentration or pressure gradient [88], since there is

no intrinsic tangential component of the electric field (Figure 1.9(a)). On the



Electroconvection at charge selective interfaces 21

(a)

(b)

(c)

I < Ilim

I > Ilim

O(10− 100 µm)

C
at

io
n

E
x
ch

an
ge

M
em

b
ra

n
e

DBL

FmigrFdiff

Fmigr

Fdiff

c−

c+

ESC DBL

DBL

Figure 1.8 — Simplified schematic of electro-osmosis of the second kind near a cation
exchange membrane (CEM). The electromigration force on the cations is towards the
cathode (left), while the electromigration force on the anions is towards the anode (right).
(a) As a result of the selective ion transport through the interface a concentration gradient
is developing in the diffusion boundary layer (DBL), resulting in diffusive forces on
cations and anions towards the CEM. When the current is lower than the limiting current,
an equilibrium situation in which a constant flux of ideally only cations is transported
through the membrane. (b) At elevated local field strengths, an extended space charge
(ESC) layer develops at the membrane interface, in which the cation concentration (solid
line) is higher than the anion concentration (dotted line). The applied electric field acts
on this space charge. (c) As a result of the forces acting on the space charge, vortices are
emerging. These vortices mix the ESC and yield an additional supply of ions towards
the membrane.
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(a) (b)

Figure 1.9 — Electric field distribution (indicated by the arrows) in (a) homogeneous
and (b) heterogeneous membrane interface in a perfectly homogeneous electrolyte. In a
homogeneous system, the field lines are parallel to each other from the anode to cathode
and no electric field component tangential to the membrane is arising. In heterogeneous
membranes with a conductivity gradient, the electric field lines are bent resulting in a
tangential component present at the membrane interface.

contrary, for heterogeneous membranes (or membranes with a curvature) at any

voltage an electroconvective contribution will emerge at the membrane interface,

in the form of a electro-osmotic flow of the first kind. At heterogeneous charge

selective interfaces, a non-normal component of the electric field is intrinsically

present [101], as is schematically depicted in Figure 1.9(b). As a result of the

curvature in the electric field and the existence of the double layer on the charge

selective interface, an electro-osmotic movement is induced along the membrane

interface. This electro-osmotic fluid movement enhances the onset of fluid flow in

the bulk solution and promotes ion transport towards the charge selective interface

and could be of use in ED stacks. By structuring of membranes, the interplay

between the electric field and the membrane can be optimized, to optimize the

efficiency of ion transport processes [134].

More recently, an equilibrium electroconvective instability at charge selective

interfaces was introduced [135]. In this mechanism a discontinuity of the electro-

chemical potential of the counter ions at the membrane interface is responsible for

the development of the instability. For this type of electroconvection, no extended

space charge is required for the formation of the fluid movement.

1.5 Governing equations

In the previous sections, different aspects of mass and momentum transport in

aqueous systems adjacent to charge selective interfaces have been introduced. To

be able to mathematically describe the transport of ions in the solution adjacent

to a charge selective interface a coupled set of equations describing the mass

transport, electric field distribution and momentum transport is required.

For the description of mass transport and more specifically the ion transport
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in the system the Nernst-Planck (NP) equation can be formulated [84–86]. Ion

transport in the fluid can occur in three different ways; (i) convection, (ii) migration

in the electric field and (iii) diffusion as a result of a concentration or temperature

gradient. Assuming a dilute solution with a relatively low concentration ci without

any temperature gradients, the Nernst-Planck equation reads:

Ji = ciu− νiziFci∇V −Di∇ci (1.16)

The velocity u consists of components perpendicular and tangential to the

membrane interface. In our description of charge transport, the flux perpendicular

to the membrane is of interest. Convection in the direction perpendicular to the

membrane with velocity u consists of both gravitational and electro-convection

and is usually minimal in traditional ED stacks. Convection in the direction

tangential v to the membrane, as a result of the cross flow velocity of the fluid

through the stack is much larger. In these circumstances, the only significant

contribution to convective ion transport through the membrane is electro-osmosis

through the membrane which is negligible in comparison to the other terms

of the Nernst-Planck equation [120]. If the convective term is neglected, the

concentration profile in the boundary layer adjacent to the membrane reduces

to a linear profile as indicated by the dashed line in Figure 1.6. Migration is a

result of the electric potential V driving ions with a certain charge zi and mobility

νi = Di/RT through the system. Diffusion results from a concentration gradient

∇ci in the system, and is expressed by Fick’s law in which the diffusivity of

the ions Di [m2/s] is incorporated. Diffusivity is assumed to be independent of

concentration in this equation, which holds for dilute binary systems. As there is

a conservation of charge in the system, the continuity equation (Equation 1.17) is

also applicable to the system.

∂ci
∂t

= −∇ · Ji (1.17)

To be able to solve this equation to obtain ion fluxes and concentrations,

some additional equations describing the distribution of potential V and the

velocity field u are required. For the description of the potential distribution, the

Poisson equation (Equation 1.18) applies. In this equation, ρe = eNA(c+ − c−)

[C/m3] is the electric charge density as a result of the (potentially) non-equal

concentrations of cations (c+) and anions (c−) where e = 1.609× 10−19 C is

the elementary charge and NA = 6.022× 1023 #/mol is Avogadro’s number.

ε0 = 8.854× 10−12 F/m is the permittivity of a vacuum and εr [−] is the relative

permittivity of the medium.

∇ · (εrε0∇V ) = −ρe (1.18)
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For the description of the velocity field, the incompressible Navier-Stokes

equation that describes the conservation of momentum in a fluid is used (Equation

1.19) [136]. In ion transport systems there are external body forces, such as the

electrical body force ρeE resulting from space charges in the system and the

gravitational force ρmg, as a result of density gradients in the system. These

body forces are balanced by the conservation of momentum through a (viscous)

diffusion term ∇ · (µ∇u) and a pressure gradient ∇p in the system. µ [kg/(s m)]

is the viscosity of the fluid, ρm [kg/m3] is the density of the fluid and g [m/s2] is

the gravitational field.

ρm[
∂u

∂t
+ u · ∇u] = −∇p+∇ · (µ∇u) + ρeE + ρmg (1.19)

∇ · u = 0 (1.20)

For aqueous systems, incompressibility is generally assumed (ρm = constant) so

that Equation 1.20 holds as the continuity equation. If salt concentration gradients

are sufficiently large to cause gradients in density, the Boussinesq approximation

[137] is used.

With the combination of the Poisson, Nernst-Planck and Navier-Stokes equa-

tions the transport of mass and momentum can be described, as well as the

electric field distribution. A full solution of the electric, velocity and ion concen-

tration fields can be obtained by numerically solving these equations assuming

velocities are lower than the speed of sound. Important implicit assumptions in

these equations are the absence of temperature gradients in the system and the

absence of the formation of heat in the system in general. For the description of

these effects, an additional energy balance can be formulated (Equation 1.21), in

which k [W/(m K)] is the thermal conductivity of the liquid, cp [J/(kg K)] is the

specific heat of the solution and a source term resulting from Joule heating i ·E
is introduced. For membranes, i and E are not necessarily in the same direction

(meaning you can have “negative” Joule heating as well) and overall Joule heating

will only be relevant for high currents or high electric field strengths.

ρmcpu · ∇T = ∇ · (k∇T ) + i ·E (1.21)

Now that we have a complete mathematical description of the system of interest,

the influence of different boundary conditions and environmental variables can be

investigated. Many numerical studies [51, 56, 88, 90, 128, 132, 138–148] have been

conducted and have shown the possible development of electroconvection and

gravitational convection in the fluid layer adjacent to a charge selective interface,

resulting in an increased ion flux through the membrane.
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1.5.1 Influence of temperature and temperature gradients

In the governing equations introduced here, physical properties of both the ions

and the solvent, such as diffusivity, thermal conductivity and viscosity are required

for a meaningful solution. These properties are usually available in literature for

common species and at ambient conditions. However, most of these properties are

dependent on environmental variables such as temperature and pressure [149] and

thus the process conditions are of (a potentially large) influence on the resulting

concentration and velocity profiles.

If the temperature in the system is increased, the diffusivity of ions is increased

while the viscosity of the solution is decreased [149]. As a result of this, the

resistance to charge transport, both through electromigration and convection

is reduced and higher currents can be obtained when the driving potential is

kept constant. At higher temperatures the limiting current density is therefore

increased [120], which can be experimentally measured. Gradients in temperature

also affect the system and cause gradients in viscosity, permittivity and diffusivity

inside the system. If the temperature in electrodialysis systems is changed, this will

thus alter charge transport in the system [150], as well as the solvent transport. In

general, at higher temperatures an increased flux of ions is expected as a result of

the lower viscosity and higher diffusivity of ions in the solution and the subsequent

effect of this in the Nernst-Planck equation [151, 152].

Apart from having an influence on the properties of the solvent and the solute,

the temperature can also have an influence on the membrane. Membrane resistance

is reduced as a function of temperature [153], and membrane permselectivity

generally reduces with increasing temperature as well [154]. The diffusion of

ions inside the membrane is increasing with temperature, as was the case for

the diffusion of ions in the solution [155, 156]. For the conductivity of Nafion

membranes [157], an optimum temperature is found, while the water content and

diffusivity of the membrane is a function of temperature as well [157, 158].

Thermodiffusion and thermo-osmosis

In non-isothermal systems, a thermodiffusion (or thermophoretic) ion flux is

established through the membrane as a result of the temperature gradient [159–

161]. These effects are particularly significant at low applied potentials and can

enhance the ion transport in electrodialysis systems. The thermodiffusive flux

yields a thermoelectric potential difference [162–164], which is small in comparison

to a typical applied potential, but can be significant in the case of large temperature

differences or small applied electric fields. To describe thermodiffusive transport,

a species thermodiffusion coefficient DT,i is required [159], which is incorporated
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in the Nernst-Planck equations, yielding Equation 1.22.

Ji = ciu− νiziFci∇V −Di∇ci −DT,i∇T (1.22)

Additionally, a temperature gradient can induce a thermo-osmotic flux of solvent

at and through the membrane interface [159, 165–167]. In this phenomenon, fluid

moves as a result of an imposed temperature gradient, so that the total entropy

of the system is increased [168]. The flux of solvent is increased linearly with

the imposed temperature gradient and is usually small when compared to the

electro-osmotic water flux [169]. The direction and magnitude of the thermo-

osmotic transport are dependent on the system and membrane properties, and

the thermo-osmotic water transport number tw is different for all systems [168].

1.6 Scope and outline of this thesis

To describe macro-scale behaviour of electrodialysis systems, fundamental un-

derstanding of the phenomena happening in the microscopic boundary layer is

crucial. In this research, electrohydrodynamic phenomena in the vicinity of charge

selective interfaces are investigated at the microscopic scale with the goal of

relating to the macro-scale performance. Using a combination of experiments on

different length scales and numerical modelling of simple systems, different aspects

of charge transport in the different operating regimes of ED are investigated.

In the first part of this thesis, the influence of temperature (gradients) on

charge transport is investigated both numerically and experimentally. In the

second part of this thesis, different microfluidic systems containing charge selective

interfaces are developed to investigate the influence of membrane geometry and

flow configurations on ion transport. Electrical characterization is done for all

systems and ion concentrations are measured using various techniques. For

visualization of transport phenomena in these different microfluidic systems,

multiple experimental techniques are applied, such as fluorescence microscopy,

particle tracking and fluorescent lifetime imaging.

Chapter 2 describes the development of a model consisting of non-isothermal

Poisson-Nernst-Planck (PNP) and Navier-Stokes (NS) equations. With this

model, we investigate the influence of temperature and temperature gradients on

ion selectivity of symmetric and asymmetric nanochannels. Selectivity of these

nanochannels is found to be enhanced if a temperature gradient is aligned with

the applied electric field and the asymmetry of the nanochannel. This lead to

the idea of investigating the effect of temperature gradients experimentally, as

is described in Chapter 3 and Chapter 4. In these chapters, two different lab

scale electrodialysis set-ups have been used in order to investigate the effect of

temperature and temperature gradients under varying conditions in electrodialysis
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stacks. The effect of temperature and temperature gradients on ion transport in

the Ohmic regime of both ED and reverse electrodialysis processes is investigated

in Chapter 3. Higher efficiencies are found at elevated temperatures, but there

was no significant effect of the temperature gradient on the separation of ions in

the Ohmic regime. The influence of temperature and temperature gradients on

ED in the limiting regime is discussed in Chapter 4, where we also investigate

what the influence of temperature is on ED utilizing a mixture of mono- and

divalent ions. Contrary to the Ohmic results, the boundary layer that occurs in

the limiting current regime is sensitive to temperature gradients. System efficiency

is found to be dependent on the direction of the temperature gradient in the

limiting current regime. Competitive transport between mono- and divalent ions

is enhanced when temperature gradients are applied.

The development of a microfluidic electrodialysis platform containing alter-

nating anion and cation exchange hydrogels is described in Chapter 5. In this

chapter, the proof-of-principle of this platform is described, showing that we are

able to obtain concentrated and diluted streams from our device. These devices

can be used for visualization of ion concentration profiles and the different modes

of transport. In Chapter 6, we utilized this platform in order to investigate the

influence of hydrogel geometry and therefore the electric field distribution on the

resulting ion depletion zones and transport phenomena. We have compared three

different geometries of the hydrogel pattern, to be able to distinguish between

heterogeneous and homogeneous interfaces. The geometry is found to be of large

influence, as a result of the existence of inhomogeneous electric fields in systems

with local conductivity and permittivity gradients. These inhomogeneous fields

give rise to an electro-osmotic contribution of ions towards the charge selective

hydrogels, increasing the total ion transport in the system.

In Chapter 7 a glass based microfluidic system containing charge selective

nanochannels is employed for the investigation of the effect of confinement on

electrohydrodynamic effects near a charge selective interface. Flow patterns are

visualized using microparticles and local flow velocities in electrokinetic vortices

are measured. The size of the ion depletion zones is reduced with increased

distance from the driving electrodes, as a result of the highly reduced local electric

potential further from the electrodes. Vortex growth and local flow velocity are

highly dependent on the location of the nanochannels in the applied electric

field. This has implications for the fabrication of microfluidic devices and the

interpretation of experimental results in which the electric field is not applied

normally to the charge selective interface, as well as for the performance of ED

stacks.

Chapter 8 is a discussion of the implications of this work for the field of

membrane science and provides an outlook on interesting questions for future

research directions. Different charge selective interfaces such as porous silicon
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and highly ordered 3D nanostructures are of interest for the investigation of the

influence of geometry on charge transport. Simple experimental systems for the

investigation of temperature gradients in charge selective capillaries are proposed.

Implications of this work for charge transport in fuel cells and sensing applications

are discussed as well.
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CHAPTER 2

Temperature effects on ion transport in charge

selective nanochannels

Abstract — Charge selective nanochannels are used for a variety of

applications, such as nanofluidic sensing devices, energy conversion ap-

plications and as mimics for conventional membrane systems. In this

chapter, we numerically investigate the influence of an applied tempera-

ture difference over both uniform (symmetric) and tapered (asymmetric)

nanochannels on the resulting charge transport and flow behaviour. Using

a temperature-dependent formulation of the coupled Poisson-Nernst-

Planck and Navier-Stokes equations, various nanochannel geometries and

the influence of temperature on the system behaviour are investigated.

Temperature has a large influence on the ion transport, as the diffusivity

of ions and viscosity of the solution are strongly affected by tempera-

ture. We find that applying a temperature gradient (from high to low)

along the electric field and from the large to the small nanochannel inlet

enhances the selectivity of the channels even further, while a tempera-

ture gradient countering the electric field reduces the selectivity of the

nanochannel. Current rectification is enhanced in asymmetric nanochan-

nels if a temperature gradient is applied, independent of the direction

of the temperature difference. The degree of rectification depends on

the direction of the temperature gradient with respect to the channel

geometry and the electric field direction. The enhanced selectivity of

nanochannels due to applied temperature gradients could result in more

efficient operation in energy harvesting or desalination applications as

well as more conventional membrane processes.

This chapter is based on the publications
J.A. Wood, A.M. Benneker and R.G.H. Lammertink, Temperature effects on the electrohydrody-
namic and electrokinetic behaviour of ion-selective nanochannels, J. Phys. Condens. Matter 28
114002 (2016).
A.M. Benneker, H.D. Wendt, R.G.H. Lammertink and J.A. Wood, Influence of temperature
gradients on charge transport in asymmetric nanochannels, Phys. Chem. Chem. Phys 19 28232
(2017)



42 Temperature effects on ion transport in charge selective nanochannels

2.1 Introduction

Nanochannels with a characteristic dimension in the order of the Debye length

are charge selective due to charge exclusion of co-ions, based on the wall charge

of the channel. Ion selective nanochannels [1–3] and nanoslits [4, 5] are a well-

established investigation platform, both in experimental and numerical studies

of charge transport and electrokinetic effects, in order to improve understanding

of various applications [6], such as desalination [7], mixing [8, 9] and energy

harvesting [10–13]. Many different aspects of ion and fluid transport in and near

nanochannels have been experimentally investigated, amongst which were the effect

of pH [14, 15], temperature [16] and concentration gradients [2]. Nanochannels

have well-defined fabrication tolerances which is advantageous for characterizing

their behaviour when compared to membranes, which typically possess larger

pore size distributions and have a more complicated chemical structure. The

disadvantages of using nanochannels are the relatively small obtainable currents

(down to the pA range) and time consuming fabrication methods [17, 18].

In addition to uniform nanochannels, asymmetric, tapered or conical shaped

nanochannels are interesting for different applications, for use as diodes, as

mimic to the gating functions of biological ion channels and for microscale energy

conversion or nanofluidic sensing devices [19–21]. Different experimental studies

have been conducted on geometrically asymmetric nanochannels in which the

nanochannel surface characteristics [22, 23] or the environmental conditions such as

pH [24] and temperature [25] have been successfully controlled and studied [26, 27],

showing amongst others a rectification of the current [28–30]. This rectification

implies that changing the the direction of the applied potential gradient (optionally

accompanied by other gradients, such as pH or ion concentration) yields a different

overall resistance of the nanochannel. As the rectification ratio (the ratio of

the resistances between the different electric field directions) is influenced by

the distribution of the surface charges and hydrophobicity gradients inside the

nanochannel, a gradient in pH across nanochannel can enhance or suppress the

rectification degree of the channel [19, 21]. Measured currents are increased if

the temperature of the surrounding electrolyte is increased (under isothermal

conditions), independent of the direction of the electric field [25].

Theoretical frameworks for the description of electrokinetic transport phenom-

ena in uniform nanochannels range from analytical solutions in 1D [31, 32] to

numerical 2D and 3D solutions of the combined Poisson-Nernst-Planck (PNP)

and Navier-Stokes (NS) equations [33, 34]. Numerical investigation of transport

in and near nanofluidic channels has yielded information on, amongst others,

concentration polarization [35] and micromixing [36]. Nanochannel characteristics

that are of crucial importance are wall ζ-potential/wall charge and size [37, 38],

which can be easily varied in numerical studies when compared to experimental
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systems. The scale difference between nanochannels and microscale reservoirs

yields additional numerical difficulty, as one should account for the entrance and

exit effects of the nanochannels [39]. There is a large variation in hydrodynamic

resistance, as well as electric field focusing towards the nanochannels yielding

curved electric field lines in the channels and strong velocity gradients [40].

Ion current rectification inside tapered nanochannels has been simulated widely,

using different formulations of the Poisson-Nernst-Planck equations [41–45], indi-

cating that tailor made nanochannels show potential as diodes, which has also been

demonstrated in experiments [24]. As the degree of double layer overlap varies

along the length of these tapered nanochannels, the transport of ions through

these channels is altered when compared to uniform channels. The electric field

normal to the nanochannel wall will have a higher magnitude in the more narrow

part of the channel, locally affecting the transport of ions and influencing the

selectivity of the channels. The contribution of electro-osmotic flow (EOF) to

ion current rectification in tapered channels was found to be significant at high

voltages for channels with high overlap of Debye layers [46].

If a temperature gradient is applied over a charge selective interface in an

electrolyte solution, a potential difference arises [47, 48], which can be harvested

as electrical work. Applying temperature gradients to experimental nanochannel

systems can be challenging, but can yield information on transport mechanisms in

macro-systems such as electrodialysis membrane stacks. In comparison to the large

breadth of both experimental and theoretical work on ion selective nanochannels,

the role of temperature gradients is relatively unexplored. Investigation has

focused primarily on heat transfer in charged microchannels and the role this

plays in induced electro-osmotic flows. For example, Chen (2009) studied the

development of temperature profiles in micro- and nanochannels with a thin

double layer at low potentials using a Poisson-Boltzmann framework considering

Joule heating (JH) as the primary heat source while neglecting viscous dissipation

based on order of magnitude considerations [49]. The results demonstrated the

importance of temperature on the resulting electro-osmotic flow (EOF) and

friction factors for pure EOF, as well as EOF with pressure gradients, finding

that viscous dissipation became comparable to JH for channels smaller than

50 nm. This work also demonstrated the importance of accounting for the

temperature-dependence of physical properties, as significant deviations could be

observed assuming a constant value. Shi et al. (2008) used the Lattice-Boltzmann

method to describe non-isothermal electro-osmotic flows again with a Poisson-

Boltzmann type distribution, concluding that for channels less than 100 nm in

diameter viscous dissipation effects will become dominant compared with JH,

dependent upon the salt concentration in the bulk [50]. The role of temperature

gradients in the double layer and how this coupled to thermoelectric effects was

studied theoretically recently by Ghonge et al [51], using a Poisson-Nernst-Planck
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approach, indicating that Soret and thermoelectric effects could be significant

for the case of electrohydrodynamic flow in a nanochannel with an imposed wall

temperature gradient along the longitudinal channel axis. The contribution of

JH was neglected versus viscous dissipation based on an order of magnitude

analysis, although in a micro/nanojunction system the electric field constriction

and enhancement due to the ion distribution may result in conditions where the

Joule heat contribution could be significant. However, the role of temperature

and temperature gradients in nanochannels on the resulting ion selectivity, fluxes

and induced flow profiles in the case of double layer overlap or high surface

charges/wall potentials has not been examined in depth.

In this research, we numerically investigate the effect of applied temperature

gradients on charge transport through both uniform and asymmetric nanochannels

containing a 1:1 monovalent electrolyte KCl solution using a non-isothermal for-

mulation of the Poisson-Nernst-Plank with Navier-Stokes equations. In particular,

nanochannels with a large overlap of the double layer are of interest, as the role of

imposed temperature gradients, viscous dissipation and Joule heating for charge

selective nanochannels has not yet been explored in detail. We compare charge

selectivity, total flux and resulting rectification between uniform and asymmetric

nanochannels with temperature gradients, as well as coupling to the applied

electric field direction in these systems.

2.2 Theoretical background

The Debye length, the characteristic size of the electric double layer on a wall

in an electrolyte solution, is defined as κ−1 =
√

(εrε0kBT )/(
∑
e2z2

i ni), where

εrε0 is the permittivity (dielectric constant) of the medium, kB is Boltzmann’s

constant, T is the temperature in K, e the elementary charge, z is the ion valency

and n is the number of ions per unit of volume [52]. We use the situation where

T = T0 as our reference case. In nanochannel systems, the degree of overlap of

Debye layers is thus dependent on the ion concentration and the characteristic

size of the nanochannel. If the height of the nanochannel changes with length (as

schematically shown in Figure 2.1), this will have an effect on the local overlap of

Debye layers, which may influence the selectivity of the nanochannel and thus

influence the degree of separation and charge transport.

2.2.1 Model framework

In order to simulate the influence of various temperature related effects on

transport in ion selective media, a model framework based on a non-isothermal

formulation of the steady-state Poisson-Nernst-Planck equations coupled with

the Navier-Stokes equations was formulated. This framework (or variations of
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Figure 2.1 — Schematic illustration of the simulation geometry, which consists of two
micro-reservoirs connected through an asymmetric nanochannel with a half-height hl at
the left side, decreasing to a half-height hr at the right side. Temperature, potential
and concentration in the microchannels are varied in the different cases investigated. In
our simulations, ϕR = 0 and ϕL = [−300Vth, 300Vth].

it) has been employed successfully by a number of scientists to describe the

resulting ion transport and induced fluid flows (electro-osmotic and otherwise)

[43, 53]. Depending on the salt concentration and electric field strength, significant

deviations from assuming Poisson-Boltzmann type description of the boundary

layer can be expected, which motivates the use of a PNP approach [49, 53].

In our model, the electric potential is split into two terms; the applied potential

ϕ and the induced electrokinetic potential ψ, scaled against Vth = kBT/e, as

described in [54]. This is effective for numerically resolving the coupling of the

electric field to ion concentration due to the relative scale difference in these

potentials. The applied potential can be on the order of volts while a constant

surface charge or potential would result in potentials on the order of tens of

millivolts. This approach is modified slightly to include a temperature-dependent

permittivity, as gradients in permittivity will affect the electric field profile which

correspondingly affects the body forces on the liquid in the form of dielectric

stresses (resulting in electrothermal flows) [51, 55]. This yields the following

equations for description of the electric field, where c1 and c2 represent the cation

and anion concentration respectively, which are scaled against the reservoir bulk

concentration c0. εr is the temperature dependent permittivity which is scaled

against the permittivity at T0 = 293 K using a linear function of dimensionless

temperature, which is a good approximation between the applied temperatures of

293 and 313 K [56, 57]. Lref = h, where h is the average channel height, holds for

scaling of the spatial dimensions:

∇ · (εr∇ϕ) = 0 (2.1)

∇ · (εr∇ψ) = −1

2
(κLref)

2(c1 − c2) (2.2)
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E = −∇(ϕ+ ψ) (2.3)

Temperature dependence of the different physical properties are listed in the

Appendix of this chapter. We consider the case of a 1:1 electrolyte, KCl. This

electrolyte was selected because of similar diffusivities of both K+ and Cl– ions,

and similar responses of diffusivity to temperature of these ions [58]. Using the

dimensionless Nernst-Planck equations we can describe the transport as a result

of convection, diffusion and electromigration:

Peciu · ∇ci −∇ ·
(
Di∇ci +

ziDici
1 + θ

∇(ϕ+ ψ)

)
= 0 (2.4)

Temperature dependence of ion diffusivity (Di) was taken into account, while

it was considered independent of concentration in the considered range. The

Soret effects in our system were studied by using dimensionless ionic heat of

transport coefficients for potassium and chloride, but found to be negligible

in comparison to the other transport mechanisms. θ = (T − T0)/T0 is the

dimensionless temperature and Peci is the Péclet number (for mass transfer, both

for anion and cation), which is evaluated at the reference temperature T0. The

influence of temperature on the density of the solvent, water, was neglected as

a temperature increase from 293 to 313 K results in a 0.6% change in density.

Viscosity changes with 35% in this temperature range, which motivates treating

viscosity as being temperature dependent [59]. The fluid was therefore treated

as being incompressible, which simplifies both the continuity equation and the

expression for viscous dissipation. For description of the fluid hydrodynamics, the

dimensionless Navier-Stokes equations with a temperature dependent viscosity

(µ) are applied and a contribution of the Coulomb force (fC) and electrothermal

force (fETF) is taken into account where Re, the Reynolds number, is evaluated

at the reference temperature:

Re(u · ∇u) = −∇p+∇ · (µ∇u) + fC + fETF (2.5)

fC =
kBT0c0Lref

µ0u0
(c1 − c2)E (2.6)

fETF = −ε0εr,0V
2
refLref

2µ0u0
|E|2∇εr (2.7)

∇ · u = 0 (2.8)

While developing the model, we have tested the contributions of Coulomb

and dielectric forces on the fluid flow. The dielectric (electrothermal) forces
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were found to be insignificant compared to the Coulomb force in this work for

both symmetric and asymmetric channels, despite the tapered geometry causing

larger field gradients. The bending of the electric field does induce a non-zero

contribution to the dielectric forces, but the magnitude is still negligible when

compared to the Coulomb forces in the system. Therefore, these forces were

neglected in the remainder of this research. This also holds for the contribution of

Soret diffusion, which was negligible compared to electromigration and diffusion at

potentials that are of interest for charge transport. While the dielectric force was

negligible in this case, we note that this may not be the case for other geometries

with larger geometric effects. We have neglected the potentially large effect from

temperature-dependent ζ-potentials by choosing a constant wall potential, treating

the system as an effective gated dielectric as in line with previous work [38, 60],

due to the large amount of uncertainty in the precise temperature-dependence of

solid ζ-potentials [61].

To close the system of equations, a dimensionless energy balance is formulated

(equation 2.9), in which we assumed the heat capacity to be constant in the

considered temperature range, while the thermal conductivity k was considered

to be dependent on temperature (albeit weakly) and Peθ is the thermal Péclet

number.

Peθu · ∇θ = ∇ · (k∇θ) + qd + qjh (2.9)

The sources of heat generation in the system that are considered in our initial

models are Joule heating (equation 2.10) through the dissipation of current

into heat and viscous dissipation (equation 2.11). Joule heating was evaluated

based on the conduction current with the applied electric field, neglecting the

contribution of convective current dissipation and the induced electric field along

the nanochannel wall based on an order of magnitude analysis [49, 62];

qjh =

(
σ0V

2
ref

ρCpT0u0Lref

)
σ |∇ϕ|2 (2.10)

For an incompressible fluid, the contribution of the viscous dissipation on the

total heat production can be simplified and non-dimensionalized as shown in

equation 2.11;

qd =
2u0µ0µ

ρCpT0u0Lref

[(
∂u

∂x

)2

+

(
∂v

∂y

)2

+
1

2

(
∂v

∂x
+
∂u

∂y

)2
]

(2.11)

2.2.2 Simulation details

In this study, we use a 2D model (COMSOL Multiphysics 5.2) to investigate

the effects of non-uniformity of the nanochannels and temperature gradients on
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charge transport. The general geometry is depicted in Figure 2.1, where we can

vary the nanochannel height and asymmetry ratio α = hl/hr. The electric field

and temperature gradient are applied in the adjacent microchannels. For every

asymmetry ratio we investigated four different cases; two isothermal cases (at

293 K and 313 K) and two temperature gradient cases in which the direction

of the temperature gradient with respect to the nanochannel is altered. In the

temperature gradient cases, one reservoir wall is kept at 293 K while the other

is at 313 K, resulting in a difference of 20 K. For all models, c0 = 1× 10−5 M,

corresponding to a Debye length of 95 nm at T = T0 on each nanochannel wall,

which was chosen to ensure Debye layer overlap in the 100 nm channel. The

applied potential is varied from −300 to 300 Vth, which corresponds to electric

field strengths of ∼ −1.02× 106 to ∼ 1.02× 106 V/m in physical dimensions. The

sign of the electric field, as well as the direction of the temperature gradient, is

expected to have and influence on the charge transport, as in asymmetric channels

we expect current rectification to occur. Three different asymmetry ratios were

considered, in which α is 1, 3 and 9 respectively, while the average channel height

h was kept constant at 100 nm. The nanochannel is considered to have a constant

wall potential of −50 mV, which can be considered as a realistic potential in the

case of a gated dielectric [43].

If we state that the electric field and temperature gradient are aligned, this

indicates that both high T and high ϕ are on the same side of the nanochannel,

either left or right. In all our simulations, the largest nanochannel inlet is on

the left side of the geometry (hl ≥ hr, see Figure 2.1). This means that if we

state that the temperature, electric field and geometry are aligned, the high T

and high ϕ are also applied at the left side of the nanochannel. If, in our figures,

the electric potential is negative, this means that the potential on the left side is

grounded and the potential is applied in the right reservoir.

The channel length is 500 dimensionless units, which corresponds to 2.5 µm in

physical dimensions. The connected microchannels are also 500 dimensionless units

in both width and height. We confirmed that this is sufficient to treat the reservoir

boundary conditions as far-field, by inspection of the resulting concentration

profiles. The nanochannel is mapped using 40× 2000 quadrilateral elements, in

which we operated a symmetric distribution and a maximum element ratio of 10.

The microchannels were meshed using quadrilateral elements, decreasing in size

closer to the nanochannel entrance and the boundaries of the system, with mesh

independence confirmed for the different geometries and applied potentials by

examination of the selectivity and ion fluxes.



Results and discussion 49

2.3 Results and discussion

2.3.1 Heat sources

In our initial simulations, the induced heating effects of Joule heating and viscous

dissipation are considered in the case α = 1 and reservoirs of equal temperatures.

Local heating effects, especially from corner effects could potentially give rise to

different local physical properties of the solution. This would affect the resulting

electro-osmotic flows and induce additional forces upon the fluid in the form

of dielectric stresses. Viscous dissipation can be significant in nanochannels,

giving rise to large temperature gradients which affect the induced electro-osmotic

flows within the channel [51]. However, in those cases the nanochannel was

considered as an isolated system without accounting for thermal contact with a

much larger reservoir. We have investigated the maximum possible local heating

in the nanochannel for the symmetric channels under isothermal conditions and

various applied potentials. It was found that for the concentrations considered

the maximum local heating of approximately 3 K occurs at high applied electric

field strengths (and relatively high ionic strengths), at which all selectivity of

the nanochannel is lost. Compared to the electric field strength, thermophoretic

effects (Soret) are negligible, and electrothermal flow contributions are negligible

compared to the Coulombic force. At low electric field strengths viscous dissipation

accounts for most of the heating, while at high field strengths Joule heating is

dominant. However, neither of these effects was able to generate large local

temperature gradients as the convective/diffusive heat transport towards the

reservoirs was sufficient to suppress localized gradients in temperature. As

we found no significant heating in the initial isothermal symmetric cases, we

have neglected the contributions of Joule heating and viscous dissipation in the

remainder of the simulations.

2.3.2 Symmetric nanochannels

From our simulations, we obtain the flux of both cations J1 and anions J2 and

we are therefore able to calculate the total current (J1 − J2) and the selectivity

(J1/J2) of the nanochannels. Ji is obtained by averaging the total flux, consisting

of the diffusive and electrophoretic flux, over the reservoir wall. The influence of

temperature on current rectification ((J1 − J2)+/(J1 − J2)−), in which the + and

− are indicating the different directions of the electric field, in the nanochannels

is investigated for both symmetric and asymmetric nanochannels. Current rectifi-

cation indicates a preferential transport direction of ions through the nanochannel

[19].

For symmetric channels with an aspect ratio of α = 1 the total current and

selectivity as a function of applied potential are shown in Figure 2.2. As the

channels are symmetric, only the interplay of the directions of the electric field
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Figure 2.2 — Total current (a) and selectivity (b) in symmetric nanochannels with
α = 1 under different temperature configurations. Asymmetry of the current and
selectivity with respect to the applied potential indicates current rectification in this
system. Dashed lines are for visualization purposes only.
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and temperature gradient are of importance. The total current through the

nanochannel is highest for the isothermal case at high temperature, while the

total current is lowest for the isothermal case at low temperature. The case

in which a temperature gradient is applied yields intermediate total currents,

although at low electric field strengths, the current is comparable to the high

temperature isothermal case. For ion selectivity, the case in which a temperature

gradient is applied yields the highest values for positive electric field strengths,

while it yields the lowest selectivity in the case of a negative electric field strength.

The maximum of the selectivity is shifted for the case in which a temperature

gradients is imposed. The high temperature isothermal case yields consistently

lower selectivity than the low temperature isothermal case.

This response of the system to the applied temperature settings can be ex-

plained by the sensitivity of the physical properties to temperature. For higher

temperatures, the diffusivity of ions is enhanced, which in turn enhances the

conductivity of the solution at these conditions, yielding less resistance to charge

transport. The diffusivity of both investigated ions is ∼ 55% higher at 313 K

when compared to 293 K, meaning that the conductivity is also significantly

higher. This means that in hot reservoirs, the ions are transported more easily

than in cold reservoirs, which effectively acts as a barrier for anions to move

into the nanochannel on the cold side via diffusion or electromigration and as an

enhancement for cations to enter on the hot side of the nanochannel. These effects

result in a higher ion selectivity for the cases in which the anions are transported

from a cold reservoir, either when the other reservoir is hot or cold. The higher

selectivity can be mainly attributed to the reduced transport of co-ions.

If we take a closer look on the local fluid velocity inside the nanochannel,

we find an increased velocity for the case in which the temperature gradient is

applied along the electric field, when compared to the isothermal cases. The

isothermal case at low temperature yields significantly lower velocities than both

other configurations. This can be explained by comparison of the average Coulomb

force in the channel and the decreased viscosity of the fluid at higher temperatures.

The viscosity of the solution is reduced by 35% when temperature is increased from

293 K to 313 K, yielding a higher electro-osmotic velocity inside the nanochannel.

Current rectification (Figure 2.3) in the symmetric nanochannel only occurs

in the case of an applied temperature gradient and is most pronounced at low

electric field strengths. The rectification factor is up to 1.4 in the channels that

we have simulated, which is not as high as values that have been reported for

asymmetric nanochannels [22, 26]. This can be attributed to the relatively small

size of our nanochannels in relation to the Debye length. However, if we increase

the channel height, selectivity of the nanochannels is lost and they lose their

function as a charge selective interface.
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Figure 2.3 — Current rectification in the symmetric nanochannel as a result of an
imposed temperature gradient. Rectification is calculated by dividing the total current
for the positive applied electric field by the total current for the negative applied electric
field at equal strengths. Lines are for visualization purposes only.

2.3.3 Asymmetric nanochannels

Figure 2.4(a) shows the total current through the nanochannel as a function of

applied potential for the four different temperature configurations in a channel with

an asymmetry ratio of 3. Just as was the case for symmetric nanochannels, the

total (absolute) current is highest for the isothermal case at high temperatures,

as the diffusivity of both co-ions and counter ions is enhanced at enhanced

temperatures. Likewise, the absolute current is lowest for the isothermal case

at low temperatures. The cases in which there is a temperature difference show

intermediate currents. The case in which the electric field and the temperature

gradient are aligned yields the highest current, as the high temperature enhances

cation diffusivity. As the nanochannel is cation selective, the enhancement of

cation transport towards the channel will result in a higher overall current through

the channel, which would be flipped for the case of anion selective materials.

In Figure 2.4(b) the influence of temperature gradients on the selectivity of the

nanochannel is shown. Selectivity is highest at low field strengths, as at higher field

strengths the transport of all ions is enhanced, including the counterions which

reduces the selectivity of the channel. The direction of the potential at which

the highest selectivity occurs is dependent on the interplay of the temperature

gradients with the geometry. For the isothermal cases, the low temperature case



Results and discussion 53

−300 −200 −100 0 100 200 300
-0.003

0

0.003

Applied potential φ [Vth]

T
o
ta

l
cu

rr
en

t
[-

]

(a) Total current in the nanochannel with α = 3
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(b) Selectivity of the nanochannel with α = 3

Figure 2.4 — Total current (a) and selectivity (b) in asymmetric nanochannels with
α = 3 under different temperature configurations. Asymmetry of the current and
selectivity with respect to the applied potential indicates current rectification in this
system. Dashed lines are for visualization purposes only.
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shows the higher selectivity when compared to the higher temperature case, as a

result of the lower relative diffusivity of anions (compared to cation diffusivity) at

lower temperatures. Selectivity can be enhanced with a temperature gradient,

and this enhancement is dependent on the interplay between the direction of the

temperature gradient and the direction of the electric field with respect to the

nanochannel geometry. The largest enhancement in selectivity is obtained for the

case in which the high temperature is on the large inlet of the nanochannel and

the temperature gradient is aligned with the electric field, so where high T , high

ϕ and high h are all on the same side of the channel. If the electric field is flipped

(corresponding to negative potentials in Figure 2.4(b)), the case with the opposite

temperature gradient yields the highest selectivity, again when the temperature

gradient is aligned with the electric field (low T , low ϕ and high h at the same

side). This indicates that if the temperature is enhanced in the reservoir where

cations are depleted, the selectivity of the nanochannel is enhanced, independent

of the inlet characteristic length of the nanochannel, meaning that the enhanced

diffusivity of ions has a large influence on the selectivity of the channel. In

particular, the relatively low diffusivity of anions (compared to cations) at lower

temperatures enhances the selectivity as this reduces the transport of co-ions

through the channel, as was the case in symmetric channels. If the temperature

gradient counters the electric field gradient, the selectivity of the nanochannel

is reduced, as a result of enhanced relative diffusivity of anions in the cathodic

reservoir, which enhances transport of these anions through the nanochannel.

If we compare the current rectification, which is defined by the ratios of the

total current for the different directions of the electric field and shown in Figure

2.5, we see that for the isothermal cases, the total rectification is very similar in

both quantitative and qualitative behaviour and does not exceed a rectification of

1.2 throughout the range of applied potentials. The absolute value of rectification

is relatively low as we are working at relatively low ion concentrations to have

a good selectivity of the nanopore. With increasing field strength the degree of

rectification is reduced and at very high field strengths there is no significant

rectification observed, just as there was no significant selectivity at these field

strengths. For the cases where a temperature gradient is applied, this behaviour

is altered and the rectification is increased. The field strength at which the

rectification is the highest is shifted to higher potentials when a temperature

gradient is applied. For the case where the high temperature is on the smaller

nanochannel inlet this is most pronounced, with rectification factors over 1.5 at

low field strengths. This enhanced rectification is mainly attributed to the increase

of selectivity for the cases in which a temperature gradient is applied, which was

a result of the enhanced diffusivity and viscosity at high temperature. For the

case with higher asymmetry ratios α = 9, the rectification is enhanced slightly

for all temperature configurations in comparison to the case where α = 3. This
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Figure 2.5 — Current rectification for the four different temperature configurations at
different field strengths for the case α = 3. Rectification is calculated by dividing the
total current for the positive applied electric field by the total current for the negative
applied electric field at equal strengths. Lines are for visualization purposes only.

is attributed to the enhanced asymmetry of the nanochannel. The quantitative

behaviour of the nanochannel with larger degree of asymmetry is similar to the

behaviour shown in Figure 2.5.

In asymmetric nanochannels, the degree of Debye layer overlap is not constant

throughout the channel. In our model, we have defined the Debye layer as such

that there is overlap at the location where the channel height is 1 dimensionless

unit, which for the asymmetric nanochannels is in the middle of the channel, while

in the symmetric channel the Debye layers are overlapping throughout the entire

channel. However, as a result of the constricted inlet (or outlet) of the asymmetric

nanochannels, selectivity is enhanced when increasing the aspect ratio of the

channel. This indicates that the minimum size of the channel (degree of Debye

layer overlap) is very important in the determination of nanochannel selectivity.

However, many other factors, such as a variation of wall potential and pH [19]

could be of high importance as well and not investigated here. The interplay of

minimum channel size and the resulting local field strength and the implications

of this for channel selectivity are interesting for further detailed analysis.

By investigating the individual terms of the Nerst-Planck equation (eq. 2.4), we

are able to determine the contributions of convective, diffusive and electromigration

flux to the total current. In general, the convective flux has the dominant
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contribution to the total cation flux, at all modeled field strengths. Convection

within the nanochannel is a result of electro-osmotic movement of the fluid. For

low to moderate applied electric field strengths the convective flux of ions is

increasing with increasing field strength. At sufficiently large applied potentials

(above 50 Vth), the convective contribution to the total flux decreases again

as a result of lower selectivity of the channel, which results in a smaller cation

concentration in the channel and thus less cations being transported by convection.

The anion flux as a result of convective ion transport is increasing with increasing

applied potentials. For anions, however, there is no maximum in the convective

flux found at moderate field strengths, as the concentration of anions in the

nanochannel is increasing at higher potentials. The electromigration flux of both

cations and anions is increasing with increasing applied potential because this is

directly proportional to the electric field strength. For high field strengths, the

electromigration flux accounts for a significant contribution in the total current

for both cations and anions, as it grows faster than the convective flux. However,

at these high field strengths the selectivity of the nanochannel has dropped

significantly and current rectification is reduced as both cations and anions are

free to pass through the channel.

2.4 Conclusion

In this chapter, we have demonstrated that temperature gradients can enhance

selectivity and current rectification in nanochannels through the use of numerical

simulations based on a non-isothermal PNP-NS framework. For symmetric

cation selective nanochannels, the selectivity of the nanochannel is enhanced

when a temperature gradient is applied along the electric field gradient, so when

the depleted reservoir has a high temperature. Selectivity of the asymmetric

nanochannels is enhanced if the electric field and temperature gradient are aligned

with the nanochannel asymmetry. This enhancement was found to result primarily

from increased diffusivity of both cations and anions at elevated temperatures

and the subsequent enhancement of transport of ions along the electric field. For

asymmetric nanochannels, current rectification occurs also without temperature

gradients, but this is significantly enhanced when a temperature difference is

applied over the nanochannel. Most interesting is that if the direction of the

temperature gradient, the electric field and the decrease in nanochannel height

are aligned, the enhancement in selectivity and rectification is enhanced over 50%.

Channels with higher aspect ratios show a higher ion selectivity and rectification,

as a result of a higher degree of Debye layer overlap. Implementing temperature

gradients in an experimental nanochannel system would be challenging, but

temperature gradients can be applied, or be present, in macro-scale membrane
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systems.

This work was done using KCl, an electrolyte in which both anion and cation are

monovalent and have similar diffusivities and temperature dependence of diffusivity.

Extension of this work towards multivalent ions or other ions with different

diffusivities and responses of diffusivity to temperature can yield interesting

mechanisms for the selective removal of mono- or multivalent ions from salt

solutions. Temperature gradients within the Debye layer can be of interest in a

fundamental study on how this affects the electro-osmotic flow inside nanoporous

materials, as well as the effect of temperature dependence of the ζ-potential of the

channel wall [63], which we have neglected in this study by assuming a constant

wall potential.

In general, in ion transport systems such as electrodialysis (ED), thermophoretic

transport is not significant when compared to transport as a result of a concentra-

tion gradient or a potential gradient [47]. However, a temperature gradient can

yield significant beneficial effects on the ion transport in these systems, if applied

alongside an electric potential. This is of interest in many different systems, for

instance in enhancing pre-concentration in micro-nanosystems and for understand-

ing fundamental ion transport mechanisms. As the selectivity is increasing, a

lower potential would be required to obtain the same degree of desalination in

ED systems, which is of interest as it reduces energy requirements in desalination

processes. This work motivates the experimental investigation of the influence of

temperature and temperature gradients on macro-scale electrodialysis systems.

The results of these investigations are written in chapter 3 and 4 of this thesis.
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Appendix

Temperature dependence of physical properties

Permittivity data was obtained from Kaatze (1989) [56]. The diffusion coefficients

are based on molar conductivity data of Benson and Gordon [58] and converted to

diffusion coefficients by Di = (RTΛ)/(z2F 2). Viscosity and thermal conductivity

were obtained from the NIST Chemistry Webbook [59]. All values are 1 at T0 of

293 K and increase or decrease with θ, dimensionless temperature (T − T0)/T0.

εr = 1− 1.2984θ

D1 = 1 + 8.4585θ

D2 = 1 + 8.8466θ

µ = exp(−6.46θ)

k = 1 + 0.8098θ

Boundary conditions for simulations

The boundary conditions below are used for the corresponding boundaries as

shown in Figure 1.

AB

Dirichlet/Constant value for ϕ, θ and ci
ϕ = V0/Vref or 0

θ = θleft

ci = 1

Zero flux for ψ

n · (εr∇ψ) = 0

Open boundary for velocity

[−pI + µ∇ū]n = 0

BC and FG

Symmetry/No normal velocity component

Insulating/Zero flux for θ, ci, ϕ and ψ

CD and EF

No-slip for velocity (ū = 0)

Insulating/Zero flux for θ and ci

DE

ψ = Vwall/Vref

No-slip for velocity (ū = 0)

Insulating/Zero flux for θ, ci and ϕ
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GH

Dirichlet/Constant value for ϕ, θ and ci
ϕ = V0/Vref or 0

θ = θright

ci = 1

Zero flux for ψ

n · (εr∇ψ) = 0

Open boundary for velocity

[−pI + µ∇ū]n = 0

AH

Symmetry conditions





CHAPTER 3

Effect of temperature gradients on (reverse)

electrodialysis in the Ohmic regime

Abstract — Electrodialysis (ED) and reverse electrodialysis (RED) are

processes for the production of desalinated water (ED) and power (RED).

Temperature of the feed streams can strongly influence the performance

of both processes. In this chapter, commercial membranes are used for

the investigation of temperature and temperature gradients on ED and

RED processes. We find that the energy required for ED processes can be

reduced by 9% if the temperature of one of the feed streams is increased

by 20 °C, while maintaining the charge selectivity of the membranes. The

direction of the temperature gradient did not have a significant influence

on the efficiency and selectivity of ED in the Ohmic regime. In RED, we

find an increase in obtained gross power density over 25% for the process

when one feed stream is heated to 40 °C instead of 20 °C. This work

experimentally demonstrates that utilization of low-grade waste heat from

industrial processes can yield significant reduction of energy costs in ED

processes, or result in higher power densities for RED systems where the

increase in temperature of a single feed stream already yields significant

efficiency improvements.

This chapter is based on the publication
A.M. Benneker, T. Rijnaarts, R.G.H. Lammertink and J.A. Wood Effect of temperature gradients
in (reverse) electrodialysis in the Ohmic regime J. Mem. Sci. 548 421 (2018)
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3.1 Introduction

Electrodialysis is a technique applied on industrial scale for the deionization of

aqueous feed streams. In electrodialysis (ED), a membrane stack containing

alternating anion (AEM) and cation exchange membranes (CEM) is used for the

selective transport of ions by applying a potential gradient over the system [1].

Anions will be transported through the AEM and blocked by the CEM, while for

the cations the opposite is true, resulting in an ion enriched (concentrate) and

an ion depleted (diluate) stream at the outlet of the stack [2]. ED is applied on

an industrial scale in the treatment of aqueous solutions for various applications

such as desalination for drinking water, nitrate removal, salt removal from protein

and sugar solutions and the deionization of whey [1]. In commercial systems, ED

is operated in the so-called Ohmic regime, to prevent concentration polarization

and minimize pressure drops in the solution adjacent to the membrane [3].

In reverse electrodialysis (RED), as the name suggests, the opposite is occurring

as the energy of mixing two streams with different inlet salt concentrations is

harvested in a membrane stack. RED processes can be of use at natural points

where two streams containing different salt concentrations are contacting, such

as for instance river estuaries (low salt concentration) in the sea (high salt

concentration) [4–7], or in hypersaline brines [4]. RED processes are currently

being tested at lab and pilot plant scales [8].

Both ED and RED have been studied extensively in the past decades [1, 9–11],

regarding membrane selectivity and optimizing flow patterns adjacent to the

membranes as two prominent goals for improving the efficiency of both processes.

Typically, most commercial membranes exhibit a selectivity above 90% [10]. Ion

transport from the liquid phase to the membrane is of large influence on the

efficiency of ED and RED, and partially determines the required or obtained

power. Transport can be enhanced by continuously mixing the solution in order

to reduce the development of an ion depleted boundary layer or by enhancing

the transport of ions in the solution. Optimization of the flow patterns can be

achieved using profiled membranes or spacers [12–14]. In both ED and RED, there

is transport of water as a result of the osmotic gradient. This water transport

results in a drastic reduction in efficiency of the process [15], most significantly

in ED processes. For cation exchange membranes, the direction of the water

transport in systems where only a temperature gradient is applied (no applied

potential gradient) depends on the coupling between the electrolyte and the water

[16–18]. If only an osmotic gradient is present, water transport will be from the

solution with a low salt concentration towards the higher salt concentrations,

therefore in the opposite direction of ion transport [16]. In addition to osmosis,

there is water transport as a result of electro-osmotic flows, in which the water

is transported alongside the ions that are moving as a result of the electric field.
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In ED, the direction of electro-osmotic transport of water is the same as the

osmotic water transport, while in RED they are in opposite directions [19]. The

efficiency losses as a result of water transport are reported to increase with

increasing concentration differences and increasing temperature in the system

[15, 20]. Elevated temperatures can yield additional limitations in the process,

such as the degradation of the membrane material and the precipitation of low

solubility compounds on the membranes [21]. Conversely, elevated temperatures

might yield a lower energy requirement for the ED process [22] and can enhance

the obtainable power from RED processes [10].

When a temperature gradient is applied over a membrane separating two

solutions of equal salt concentration, a thermal membrane potential is measured,

indicating a thermoelectric effect over the membrane [23–26], which can be

harvested as electric work [24, 27, 28], similar to the RED principle. Additionally,

a thermo-osmotic water flux might be established [18, 29, 30], of which the direction

is dependent on the membrane at hand [16]. It is stressed that this temperature

gradient does not necessarily result in the development of a concentration gradient

over the membrane [25]. If, in addition to the temperature gradient a potential or

concentration gradient is applied over the membrane, the selective transport of ions

might be enhanced by the coupling of effects resulting from temperature gradients

with the other transport phenomena in the system. When the temperature

gradient in ED is applied in the same direction as the electric field, the relative

flux of counter ions can be enhanced when compared to the co-ion flux, increasing

the efficiency of the separation of ions from the solution [31]. The total ionic

current can be increased if temperature gradients or elevated temperatures are

applied over the membrane, as a result of the increased diffusivity of ions in

the solution [31, 32]. Experimental [33, 34] and theoretical [35] investigations

have shown that elevated temperatures are beneficial for the obtainable power

density in RED systems with highly saline feed solutions, albeit at isothermal

conditions. The effect of temperature gradients in realistic ED and RED set-ups

also containing a salt or potential gradient have, to the best of our knowledge, not

been investigated experimentally. These situations are interesting for applications

where there is a natural temperature gradient between two inlet feed streams, e.g.

where a river meets a sea, or for industrial plants that deal with low-grade waste

heat. Moreover, applying a temperature gradient vs. isothermal operation may

reduce the negative side-effects of high temperature operations, such as scaling

and increased water transport [21].

Many industrial plants have to deal with low-grade waste heat resulting from

their production processes [36]. Most of the waste heat is found in food, tobacco,

pulp and paper, basic metals and non-metallic minerals industries, which has

large potentials to be re-used. Usually, waste heat with high temperatures is

considered as most valuable, as this can provide energy most easily for other
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processes [37]. Low temperature waste heat (streams with a temperature up to

100 °C) is mostly used in the food and tobacco industry, but is widely available

[37]. If waste heat can be used for heating feed streams of ED and RED plants,

the energy efficiency of these processes can theoretically be enhanced.

In this chapter, we experimentally study the effect of imposed temperature

gradients in ED and RED systems. We measure the required power for desali-

nation in ED in the industrially relevant Ohmic regime, as well as the obtained

power density from the RED system under various temperature settings. The

temperature settings are chosen as such that they are obtainable by utilizing waste

heat for heating the feed streams. Additionally, we measure ion concentrations to

investigate the effect of temperature gradients on the selectivity of membranes

and the efficiency of the ED system. Our experiments show that we can enhance

the energy efficiency of ED systems by working with temperature gradients and

at elevated temperatures, and improve the power density of RED systems in the

same manner. The selectivity for ion transport remained constant, meaning there

was no loss of membrane selectivity and functionality at elevated temperatures.

These results show the potential use of waste heat to improve either desalination

or power generation in ED and RED processes.

3.2 Experimental details

Experiments were performed using a cross-flow RED stack, with an active area

of 10 × 10 cm2, provided by REDstack BV (The Netherlands). The two feed

inlet streams are perpendicular to each other, resulting in a relatively high heat

transfer between the two streams which are in cross-flow configuration. Four cell

pairs consisting of commercially available cation and anion exchange membranes

with an intermembrane distance (channel height) of 260 µm were assembled in

the stack. The membranes used are Neosepta® CMX and Neosepta® AMX

(obtained from Eurodia, France), which are punched to size using an in-house

built mold. The 260 µm thick spacers with a free volume fraction of 0.726 and

a free surface fraction of 0.476 were provided by Deukum GmbH (Germany).

End-plates were tightened using screws and the side plates of the RED stack were

sealed. Electrical measurements are done using a Metrohm Autolab PGSTAT302N

equipped with a FRA module (Metrohm Autolab, The Netherlands), which is

controlled by NOVA 2.0 software. Current or potential was applied through Pt

coated Ti electrodes (provided by Magneto Special Anodes BV, The Netherlands),

located in the stack end plates.

Both ED and RED experiments are done at four different temperature configu-

rations; (1) isothermal at 20 °C, (2) feed 1 at 20 °C, feed 2 at 40 °C, (3) feed 1 at

40 °C, feed 2 at 20 °C and (4) isothermal at 40 °C, as is summarized in Table 3.1.
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Table 3.1 — Tested temperature configurations in ED and RED experiments

Case TD (river) [°C] TC (sea) [°C]
Cold Isotherm 20 20
Hot Concentrate 20 40
Hot Diluate 40 20
Hot Isotherm 40 40

Feed solutions were kept at the desired temperatures using two Julabo F12-ED

Refrigerated - Heating Circulators. The system was allowed to settle to thermal

equilibrium and outlet temperatures were measured using AMA-digit ad 15th

thermometers (Amarell, Germany) during the electrical measurements.

All measurements are done at a constant flow rate of 50 mL/min, which

corresponds to a flow speed (linear flow velocity) of 0.81 cm/s in the compartments.

Flow was pumped using peristaltic pumps (Cole-Parmer) and flow pulsations

were suppressed using in-house built pulsation dampeners. The flow rate was

controlled using an in-house built flow meter (TCO, University of Twente, The

Netherlands), containing a McMillan Co. 101 flo-sen flow sensor. The membrane

packing was ensured by applying an 0.1 bar overpressure on the electrolyte stream

(flow rate was adjusted accordingly), using a simple needle valve.

3.2.1 Electrodialysis

For experiments in the electrodialysis (ED) mode a feed solution of 1 g/L NaCl

(0.017 M) is pumped through all compartments of the stack. The electrolyte

used in ED mode contained 0.017 M NaCl and 0.1 M K4Fe(CN)6 and 0.1 M

K3Fe(CN)6 as the redox pair. Both depleted and enriched outlet streams are

recycled into the feed container, which is continuously mixed using aquarium

mixers (Wavereef® Auto Top Off System, Single Level Sensor WIC-01S, obtained

from Aquaria Veldhuis BV, The Netherlands). The system was allowed to

equilibrate in temperature before measurements were started.

Constant current measurements (chronopotentiometry) are done at a current

of 0.15 A, corresponding to 15 A/m2, which was confirmed to be in the Ohmic

regime of this stack (by measuring IV responses) to avoid any influences of

concentration polarization on the measurements as the goal of these experiments

was the investigation of temperature gradients in the Ohmic regime. The required

potential to sustain this current is measured for 600 seconds.

Samples are taken during the measurements to evaluate the salt concentrations

in the outlet streams by means of ion chromatography (IC). Conductivity of

inlet and outlet streams was monitored during the experiments using a WTW

Cond 3310 conductivity meter equiped with a WTW Tetracon 325 sensor (WTW,

Germany), to check if depletion and enrichment of the streams is as expected.
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Anion concentrations were quantified with IC (Metrosep A Supp 16 - 150/4.0

column on a Metrohm 850 Professional IC). Cation concentrations were measured

with IC as well (Metrosep C6 - 150/4.0 column on a Metrohm 850 Professional

IC).

3.2.2 Reverse electrodialysis

Reverse electrodialysis experiments were done with model solutions of 30 g/L

NaCl (0.513 M,“sea water”) and 1 g/L NaCl (0.017 M, “river water”) through

the different compartments. The electrolyte used in RED mode contained 0.25 M

NaCl and 0.1 M K4Fe(CN)6 and 0.1 M K3Fe(CN)6 as the redox pair. No recycling

of the outlet streams is done in these experiments, as the salt gradient would be

reduced during the measurement. The pressure drop in both sea and river water

streams was monitored between the inflow and the outflow of the solutions, using

a differential pressure meter (Endress + Hauser Deltabar S, Germany).

Different parameters were measured during a single RED measurement. Open

circuit voltage (OCV) was measured prior and after the stack resistance mea-

surements (both AC and DC mode). The total stack resistance is a result of

the Ohmic resistance (resulting from the resistance of the feed streams and the

membranes) and the non-Ohmic resistance (caused by concentration changes due

to ionic transport). To be able to uncouple the Ohmic resistance from the total

stack resistance, measurements in AC mode are required. In AC measurements

there is no net ionic current due to the alternating direction, which eliminates

the non-Ohmic effects in the system[34]. For determination of the Ohmic stack

resistance, alternating currents with a frequency between 1 and 10 kHz are applied,

while measuring the impedance. Total stack resistance is measured in DC mode

(direct current, 17 steps of 40 s each, from 0 to 40 A/m2 and back), and the

non-Ohmic resistance is calculated as the difference between the total and Ohmic

resistance of the stack. A blank measurement is done to determine the resistance

of the electrolyte and the outer CMX membrane, in which no salt solutions are

fed.

3.3 Results and discussion

3.3.1 Temperature profile development in the system

In our measurements, we controlled the inlet temperature of both feed streams

and measured the outlet temperatures. For the non-isothermal cases, we found

that the cold feed stream (independent of its composition) had a higher outlet

temperature (∼ 32 °C) than the outlet of the hot feed stream (∼ 28 °C). This

indicates a high amount of heat exchange between the two streams, as was

expected. Note that we measure the average outlet temperatures of both streams,
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and are not able to record local temperatures inside the stack. For isothermal

systems, both hot and cold, the outlet temperatures of both streams were equal.

For the low temperature isothermal cases, the streams showed a slight increase in

temperature, from 20 °C to ∼ 22 °C, while for the isothermal high temperature

case, the outlet streams were cooled down from 40 °C to ∼ 32 °C due to the

temperature of the surroundings of ∼ 25 °C. Heat is conducted well through

our, mostly steal, membrane stack. Thermal insulation is present around the

reservoir and the feed tubes towards the stack, but not the total stack. Thermal

insulation of the total stack would prevent leakage of heat, but also inhibit our

visual observations of the bubble formation in the stack as a result of the elevated

temperatures.

In order to estimate the local temperature profile within the stack, the following

partial differential equations (eq. 3.1) were solved in MATLAB using polynomial

collocation with a Chebyshev polynomial basis [38]. This model is a simple

extension of the existing cross flow heat exchange temperature profile model to

include heat losses to the environment from both the cold and hot streams [39].

By measuring both the in- and outlet temperatures of the stack we obtain an

estimate of the heat losses to the surroundings which are taking into account

in our model. In this approach, the heat losses/gains from the environment are

approximated as being proportional to the temperature difference between each

respective stream (river/sea) and the environment (treated as a constant wall

temperature). Qualitatively similar results are obtained from the 2D analytical

solution without heat loss, particularly with respect to the average temperature

difference between the hot and cold streams at any given point in the stack [39].

∂TC

∂x
=

kA

mCpXY
(TH − TC) +

hA

mCpXY
(Twall − TC)

∂TH

∂y
=

−kA
mCpXY

(TH − TC) +
hA

mCpXY
(Twall − TH) (3.1)

In Equation 3.1 k is the overall heat transfer coefficient between hot and cold

streams, h is the heat transfer coefficient to the environment, A the heat exchange

area, m is the mass of fluid in the respective stream (in this case equal for hot

and cold and equal to the flow rate multiplied by residence time), Cp the heat

capacity and X and Y represent the length of the x and y path respectively. hA

is estimated based on the measured values for the in- and outlet temperatures,

together with our relevant system parameters, and is found to be hA = 3 J ·m/K.

kA is estimated based on the flow rate in our system and assumed to be 2.35

J ·m/K. Using these values, a local temperature profile within the stack can be
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Figure 3.1 — Dimensionless temperature profiles inside the stack, resulting from nu-
merical calculations of local temperatures. Temperature in the hot stream, θH (a) (flow
from bottom to top, as indicated by arrow) and temperature in the cold stream , θC

(b) (flow from left to right, indicated by arrow) as a function of location in the stack.
(c) Local dimensionless temperature difference (θH − θC) between hot and cold streams,
indicating a positive temperature gradient in all locations of the stack.

estimated. The average outlet temperatures are compared with the experimentally

measured outlet temperatures and are in good agreement.

Results from this model are shown in Figure 3.1, which shows the dimensionless

temperatures, θ = (T − TC,in)/(TH,in − TC,in), with T as the local temperature,

TH,in and TC,in as the respective hot and cold inlet temperatures, in the hot

and cold streams along with the difference. From our model, we can predict a

temperature gradient in the same direction at all locations in the stack (see Figure

3.1(c)). At the outlets, the temperature difference is dramatically reduced when
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Figure 3.2 — Potential required to obtain a constant current of 15 A/m2 in ED mode
in the different temperature configurations. Lines are for indication purposes only. Error
bars are standard deviation between the measurements

compared to the difference in inlet temperatures. From the temperature profiles

one can see that the cold stream is heated mostly at the side at the inlet of the

hot stream, left in Figure 3.1(b). The hot stream is, as is expected, cooled down

the most at the inlet side of the cold stream, seen in the bottom of Figure 3.1(a).

3.3.2 Electrodialysis

Six measurements were done at every temperature configuration shown in Table

3.1. During the first three measurements no samples were taken to not disturb

the flow patterns in the system, while samples were taken during the additional

measurements. Results of the constant current measurements (I = 0.15 A which

corresponds to a current density of 15 A/m2), for which the potential was recorded,

are shown in Figure 3.2. As can be observed, there is a distinct difference between

the different temperature configurations, as is expected. The highest potential is

required for measurements with an isothermal low temperature, while the lowest

potential is required for measurements with an isothermal high temperature. The

cases in which there is a temperature gradient applied require a moderate potential

for the same current, but no significant difference between the two directions

of the temperature gradient was measured. The variance between the different

measurement runs (six per temperature configuration), were very small (a relative

error of ∼ 2% at maximum).
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The settling time for the potential to become stable is ∼20 s, after which the

potential becomes very stable. This indicates that we are in the Ohmic regime

and the current is still linearly dependent on the potential that is applied, which

was also confirmed by an IV-sweep of the total stack, where the transition from

the Ohmic regime towards the limiting regime is observed around 0.24 A (24

A/m2).

Most of the drop in required potential for the transport of current can be

explained by the altered diffusivity of ions at higher temperatures. If the tem-

perature of the feed is higher, the diffusivity (and therefore the conductivity) of

the solution is increased, and thus the resistance of the total stack is reduced.

The conductivity of the solution is increased by approximately 27% [40] at 40

°C, which is also approximately the drop in required potential. Surprisingly,

our potential measurements did not show a significant difference between the

measurements in which a temperature gradient was applied, which we mainly

attribute to the efficient heat transfer between the different flow compartments

leading to a smaller gradient vs. inlet conditions, as was discussed in the previous

section.

To establish if the imposed temperature (gradient) has an influence on the

selectivity of the membranes or the ratio between cation and anion fluxes, samples

were taken of both streams during the measurements after the potential stabilized

(around t = 300 s). Both cation and anion concentrations in these streams were

measured, results are shown in Figure 3.3. For cations, there were significant

concentrations of Na+ and K+ in the outlet streams. The presence of K+ is a result

of cation exchange with the electrolyte, in which K+ is the main cation. The inlet

concentration that was measured is slightly higher than the feed concentration

of salt at the start of the experiments (0.020 M versus 0.017 M), which is also

contributed to the flux of ions from the electrolyte towards the salt solution.

The total inlet cation concentration (measured at the end of all experiments) is

compared to the total outlet cation concentration, consisting of both measured

cations. In the anion analysis only Cl– ions were found to be present in the

solution. The total average concentration of the outlet streams was increased,

also as a result of a concentration gradient between the electrolyte solution and

the feed solutions, which results in leakage of the ions towards the salt solutions.

No significant difference in the outlet ion concentrations for the different tem-

perature configurations was found. This indicates that there is no significant

loss of selectivity of the membranes in the case of elevated temperatures and

temperature gradients, but also no enhancement. We attribute this to the fact

that we operate in the commercially relevant Ohmic regime, where we only expect

minimal changes for the different configurations depending on how close to the

limiting plateau the system is operated. The absence of concentration polariza-

tion inhibits any differences in ion transport between the different temperature
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Figure 3.3 — Outlet concentrations of both ions for the different cases and streams.
Error bars are the standard deviation between three measurement samples. The dashed
line is the inlet concentration of 0.020 M, which is measured after all measurements are
finished.

configurations to play a significant role in the process under these conditions.

Surprisingly, the temperature (gradients) do not significantly influence the water

transport through the membranes either, which is unlike expectations based

on previous results [16]. This is beneficial for the efficiency of the process and

enables the application of temperature gradients in commercial systems. Cation

concentrations are consistently higher than anion concentrations (in both depleted

and enriched streams) which is attributed to the preferential leaking of cations

from the electrolyte to the feed solution through the outer CMX membranes

and the existence of additional anions in the system which are not measured

in IC measurements, such as HCO –
3 . With the in- and outlet concentrations

(cin and cout), the so called desalination degree (1− cout/cin)× 100% [41] can be

calculated, yielding a desalination degree of ∼35% for cations for all cases. The

desalination degree is similar for all configurations (as was expected due the equal

current that was applied for all configurations), as the outlet concentrations are

not significantly different for the different configurations.

Another indicator is the current efficiency of desalination;

CE =
zFQf (cin − cout)

NI
× 100% (3.2)

where Qf is the diluate flow rate (m3/s), F is Faraday’s constant, z the ion
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valency, N is the number of cell pairs and I is the current (A). This current

efficiency is an indicator of the amount of current that is being used for effective

ion transport. A current efficiency lower than 100% indicates the undesired

transport of additional charge carriers (such as H+ or OH– ) or the existence of

shortcut currents in the system. For our measurements, the current efficiency

is ∼ 100%, for both cations and anions, indicating that all current is used for

selective transport of Na+ and Cl– ions. This high value is a result of measuring

in the Ohmic regime, in which there are no significant limitations in ion transport

and water splitting is not significant. Enhancing the diffusivity in the diluted

channel is not of larger influence than enhancing the diffusivity in the enriched

channel, which is contrary to our expectations [16, 31]. At higher currents, in the

so-called limiting and overlimiting current regime [1, 42], we expect the current

efficiency to change for the different temperature configurations as a result of the

increased diffusivity of the ions at higher temperatures. In the limiting current

regime, concentration polarization over the membrane results in an enhanced

resistance for ion transport, limited by the (diffusive) transport of ions towards

the membrane. If temperature is increased in this case, the transport of ions

towards the interface is enhanced, resulting in a higher current efficiency.

The total power (P = UI) required for desalination can be calculated for the

different temperature configurations. As the current was kept constant, the only

variable in this equation is the required potential U (Figure 3.2). This potential

was highest for the low temperature isothermal case and lowest for the high

temperature isothermal case. Based on the average potential required in the

steady state of our 50 mL/min measurements, the power required for the low

temperature isothermal case is highest (P = 58.7 mW) and is reduced by ∼ 15%

for the high temperature isothermal case (P = 50.1 mW). The cases in which

there is a temperature gradient require intermediate power (∼ P = 53.5 mW for

both cases). Thus, heating up one of the feed streams reduces the required power

by ∼ 9%, independent on the composition of the hot stream. As the depletion

and enrichment of the different ions did not differ between the different cases, it

can be concluded that pre-heating of (one of the) feed streams for ED processes

can reduce the power input in these processes. The heat that it would require

to increase the feed temperature of both streams accounts to 140 W, and is

significantly higher than the reduction in electric power that is obtained. However,

process plants usually need to cool down process streams before they can be

discharged into rivers, and the ED process efficiency can potentially be enhanced

by utilizing this waste heat for increasing the temperature of the feed streams

[36, 37]. Of course, the effects of elevated temperatures on membrane fouling and

lifetime should be investigated in more detail as well before any conclusions on

improving efficiency through implementation can be drawn.

For fundamental understanding of the effect of temperature on the formation
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of ion concentration polarization and transport through the depletion zone, ED

experiments in the limiting or overlimiting current regime would be of interest.

However, experimental implementation of this in this RED stack set-up is prob-

lematic due to bubble formation at higher temperatures and intensive currents,

resulting in a non-stable system for measurements. In the next chapter of this

thesis, a different ED stack is used for the investigation of temperature gradients

in ED in the limiting current regime at lower temperatures which might alleviate

these problems.

3.3.3 Reverse electrodialysis

From the measurements in RED mode, the gross power density (GPD in W/m2)

can be calculated using the measured current (I) and potential (U), which is

corrected for the resistance of the electrolyte by subtraction of Ublank and the

total membrane area inside the four cell pairs (A).

GPD =
I(U − Ublank)

A
(3.3)

The calculated GPD as function of current density is plotted in Figure 3.4 for

the different temperature configurations. As expected, the maximum GPD is

increased for the cases in which at least one of the feed streams has an elevated

inlet temperature. In the most extreme case, the total maximum GPD is increased

with almost 38% (from 0.68 W/m2 at T = 20 °C to 0.94 W/m2 at T = 40 °C),

while if only one stream is heated the total maximum GPD is increased by over

25% to 0.85 W/m2. The current density at which this maximum GPD is found is

also shifting when temperatures are increased in the system, which is beneficial

for the total energy that can be harvested from the RED stack.

Measured and fitted (from IV data) values for the open circuit voltage (OCV

in V) are reported in Table 3.2. The OCV is the potential difference over the

membrane stack as a result of the imposed ion concentration gradients, when

there is no applied current and no losses due to concentration gradients in the

system. For the low temperature isothermal case, the measured OCV is 0.60

V and it increases when a temperature gradient is applied, just as is expected.

Consistently, the measured OCV is slightly higher than the fitted OCV, as this

results from fitting with data points at the other applied currents. The measured

OCV values can be compared to theoretical values that are expected for a stack

of four cell pairs, based on the Nernst equation;

E =
RT

zF
αCEM ln(

γccc
γdcd

) +
RT

zF
αAEM ln(

γccc
γdcd

) (3.4)

using the activity coefficients of the ions in both concentrate and diluate streams

(γc and γd, see Appendix A), the ion concentrations (cc and cd), the operating
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temperature (T ) and the universal gas constant (R). The effect of temperature on

the activity coefficients for 1:1 salts was treated as negligible in this temperature

range, as per previous results [43]. For an actual cell, this potential has to be

corrected for the non-perfect permselectivity of the membranes, in our case using

the correction factors αCEM = 0.907 and αAEM = 0.970, obtained from the

membrane manufacturer.

For simplicity, we have calculated the expected Nernst potential at both 20

and 40 °C, and have not incorporated the temperature gradient in the Nernst

equation, as the thermoelectric potential generated by the temperature gradient

is expected to be on the order of a few mV at most [24, 25]. At T = 20 °C

the expected cell potential is 0.146 V (compared to a measured cell potential of

0.150 V), while at T = 40 °C this potential is increased to 0.161 V (measured cell

potential of 0.155 V). The differences in measured and predicted values can be

explained by slight variations in the temperature during experiments, yielding an

overestimation of the cell potential at high temperatures and an underestimation

of the cell potential at low temperatures.

Another important parameter for RED is the electrical resistance of the stack, as

this determines the efficiency of the system and the potential power generation with

it. The total impedance of the stack can be split into an Ohmic and a non-Ohmic
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part. The Ohmic resistance of the stack consists of both AEM and CEM resistance,

as well as the resistances in the feed streams, ROhmic = RCEM+RAEM+RRW+RSW

and can be measured using the AC mode of the potentiostat, while the total

resistance is measured in DC mode. The non-Ohmic resistance can be calculated

as the difference between the measured total and Ohmic resistance. All resistances

are shown in Table 3.2, and it is clear that the total resistance of the stack goes

down with increasing temperature. This mostly is a result from a lower Ohmic

resistance, which results from the increased diffusivity of ions in both feed streams

(reduction of RRW and RSW) and thus the enhanced ion transport in the solutions.

For example, at the average temperature in the stack for inlet temperatures of

TD = TC = 40 °C, the river water resistance is decreased by approximately 27%

[40] and a similar value is expected for the sea water [44]. The resistance of CMX

and AMX membranes is also expected to decrease by approximately this amount

based on previous literature [45] and this is also the observed percent reduction

in the total Ohmic resistance for the isothermal hot system vs. an inlet of 20

°C for both channels. The non-Ohmic resistance of the stack increases with an

increase of temperature in the stack due to higher capacitive effects of the solution

at higher temperatures. As a result of this, a larger concentration gradient is

developed in the direction of the flow because of the larger charge transport in

these cases, which results in a higher non-Ohmic resistance in the system [46].

The net power density (NPD, shown in Figure 3.5) that can be obtained with

the RED stack can be calculated using the GPD and the losses that are present

as a result of pressure drops over the effluent channels. The pressure drop was

measured to be 25 mbar on average, and the applied flow rate was 50 mL/min

Table 3.2 — Open circuit voltages and stack resistances for different temperature
configurations. Our stack consisted of four cell pairs. Errors in directly measured values
are standard deviations, errors of calculated values are standard errors (given between
brackets).

TD = TC = 20 °C TD = 20 °C, TC = 40 °C
OCVmeas [V] 0.60 (5.8× 10−4) 0.61 (1.5× 10−3)
OCVfit [V] 0.57 (2.5× 10−3) 0.59 (2.1× 10−3)
Rtotal [Ω] 1.59 (1.1× 10−2) 1.38 (8.7× 10−3)
ROhmic [Ω] 1.56 (3.5× 10−2) 1.30 (1.7× 10−2)
RNon−Ohmic [Ω] 0.03 (7.0× 10−4) 0.08 (1.2× 10−3)

TD = 40 °C, TC = 20 °C TD = TC = 40 °C
OCVmeas [V] 0.62 (5.8× 10−4) 0.62 (1.5× 10−3)
OCVfit [V] 0.59 (2.0× 10−3) 0.60 (2.0× 10−3)
Rtotal [Ω] 1.39 (8.7× 10−3) 1.33 (8.4× 10−2)
ROhmic [Ω] 1.29 (1.6× 10−3) 1.19 (6.1× 10−3)
RNon−Ohmic [Ω] 0.10 (6.4× 10−4) 0.14 (8.9× 10−3)
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Figure 3.5 — Maximum gross and net power density for the different temperature
configurations.

(a linear flow velocity of 0.81 cm/s) for both compartments. We did not find a

significant change in pressure drop for the different temperature configurations.

The net power density is highest for the case where there is a high temperature,

indicating that by heating the inlet streams, the efficiency of the RED stack can

be enhanced.

3.4 Conclusion

In this chapter, we have investigated the effect of imposed temperature gradients

on ED and RED performance. We have experimentally demonstrated that the

power input for electrodialysis processes for desalinating sea water can be reduced

by ∼ 15% if the temperature of the inlet streams are increased from 20 °C to

40 °C. The selectivity of the used commercial membranes and the degree of

desalination are not significantly affected if the temperature is increased. An

imposed temperature gradient over the membranes in the stack did also increase

the desalination efficiency, since the power input was reduced by ∼ 9%, although

we measured no significant influence of the direction of the imposed temperature

gradient in combination with the direction of the electric field in the Ohmic regime.

The reduced power input can be attributed mainly to reduced stack resistance as

a result of elevated diffusivity of the ions caused by an elevated temperature. This

indicates that by using low-grade waste heat to heat even a single inlet stream
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in an ED process, the total required power to produce desalinated water can

be decreased. Heating only one of the streams can also potentially reduce the

negative effects of working at elevated temperatures, such as scaling and fouling

[21].

In reverse electrodialysis, the gross power density was increased with ∼ 38% as

a result of an increased temperature from 20 °C to 40 °C. If a temperature gradient

is imposed, the GPD increased by ∼ 25%. The Ohmic resistance of the stack

decreases for higher temperatures, which results in a higher obtainable current

and thus a higher gross power density. The current density at which the maximum

power density is obtained is shifted upwards with increasing temperature. No

significant difference in power generation was determined based on the direction

of the temperature gradient at the conditions studied, although this may not be

the case when considering mixtures including multivalent ions or if membrane

permselectivity is changing with temperature.

It is important to note that if streams are to be heated up by anything other

than waste heat, the energy cost for heating the feed streams is substantially higher

than the benefit that can be gained in ED or RED operations. Other challenges for

the practical implementation of elevated temperatures and temperature gradients

arise from the physical properties of the system. At higher temperatures, the

nucleation of gas bubbles within the stack is enhanced because of the lower

solubility of gases at high temperatures, resulting in a higher overall resistance

and a decreased performance of the stack. Also, as a result of the elevated

temperature, the characteristic IV-curve of the stack will shift, as the transition

to the limiting regime takes place at a higher voltage. Apart from that, the effect

of temperature on other effects such as fouling [47, 48] and membrane lifetime

[49] should be investigated in more detail.

In our experiments, heat transfer in between both feed streams was relatively

high (as a result of flow configuration and the small compartments), resulting in

small effects of the imposed temperature gradient on ion transport phenomena.

We therefore can mainly conclude on the effect of operating ED and RED at

higher temperatures. In the next chapter, a different flow configuration will be

applied to investigate the effect of temperature gradients in more detail.

As we were measuring in the Ohmic regime, the effect of temperature on ion

concentration polarization was minor. However, in the limiting and overlimiting

current regimes, the effect of temperature may be more significant, as it increases

the diffusivity of the ions in solution and thus can potentially enhance transport in

the boundary layer at the membrane [31]. Apart from that, the reduced viscosity

at higher temperatures might result in a thinner boundary layer, also reducing

the resistance of ion transport near the membrane. Thermoelectroconvection, an

instability created by local Joule heating near a charge selective interface [50],

can also be of influence in these systems. In ED operation, this might result in
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significant differences in current efficiency and desalination degree as function of

the applied temperature (gradient). Therefore, operation at higher currents is

interesting for investigation of temperature effects on ion transport in the vicinity

of membranes.
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Appendix

Table 3.3 — Activity coefficients (at 25 °C) used for calculation of Nernst potential in

RED [51]

Ion Concentration [M] γi
Na+ 0.5 0.6137

Cl– 0.5 0.6509

Na+ 0.017 0.8734

Cl– 0.017 0.8777







CHAPTER 4

Effect of temperature gradients on electrodialysis in

the limiting current regime

Abstract — Temperature gradients in electrodialysis (ED) stacks can

potentially enhance the efficiency of charge separation and the selective

transport of ions. We investigated temperature gradients in the Ohmic

regime in the previous chapter. In this chapter, the effect of temperature

gradients in the limiting current regime is investigated, where diffusion of

ions towards the membrane determines the rate of transport and temper-

ature gradients will have potentially the largest influence. Commercial

ion exchange membranes (FAS and FKS, FUMATECH, Germany) are

used for the investigation of temperature gradients in the limiting current

regime. In contrast to the Ohmic regime, we find that heating the diluted

stream increases the current obtained (at a constant applied potential)

when compared to heating the concentrate stream in systems containing

monovalent K+ and Na+ ionic solutions. For mixtures of mono- and

divalent ions, the temperature gradient has a larger influence on the

selectivity of the separation. If the desalted stream is heated, divalent

Mg2+ ions show a higher transport than the monovalent K+ and Na+

ions, while the total current is only slightly lowered at the same driving

potential. This is due to the enhanced competitive transport of the mono-

and divalent ions under the application of a temperature gradient and

the influence of temperature on the interaction between the different

ions and the membrane. These results show the potential application of

temperature gradients to enhance the selective separation of mono- and

divalent ions.

This chapter is submitted for publication as
A.M. Benneker, J. Klomp, R.G.H. Lammertink and J.A. Wood Influence of temperature gradients
on mono- and divalent ion transport in limiting current electrodialysis (2018)
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4.1 Introduction

The number of ions transported in electrodialysis (indicated by the measured

current) increases linearly (following Ohm’s law) with increasing driving potential

difference, until there is a mismatch between the supply and removal rates of ions

at the membrane interface [1, 2]. A depleted boundary layer at the membrane

interface develops at elevated field strengths. Ion transport through this boundary

layer, which is dictated by diffusion and electromigration, limits the total transport

of ions in the system. As a result, a system specific so-called “limiting current

density” is observed for all electrodialysis systems, in which the efficiency of the

process is reduced since the required power (P = UI, where I is the current

through and U is the potential over the stack) is increasing while the ionic current

is stable. To increase the process efficiency and to be able to operate at higher

current densities, the enhancement of selective ion transport in electrodialysis

has been of interest for many years [3]. Enhancing the membrane selectivity can

be of interest, but nowadays commercial membranes have a permselectivity of

over 90% [4] and enhancing this would only yield minor improvements on the

overall process. Most research focuses on mixing the fluid in the stack by means

of profiled membranes [5, 6], ion conducting spacers that reduce the electrical

resistance of the dilute channel [7, 8] or turbulence promoting spacers [9–11] to

increase the supply of ions towards the membrane interface.

The total flux of ions (Ji) through the boundary layer towards the membrane

for dilute systems can be described by the Nernst-Planck equation (Equation 4.1).

The ion transport consists of advection via the flow velocity u, diffusion as a result

of a concentration gradient ∇ci and a molecular ion diffusivity Di or similarly,

through a temperature gradient ∇T with diffusivity DT,i, an electromigration

flux resulting from the local electric potential gradient ∇V , the ionic mobility νi,

charge zi and Faraday’s constant F .

Ji = Ji,conv + Ji,migr + Ji,diff = ciu− νiziFci∇V −Di∇ci −DT,i∇T (4.1)

Temperature has a large influence on the physical properties of an ionic solution,

and thus influences the total flux as described by Equation 4.1. For instance, the

diffusivity Di and mobility νi of ions in solution increase with increasing temper-

ature, while the viscosity of the solution decreases with increasing temperature

[12]. Since Di ∼ T/η and νi ∼ Di/RT , temperature has a larger influence on

the diffusivity than on the electric mobility. If the temperature in electrodialysis

systems is altered, the charge transport characteristics in the system will therefore

be changes [13]. In general, at higher temperatures, an increased flux of ions

is expected as a result of the enhanced ionic mobility and diffusivity of ions

in the solution and the subsequent effect of this on the different terms of the

Nernst-Planck equation [14, 15]. Membrane resistance reduces as a function of
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increasing temperature, most pronounced at temperatures above 30 °C [16]. A

thermodiffusive flux (known as the Soret effect) due to a temperature gradient ∇T
and the thermodiffusion coefficient DT,i should be considered in non-isothermal

systems [17]. While many studies have focused on the role of temperature in

isothermal experiments, fewer have investigated the effect of temperature gradients

on the charge transport in electrodialysis systems [18].

The combined effect of temperature gradients, (induced) potential gradients

and developing concentration gradients in electrodialysis yields a complicated

interplay of effects, opening up a rich field of investigation. Temperature gradients

in the membrane directly influence the ion flux through the contribution of

thermodiffusive transport yielding a thermoelectric potential difference [19–21]

and can induce thermo-osmotic water transport across ion exchange membranes

[17, 22–24]. The direction and magnitude of the thermo-osmotic water transport

are dependent on both membrane and system properties, and the thermo-osmotic

water transport number is different for all experimental systems [22]. Additionally,

a temperature gradient can theoretically enhance the selectivity of the separation

process as a result of reducing the non-desired co-ion transport through the

membrane [25]. By heating the ion depleted stream, diffusive ion transport inside

this stream can be enhanced compared to the transport in the enriched stream.

This enhances the diffusive transport of counter-ions towards the membrane in the

dilute stream, while the relative diffusive transport of co-ions in the concentrate

stream is reduced. Since the diffusion boundary layer is most important in the

limiting current regime, the effect of temperature and temperature gradients is

expected to be most pronounced in this regime.

The separation of divalent from monovalent ions is of interest for industrial

desalination [26–28], for instance in systems where heavy metals have to be

selectively removed and in water softening by exchanging divalent ions with

monovalent ions [29, 30]. Electrodialysis is one of the techniques that is promising

for this separation [31, 32]. Competitive charge transport between mono- and

divalent ions changes the ion flux through a membrane if a mixture is present

versus a pure salt solution [33]. In a mixture, the relative flux of monovalent Na+

was drastically reduced by the addition of divalent Mg2+ or Ca2+ ions, while the

effect of adding Na+ on the Mg2+ flux was minor. The temperature dependence

of the diffusivity is slightly different for all ions and can influence the selectivity

of the ED process for di- or monovalent ions. In general, at higher temperatures,

the relative differences between the diffusivity of the different ions are enhanced

[34] resulting in altered transport characteristics. Unequal temperatures in the

concentrate and diluate stream can, through these different relative diffusivities,

theoretically yield more selective transport of these ions relative to one another.

Temperature can also have an effect on the interaction between the different ions

and the membrane. For example, the ion hydration radius affects the interaction
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with the membrane and this radius is dependent on temperature.

In the previous chapter, the effect of temperature and temperature gradients in

the industrially relevant Ohmic regime was investigated, where it was found that

increasing the temperature of (one of the) feed streams enhances the efficiency of

ED processes [18]. However, the direction of the applied temperature gradient did

not have a significant influence on the selectivity and the reduction in required

power for the ED process in the Ohmic regime. This is expected to be different

for operation in the limiting regime, as in this regime the diffusion of ions plays a

crucial role in the overall ion transport and the limiting current ilim scales directly

with Di. In this chapter, the influence of temperature and temperature gradients

on charge transport in electrodialysis systems in the limiting current regime is

investigated. The effect of temperature gradients on the individual ion transport

and overall currents is investigated in systems containing either or both mono-

and divalent ions. It should be noted that the efficiency of the ED process in the

limiting regime will be lower than the efficiency in the Ohmic regime, since the

boundary layers present in the limiting regime increase the total resistance of

the stack. An elevated temperature (or temperature gradient) can only shift the

onset of the limiting current regime, allowing operation at higher potentials and

current densities, but not increasing the efficiency of the separation. However,

the fundamental investigation of ion transport in the limiting current regime is of

interest as knowledge on this regime can be applied in the enhancement of ion

separation and yields more insights in the physical background of electrodialysis

processes.

4.2 Experimental details

A lab scale, commercially available electrodialysis stack with an active area of 10

× 10 cm2 (FUMATECH BWT GmbH, Germany) was used for all measurements.

This stack is different from the stack used in the previous chapter. The stack

consists of three cell pairs, composed of three FAS-PET-100 (AEM) and four FKS-

PET-100 (CEM) membranes spaced with ED-100-4CS PVC (600 µm) spacers, all

obtained from FUMATECH BWT GmbH, Germany. Before composing the stack,

membranes are pre-treated by placing them in 0.5 M KOH overnight and flushing

them with 0.017 M KOH to ensure exchange of all native ions in the membrane

for K+ and OH– , which are ions that are present in the experimental system. The

membrane stack is assembled and secured by screwing the end-plates containing

the electrodes in a metal framework. The stack is flushed overnight with the

desired feed solution to equilibrate the ion composition in the membranes. The

stack is operated in a vertical co-flow configuration, feeding the compartments

from bottom to top to ensure a constant compartment fluid volume. In the co-flow
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configuration, there is less overall heat transfer than for experiments in cross-flow

configuration, so we are able to maintain the temperature gradient over a larger

part of the system.

To check if membrane permselectivity is affected by the increased temperature,

we measured the membrane potential after the electrodialysis experiments, using a

standard two compartment measurement [35] set-up at 0.1 M and 0.5 M KCl. By

comparing the measured potential to the theoretical potential, Vt = RT
zF ln γccc

γdcd
,

the permselectivity of the membrane can be estimated. In this equation, γc and

γd are the activity coefficients of the electrolyte in the different compartments.

Both IV-sweeps and chronoamperometric measurements are conducted in this

work. IV-sweeps are performed to investigate the effect of temperature and

temperature gradients on the characteristic shape of the IV-curve. The onset and

magnitude of the limiting current regime can be determined by these measurements.

For the investigation of the effect of temperature gradients on the charge transport

through the boundary layer, and the effect of this on the desalination and selective

transport of mono- and divalent ions, chronoamperometric measurements are

conducted in the limiting current regime. In these measurements a constant

potential is applied and the resulting current is measured. Ion concentrations

of the dilute and concentrate stream are measured for the chronoamperometric

measurements.

All measurements are done at a flow rate of 50 mL/min in both the dilute and

concentrate stream, which corresponds to a linear flow speed of 0.46 cm/s and a

residence time of ∼ 22 s. Flow was pumped using peristaltic pumps (Cole-Palmer)

and pulsations are suppressed by in-house build pulsation dampeners. The flow

rate was controlled using an in-house built flow meter (TCO, University of Twente,

The Netherlands), containing a McMillan Co. 101 flo-sen flow sensor. To ensure

membrane packing, an 0.1 bar overpressure was applied to the electrolyte stream

by adjusting the flow rate accordingly.

Different feed solutions are used for the different sets of measurements. Ionic

strength is kept constant for all measurements, to be able to directly compare

our measurement results. For measurements with NaCl, we use a model solution

of 6.7 mM, which is corresponding to typical concentrations of river water in the

Netherlands [36]. The electrode compartments are flushed with 6.7 mM K2SO4

as a redox solution for avoiding Cl2 gas formation. We choose this relatively

low electrolyte concentration to prevent osmotic water transport from the feed

to the electrode rinse. For the measurements with MgCl2, the concentration

was 3.35 mM so that the ionic strength of the mono- and divalent solutions are

equal. For the measurements with a mixture of mono- and divalent ions we

use 3.35 mM NaCl and 1.68 mM MgCl2, once again keeping the ionic strength

constant and minimizing the osmotic pressure difference with the electrolyte

solution. Outlet flows are recycled into a 20 L feed tank, which is continuously
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stirred using aquarium mixers (Wavereef® Auto Top Off System, Single Level

Sensor WIC-01S, obtained from Aquaria Veldhuis B.V., The Netherlands).

Experiments are carried out at four different temperature configurations; (1)

isothermal at 5 °C, (2) dilute at 5 °C, concentrate at 25 °C, (3) dilute at 25 °C,

concentrate at 5 °C and (4) isothermal at 25 °C. When we indicate the dilute

or concentrate stream, this of course is an indicator of the stream leaving the

stack, as the inlet concentrations of both streams are equal. Feed solutions are

kept at the desired temperature by two Julabo F12-ED Refrigerated - Heating

Circulators. Prior to all measurements, the system was allowed to reach thermal

equilibrium. Both in- and outlet temperatures of both feed streams are constantly

monitored using AMA-digit ad 15th thermometers (Amarell, Germany).

All electrical characterization of the system is done using a Metrohm Autolab

PGSTAT302N (Metrohm, The Netherlands) which is controlled by NOVA 2.0

software. In the IV-sweeps, we first measure the open circuit potential of the

system and afterwards apply currents between 0 and 0.2 A with steps of 0.01 A

to the system. The system is allowed to settle for 30 seconds, which corresponds

to ∼ 1.5 residence times. After 30 seconds, the potential required to obtain

the current is measured and the applied current is increased. At experimental

times above 600 s the system becomes unstable due to gas formation. For the

chronoamperometric measurements, a constant potential of 5 V is applied and

the resulting current is measured for 500 seconds. This potential is confirmed to

be in the limiting current regime based on the IV-sweeps.

During the chronoamperometric measurements, samples are collected for eval-

uating ion concentration by means of ion chromatography (IC). Anion concen-

trations were quantified with IC (Metrosep A Supp 16 - 150/4.0 column on a

Metrohm 850 Professional IC). Cation concentrations were measured with IC as

well (Metrosep C6 - 150/4.0 column on a Metrohm 850 Professional IC).

4.3 Results and Discussion

The membrane permselectivity was found to be independent of temperature in

the range between 5 °C and 40 °C, with a value of 0.98 for all configurations for

the cation exchange membrane. The selectivity of the anion exchange membrane

dropped from 0.98 at a temperature of 25 °C to 0.93 at a temperature of 40 °C,

but was constant in the range between 5 °C and 25 °C, in which we performed our

ED experiments. We note that outside of the temperature range that was tested

here, the permselectivity of the membrane may show larger changes [37]. No

significant water transport was observed during the permselectivity measurements,

indicating that the temperature has no influence on water transport through our

commercial membranes.
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After our measurements, we found K+ to be present in our in- and outlet

streams. This is a result of leakage of K+ ions from the electrolyte solution in the

electrode compartments towards the feed solution through the outer two cation

exchange membranes. Na+ and Mg2+ are exchanged with K+. This also holds for

the measurements with MgCl2 as a feed, in which Na+ ions are present as a result

of exchange with the membrane and the electrolyte. The cation composition of the

feed (cF) was measured for all configurations using additional IC measurements

(Table 4.1). In the remainder of this work, we will focus on the measurements with

only monovalent ions (NaCl feed in Table 4.1) and the intended mixture of mono-

and divalent ions (Mix in Table 4.1). For the interpretation of the measurements

we take the effect of both K+ and Na+ into account when discussing monovalent

ions.

Table 4.1 — Actual feed cation concentrations, percentages of monovalent
and divalent cations and amount of positive charge with their standard
deviation for the different salt compositions.

NaCl MgCl2
� Mix

cF,Na+ [mmol/L] 5.53 ± 0.04 0.60 ± 0.01 2.93 ± 0.01

cF,K+ [mmol/L] 1.24 ± 0.02 0.18 ± 0.001 1.11 ± 0.01

cF,Mg2+ [mmol/L] 0 2.82 ± 0.04 1.41 ± 0.02

Monovalent cations [%] 100 ± 0.1 21.6 ± 0.04 74.2 ± 0.3

Divalent cations [%] 0 ± 0 78.4 ± 0.04 25.8 ± 0.3

ΣzjFcj [C/L] 6.53 ± 0.06 6.19 ± 0.01 6.45 ± 0.04

� Standard deviation is based on two measurements

4.3.1 IV-characterization

For all systems and temperature configurations IV-sweeps were conducted, in

order to determine the onset of the limiting current regime and investigate the

influence of temperature/temperature gradients on the characteristics of the ED

system. The highest current densities were measured for systems with the highest

temperature and lowest current densities were measured for systems with the

lowest temperatures, as was expected. The measurements for the NaCl and the

mixed solution containing both Mg2+ and Na+ are shown in Figure 4.1. The

total current density was approximately 30% higher for the hot isothermal case

(red line) when compared to the cold isothermal case (blue line) for the NaCl

measurements. For the measurements of the mixture, the hot isothermal case also

has an enhanced current density of 30% when compared to the cold isothermal

case. This increase in current density between the two isothermal matches with the

expected increase in ion diffusivity for a temperature increase of 20 °C [34]. The
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transition into the limiting current regime is shifted to a lower applied potential

at higher temperatures and the limiting current density is higher, as is expected

because of the enhanced transport of ions at a higher temperature [38].

As can be observed, at high field strengths for both cases slightly higher

current densities are measured in the situation in which the concentrate stream

is heated, which is in contrast to our expectations. We expected that heating

the dilute stream would increase the overall current density since the transport

main limitations for diffusive ion transport occur in this stream. However, the

measured difference between the two different temperature gradient configurations

is too small to be significant in these IV-sweeps, especially at low to moderate

field strengths and for the measurement of the mixture. A possible explanation

for this is the short times for which the current is measured (30 s), which, after

the chronoamperometric measurements that will be presented in the next section,

turned out to be a time at which the measured current was not yet stable. IV-

sweeps with a longer waiting time per potential were done, but were found to be

unstable at high measurement times.

The temperature increase from Joule heating as a result of the current through

the system can be estimated using ∆T = P/(φmcp), in which P = UI is the

input power, φm = 50 g/s is the mass flow rate through the system and cp = 4.2

J/(gK) is the specific heat of the fluid. Joule heating is estimated to be negligible,

as at the highest measured potentials (U = 10 V) and currents (I = 0.2 A),

the temperature increase estimated in this way is 0.01 K. The different relative

diffusivities of ions in the solution is also expected to have an influence on the

total current density that is measured [33].

The transition towards the limiting current regime is sharpest in the pure

NaCl measurements, occurring around a potential of 2 V with a corresponding

current of 4 A/m2, for the cold isothermal case. For the mixture, the onset of

the limiting current regime is shifted to ∼ 3 V, and a higher value of the current

(∼ 6 A/m2). The thickness of the diffusion boundary layer δ can be estimated

through the Peers equation (Equation 4.2) [39], in which zi is the charge number,

F is the Faraday constant, Di the diffusivity of the ions, τ̄i an τi are the relative

ion transport numbers inside the membrane and the solution and cb is the bulk

ion concentration. We have τ̄i = 0.98 for our commercial membranes at the low

concentrations present in our system and we assume the relative transport of both

cation and anion in the solution to be equal so that τi = 0.5, although in reality

the transport numbers of the different ions in solution are slightly different [40].

However, for our order of magnitude estimation of the boundary layer thickness,

the effect of changing τi is minor.

ilim =
ziFDi

τ̄i − τi
cb
δ

(4.2)
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Figure 4.1 — IV-characterization of the ED stack. (a) for 6.7 mM NaCl as a feed
solution and (b) for the mixed feed of 3.35 mM NaCl and 1.68 mM MgCl2. The shaded
area indicates the standard error between the measurements, lines are for visualization
purposes only.
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By using our measured limiting current densities and taking τ̄i − τi = 0.48,

we find a thickness in the order of hundreds of micrometers, which is in good

comparison to boundary layer thicknesses found in similar systems [41, 42].

For the measurements of the mixture, Figure 4.1(b), an inflection point can be

observed in the Ohmic region (around 2 V), after which the slope is increased

and thus the resistance of the system decreases at these voltages. This inflection

is attributed to the preferential transport of divalent ions at low current densities

[32, 43] resulting from an enhanced electrostatic interaction between divalent

ions and the membrane. The transport of monovalent ions is reduced due to

electrostatic repulsion between the Na+ and Mg2+. At higher current densities,

the contribution of this additional attraction is of lesser influence and the transport

of monovalent ions is enhanced by the larger electric driving force (higher ∆V)

overcoming the electrostatic forces.

4.3.2 Chronoamperometric measurements

From the IV-sweeps we conclude that applying a potential of 5V in the chronoam-

perometric measurements is sufficient to ensure operation in the limiting current

regime, but to not be in the overlimiting regime. Samples are taken for all these

measurements to be able to measure the ion concentrations in the dilute and

concentrate streams and to investigate the influence of temperature gradients

on the transport of the different ions in the system. In Figure 4.2, the current

is plotted as a function of time for (a) the NaCl and (b) the mixed MgCl2 and

NaCl. The system requires ∼ 150s (over five times the liquid residence time) to

stabilize, after which a constant current is measured. This implies that when

doing the IV-sweeps, the measured potential is not the equilibrium potential

since for those experiments a hold time of 30 seconds per applied potential was

used in order to avoid system instability at larger hold times (over the total

IV-sweep). The measured current is highest (7.9 A/m2 for NaCl, 10.7 A/m2 for

the mixture) for the isothermal case at 25°C and lowest (5.7 A/m2 and 8.4 A/m2

respectively) for the isothermal case at 5°C for all different feed compositions,

as was expected. In contrast to our previous work, where measurements were

done in the Ohmic regime [18] and the IV-sweeps in the current, here we are

able to measure a difference between the two temperature gradient cases. In the

limiting current regime the diffusion boundary layer is more developed compared

to the Ohmic regime, resulting in a larger influence of temperature on the ion

transport. Measurements for the monovalent salts are very reproducible, having

a small standard error (∼ 2%). For the measurements of the pure NaCl and

MgCl2 solutions (not shown here, the general trend is similar to NaCl) feed, the

measured current is higher (∼ 7%) for the case when the dilute stream is heated

when compared to the concentrate stream and this is most pronounced for the

NaCl case, see Figure 4.2 (a). For the mixture, the higher current is measured
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Figure 4.2 — It-characterization of the ED stack for all feed compositions. (a) Feed
is 6.7 mM NaCl, with as inset a close-up of the first 50 s. (b) Feed is 3.35 mM NaCl
and 1.68 mM MgCl2. Error bars are the standard error between the measurement runs.
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for the case in which the concentrate stream is heated, although the difference

between these two temperature configurations is generally small (between 2 and

6%).

For the NaCl measurements, the IV-characterization and chronoamperometric

measurements are seemingly contradictory. In the IV-sweeps the case in which the

concentrate stream was heated yielded the highest currents, but in the chronoam-

perometric measurements higher currents are observed when the dilute stream

is heated. However, initially this was also the case for the chronoamperometric

measurements, see inset of Figure 4.2(a). After ∼ 30−40 s, the current for the hot

concentrate case drops below the current measured for the case with a hot dilute

stream. We attribute this to the development of the diffusion boundary layer,

which is not in equilibrium at shorter times. The boundary layer is calculated to

be in the order of hundreds of micrometers in the channel of 600 µm, and the

concentration profile in this boundary layer is not established at the start of the

measurements. When the steady state concentration profile in the boundary layer

is developed, the current through the system becomes stable. In the measurements

with a mixed feed in Figure 4.2(b), higher current is measured when heating the

concentrate stream, which is contrary to our expectations. This is possibly due

to a different response of the mono- and divalent ions to the temperature [33].

Together with the competitive transport of these ions at different temperature

configurations, this could lead to a higher current when the concentrate stream

is heated when compared to the case in which the dilute stream is heated, most

pronounced when the diffusivity of the divalent ions is less dependent on tem-

perature than the diffusivity of the monovalent ions. This was confirmed by the

measurements of ion concentrations of all outlet streams, as is described in the

next sections.

From the measured currents and Equation 4.2, we can identify the influence of

different parameters on the current. The boundary layer thickness δ is dependent

on the viscosity (and density) of the liquid, and can thus be influenced by the

temperature of the stream. The flow rate and compartment geometry, have not

changed between the measurements. The permselectivity of the membrane was

found to be independent of temperature in the range applied in our measurements

(5 - 25 °C). Apart from that, the diffusivity Di changes with changing temperature.

The difference in measured current (27 to 39%) can be compared with the difference

in diffusivity of the different ions over the applied feed temperature range, which

is roughly doubled for all ions (see appendix [34, 44]). The ED system containing

n cell pairs can be described as a series of electrical resistances, resulting in

a total resistance Rtot = 2 ∗ Relec + RCEM + [Rdil + RAEM + Rconc + RCEM]n,

which is dependent on the resistance of the electrolyte compartments (Relec),

the resistance of the membranes (RCEM and RAEM) and the resistance of the

dilute and concentrate compartments (Rdil and Rconc). There is one additional
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CEM shielding the first cell pair from the electrolyte solution, which shows up

separately in the equation. The resistance of the membranes is typically in the

order of 105 Ω/m2 and the resistance of the electrolyte and salt solutions can be

calculated using R = ρ/(lA) in which ρ = 1/σ. The conductivity of the solution,

σ = F 2
∑
z2
i νici, depends on the ion concentration ci and charge zi and the ionic

mobility νi = Di/RT which depends on the diffusivity Di and temperature. If

we take the difference in diffusivity at different temperatures into account we

can calculate the change in resistance of the solution. For instance, considering

Cl– and K+, at T = 298 K and an inlet concentration of 6.7 mM the diffusivity

of these ions is ∼ 2.0× 10−9m2/s, yielding a resistance of R = 1.65× 106 Ω/m2.

At a lower temperature of T = 278 K and the same feed concentration the

diffusivity is ∼ 1.05× 10−9m2/s yielding a resistance of R = 3.05× 106 Ω/m2.

The resistance of the solutions is higher than the resistance of the membranes

and electrolyte and thus contribute most to the total resistance in the system.

Decreasing the temperature of the solution by 20 degrees increases the resistance

of the electrolyte solution by 85 %. From this, we can identify that the change

in Di is large enough to account for the change in measured current, even if the

actual change in temperature are less than the inlet temperature differences due

to heat transfer between the dilute and concentrate stream.

Cation concentrations have been measured for all different measurement config-

urations, and are shown in Figure 4.3 for the NaCl and mixed feed. In this figure,

the outlet concentrations for all ions are given relative to their inlet concentrations

that were analyzed for all experiments as well (see Table 4.1). As was discussed

previously, K+ ions are present in the system as a result of ion exchange with the

electrolyte solution (K2SO4). In contrast to our previous results in the Ohmic

regime, we do find differences in the relative outlet concentrations for the different

temperature configurations. We can define an average relative separation based on

the concentrate cj,C and dilute stream cj,D outlet concentrations when compared

to the inlet concentrations cj,F , as 1
2 ((1 − cj,D/cj,F ) + (cj,C/cj,F − 1)). For all

measurements, the cold isothermal case yields the lowest degree of separation for

all present ions (an average relative separation of ∼ 26% in the NaCl measure-

ments, ∼ 40% for the mixture), while the hot isothermal case yields the highest

degree of separation (average relative separation of ∼ 43% in NaCl, ∼ 56% for

the mixture). This is in line with the currents that were measured, as higher

currents imply a larger transport of ions. These measurements also indicate that

there is no significant influence of temperature on water splitting in our system

under these operating conditions, as the enhanced separation is in agreement with

the increased current. For the cases with an applied temperature gradient, the

difference in outlet concentrations is smaller. For the NaCl feed, the case in which

the dilute stream is heated has an average separation of 35%, while heating the

concentrate stream yields a separation of 33%. For the mixture, the opposite is
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Figure 4.3 — Relative outlet concentrations (to feed concentrations) for all cations at
the different temperature configurations, for the measurements with only NaCl (a) and
the mixed NaCl and MgCl2 feed (b). Relative concentrations of the individual cations
as well as the total cation concentration are given. Concentrate concentrations are above
the cj/cj,F = 1 line, while dilute concentrations are below this line. The error is the
standard deviation between the measurements. Note the different values on the axis.
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the case, here the case with the heated dilute stream yields a lower (43%) average

separation than the case with a heated concentrate stream (46%). This again is

consistent with the measured difference in currents for these different settings and

can be explained by the increased competitive transport of ions in the case of the

mixture.

Water transport as a result of an osmotic gradient is expected to be minor

in our system since the commercial membranes have a high resistance to water

transport and we have only small osmotic pressures (maximum of 0.17 bar for

a concentration difference of 6.7 mM) in our system due to the low absolute

salt concentrations in our system. In our set-up we cannot directly quantify the

water transport, but based on the measured concentration differences we assume

the role of osmotic, thermo-osmotic and electro-osmotic water transport to be

minor. Taking typical total water transport numbers (tw ≈ 10) [45, 46], the water

transport can be estimated as twMw

F

∫
Idt, in which Mw is the molecular weight

of water. For our system, this is estimated to be ∼ 0.1 g per chronoamperometric

measurement of 500 seconds. The amount of NaCl ions transported as a result of

this water transport is 6.7× 10−7 mol in total (1.34× 10−9 mol/s), corresponding

to a current of 1.3× 10−4 A (calculated using Faraday’s constant), is negligible

to the ionic current as a result of the imposed electric field (Figure 4.2) indicating

that the thermodiffusive contribution (the last term of Equation 4.1) is negligible.

From our ion concentration measurements (see Figure 4.3), we find that in the

case of temperature gradients the degree of separation of Na+ and K+ differs

from the separation of Mg2+. In the mixture, the monovalent ions are separated

to a lesser extent when the desalinated stream is heated when compared to the

heating of the concentrated stream. This indicates that for the temperature

configuration where the dilute stream is heated in a mixture of mono- and divalent

ions there is competitive transport that reduces the transport of monovalent ions.

For the Mg2+ ions, there is no reduced transport observed when changing the

direction of the temperature gradient. This implies that the competitive transport

of divalent ions [32] is more significant in the case of a hot diluted stream. The

total charge transport is then reduced by the reduction in transport of monovalent

ions, resulting in a lower current measured at this configuration.

With the measured current I, concentrations ci,in and ci,out, Faraday’s constant

F and the dilute flow rate Qf , the current efficiency ηcurr of the membrane stack

containing N cell pairs can be calculated using Equation 4.3 [47]. Based on our

measurements we find the highest current efficiency for the hot isothermal cases,

which means that apart from obtaining the highest current, the power in this case

is also used most efficiently for the selective transport of ions.

ηcurr =
QfF

∑
(zi(ci,in − ci,out))

NI
(4.3)
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The current efficiency is not significantly dependent on the direction of the

temperature gradient. Current efficiency for the NaCl feed ranges from 69% (for

the cold isothermal case) to 100% (for the hot isothermal case). This high efficiency

indicates that for the high isothermal case there is no significant concentration

polarization. This is a result of the increased diffusion of ions at the elevated

temperature and is an indication that increasing the temperature is a useful

strategy in enhancing the obtainable current in ED systems. For the mixture

the efficiency is ∼ 83% for all temperature configurations, except for the hot

isothermal case, where the efficiency is 88%. The current efficiency of the mixture

is therefore not dependent on the temperature configuration, but higher degrees

of desalination can be obtained when working with a temperature gradient. This

shows that the increased selective transport of ions is of more significance than

the possibly increased water transport at elevated temperatures and temperature

gradients.

The relative efficiency for the separation of Mg2+ when compared to the

separation of Na+ and K+ is enhanced when the dilute stream is heated, albeit

with a relatively small magnitude. The direction of the temperature gradient has

an influence on the relative transport of Mg2+ when compared to the transport

of K+ and Na+. If the dilute stream is heated the transport of monovalent ions

is inhibited while the transport of the divalent ions is not impacted, resulting in a

more selective transport of divalent ions for this temperature configuration. This

is presumed to be a result of the competitive ion transport between the mono-

and divalent ions [32, 33, 48], both in the solution and the membrane, inhibiting

the transport of monovalent ions towards and through the membrane at this

configuration. The flux of Na+ ions was found to decrease significantly when

Mg2+ was also present in the feed stream [33], since Mg2+ can monopolize the

transfer sites (yielding a possible partial charge inversion) in the membrane and

can thus suppress the transport of monovalent ions. The temperature gradient

can enhance this, as the hydrated radii of the different ions are changing with

temperature, yielding a different degree of polarization at different temperatures.

Mg2+ ions are already relatively polarized when compared to the other ions in

the system [33], yielding a higher affinity of these ions with the cation exchange

membrane. The hydration of Na+ and K+ ions increases more with temperature

than the hydration of Mg2+ ions [49], meaning that at a higher temperature the

relative polarization of the Mg2+ is increased, enhancing the transport of these

ions over the monovalent ions. This effect is most pronounced for the case in

which the dilute channel temperature is increased.
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4.4 Conclusion

In this chapter, we investigated the influence of temperature gradients on charge

transport in electrodialysis in the limiting current regime. It was found that

temperature gradients can enhance the total ion transport in the system when

operated in the limiting current regime. Higher currents, and thus an increased

flux of ions, are measured when temperature in (one of) the streams is increased.

For a feed of only monovalent ions, the efficiency of the ED process is increased

when the dilute stream is heated, since the main diffusive resistance is located in

this compartment. This is in contrast to the application of temperature gradients

in electrodialysis in the Ohmic regime, where the direction of the temperature

gradient had no significant influence on the process efficiency [18]. The direction

of the temperature gradient did not significantly enhance separation of monovalent

ions.

Experiments were also done for mixtures of mono- and divalent cations. In this

case, the influence of the direction of the temperature gradient on the measured

current was lower. The selectivity favored the separation of divalent ions when the

dilute stream was heated. This is attributed to competitive transport of the mono-

and divalent ions that is influenced by their different response on temperature.

Apart from an altered ratio in diffusivities in the solution, the polarization of the

different ions has a different response to temperature. Increasing the temperature

enhances the relative polarization of Mg2+, resulting in a higher affinity of these

ions towards the membrane and an enhanced transport of these multivalent ions.

This work demonstrates that other gradients, such as temperature, can be applied

in order to tune selectivity without having to change other operating parameters,

such as the system geometry, spacers and flow rate. Our results can be of potential

use in the improvement of separation of mono- and divalent ions by electrodialysis

under temperature gradients.
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Appendix

Diffusion coefficients for ions
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Figure 4.4 — Temperature dependence of diffusivity of the different ions used in the
experiments, extracted from experimental data reported elsewhere. [34, 44]





CHAPTER 5

Desalination by electrodialysis using a stack of ion

selective hydrogels on a microfluidic device

Abstract — We report a new microfluidic device for the separation

of charged species using anion and cation exchange hydrogels. The

capillary line pinning technique we applied enables in situ fabrication

of alternating anion and cation exchange hydrogels that are placed in

confined compartments. Adjacent enriched and depleted streams were

obtained in continuous operation when a potential difference was applied

over the hydrogel stack. The desalination performance of the microchip

was demonstrated at different salt concentrations (0.01–1 mM NaCl),

potentials (10–100 V), current densities (3–7 A/m2) and liquid flow

rates (0–5 µL/min). We show that the microchip was able to remove

approximately 75% of the salt initially present in the depleted outlet

streams for an inlet concentration of 1 mM sodium chloride. Besides

desalination, the microchip allows the visualization of ion transport in

the ion selective hydrogels. It can therefore be used to study the interplay

of transport phenomena at the electrolyte-hydrogel interface during the

desalination process.

This chapter is based on the publication
B. Gümüşcü∗, A.S. Haase∗, A.M. Benneker∗, M.A. Hempenius, A. van den Berg, R.G.H.
Lammertink and J.C.T. Eijkel, Desalination by electrodialysis using a stack of patterned ion-
selective hydrogels on a microfluidic device, Adv. Func. Mater. 26 8685 (2016).
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5.1 Introduction

Membrane stacks are widely used for electrodialysis (ED) and reverse electrodial-

ysis (RED) in macro-scale systems [1–3]. Alternating cation (CEM) and anion

selective membranes (AEM) are stacked with spacers to allow a flowing electrolyte

solution between the membranes. When an electric field is applied to this system,

the anions in the electrolyte solution will migrate towards the anode, while the

cations migrate towards the cathode. However, anions and cations will be blocked

by the CEM and AEM, respectively, resulting in the formation of alternating

depleted and enriched flow streams. When the applied electric field strength is

increased, the ion transport rate and therefore the current in the system will

rise, until a critical point is reached. Beyond this point, the system enters the

well-known limiting current regime [4], where the current no longer increases with

electric field strength and the energy efficiency of the ion separation process is

reduced. In this regime, a boundary depletion layer is formed in which the major

resistance for ion transport is located. Upon further increase of the electric field

strength, the overlimiting current regime can be reached, resulting in the transport

of additional ions obtained through either water splitting or hydrodynamic effects

[5, 6]. Water splitting can also lead to a developing pH profile in the membrane

that can give rise to a change in membrane charge density. The hydrodynamic

and ion transport phenomena can result in a loss of performance for macro-scale

ED systems [7–9].

Thanks to the advances in micro-fabrication techniques, ion selective materials

have been integrated in microfluidic platforms, increasing the number of exper-

imental investigations of the aforementioned phenomena [10–16]. Microfluidic

desalination systems have been applied for two purposes. First, microfluidics has

been used for downscaling the electrodialysis process in order to obtain more

insight into the ion transport phenomena that occur at the micro-scale [17]. Kim

et al. used two microchannels separated by a Nafion membrane, which was

fabricated using micro-stamping, to observe multiple vortical flows inside the ion

concentration polarization layer [14]. Kwak et al. fabricated a polydimethylsilox-

ane (PDMS) microchip consisting of externally mounted commercial ion exchange

membranes for visualization of concentration and liquid flow profiles in the Ohmic,

limiting, and overlimiting current regimes [15]. Second, microfluidics has been

used to manufacture miniaturized electrodialysis devices for application purposes.

Recently, in situ fabrication of (hybrid) membranes by photolithography in glass

microchips has been demonstrated for DNA preconcentration [12] and for micro-

scale pH regulation by splitting water [13]. In other work, solvent evaporation

was used for in situ fabrication of ion selective membranes in a PDMS microchip

for inducing ion concentration polarization in order to preconcentrate proteins

[16].
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The aforementioned methods for incorporation of membranes in microfluidic

systems pose challenges in terms of robustness, consistency and ease of fabrication.

For example, photolithography techniques bring alignment problems, while evap-

oration bears the risk of damaging the membranes. Integration of pre-fabricated

membranes in microfluidic chips can lead to liquid leakage [18]. Incorporation

of patterned Nafion nanojunctions into microfluidic PDMS systems [12] is a well

known alternative, and leakage problems can be tackled using enhanced bond-

ing between PDMS and the Nafion [19]. In situ fabrication of membranes in

microchips is an alternative, but is difficult when using, for instance, interfacial

polymerization [20]. Charged hydrogels provide an alternative to membranes,

and hydrogels have been successfully incorporated in microfluidic devices in the

past [13, 21]. Previously, the capillary line pinning technique was introduced for

controllable patterning of hydrogels in microchips [22]. Hydrogels are therefore

promising candidates for studying the hydrodynamic and ion transport phenomena

in microfluidic devices, as they provide an ion selective and hydrophilic matrix,

which is versatile, inexpensive and tailorable [13, 21].

In this work, we present a microfluidic device consisting of a stack of alternat-

ingly patterned and oppositely charged hydrogel patches fabricated by capillary

line pinning for investigation of electrodialysis phenomena. To the best of our

knowledge, the use of such a platform has not been demonstrated or investigated

before. As a proof of principle, periodic hydrogel patches were used to obtain

alternating diluted and enriched parallel streams under different flow rates and

applied potential differences. By using a negatively charged fluorescent dye, this

platform also allowed us to study ion transport through the hydrogels as well as

salt concentration fluctuations and ion concentration polarization (ICP) in the

microchannels. The ability to visualize charge transport in the hydrogels helps to

obtain a better understanding of the hydrodynamic and ion transport phenomena

that occur in ED and RED systems.

5.2 Experimental details

5.2.1 Microchip and hydrogel fabrication

SU-8 masters of the polydimethylsiloxane (PDMS) microchips, see Figure 5.1(a),

were fabricated in the MESA+ cleanroom facility at the University of Twente.

The masters consisted of two layers of SU-8. The width of the microchannels and

the pillars was 700 µm and 1720 µm, respectively. The first layer contained the

pillar layout has a measured thickness of 67.5 µm (Bruker Dektak, Germany).

The second layer contained both pillar and capillary barrier layouts with a width

of 2.0 µm and a thickness of 7.5 µm (see Figure 5.1(b) and the appendix Figure

5.8).
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Figure 5.1 — (a) Image of the assembled microchip. (b) Schematic illustration of the
membrane stack consisting of alternating rows of positively charged anion exchange
hydrogels (AEHs, in green) and negatively charged cation exchange hydrogels (CEHs,
in red). (c) Schematic representation of the desalination process in our chip.

The microchips were fabricated by assembling a PDMS layer with a microscope

slide. PDMS precursor was prepared, degassed, poured onto the master and cured.

The cured PDMS was peeled off from the master and treated with oxygen plasma

to ensure irreversible bonding with the microscope slide. All microchannels, pillars,

capillary barriers, inlets and outlets were structured in the PDMS layer. Figure

5.1(a) shows an assembled microchip with PDMS pillars and capillary barriers.

All hydrogel compartments (each with a size of 200× 500 µm) in a specific row

are connected with each other via microchannels.

All hydrogel solutions (each with a volume of 500 µL) were degassed at 7

kPa vacuum for 15 min immediately prior to use. To avoid the presence of dust

particles, all hydrogel precursors were prepared in a nitrogen environment in a

flow hood by blending 20% v/v of acrylamide/bis (19:1) (BioRad), 15% w/v

N,N’-bis(2-hydroxyethyl)ethylenediamine (bis, Sigma-Aldrich), 10% w/v of 2,2-

dimethoxy-2-phenylacetophenone (DMPA, Invitrogen) and 5% w/v of ammonium

persulfate solutions (Invitrogen). For the anion exchange hydrogels (AEH), 1% v/v

[2-(methacryloyloxy)ethyl]trimethylammonium chloride solution (METC, Sigma-

Aldrich), and for the cation exchange hydrogels (CEH) 1% w/v 3-sulfopropyl
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acrylate potassium salt (SPAP, Sigma-Aldrich) was added to the acrylamide/bis

mixture. As the crosslinking reaction is inhibited by oxygen, the patterning and

polymerization processes were performed in a nitrogen environment.

Figure 5.2 outlines the microchip fabrication and hydrogel patterning process.

A detailed explanation of the capillary pinning technique has been reported

by Gümüşcü et al. [22]. After the degassing process, approximately 0.5 µL of

the AEH and CEH solutions was alternatingly pipetted into the parallel rows

by capillary action. The hydrogel precursor remained contained between the

PDMS pillars due to capillary pinning at the barriers. The patterned precursors

were subsequently exposed to UV light at 400 mW/cm2 for 3 min. Microchips

containing CEHs and AEHs were immersed in a 0.1 mM NaCl solution at room

temperature. Each microchip contained six microchannels, which were connected

to each other via the alternating rows of AEHs and CEHs as shown in Figure

5.1(b).

5.2.2 Characterization of hydrogels

Scanning electron microscopy. Thin films of polymerized hydrogels were casted

on a glass surface and freeze-dried for 2 days. Samples were kept in a vacuum

chamber overnight and subsequently coated with a 5 nm layer of chromium using

an E5000 sputter coater (Bio-Rad). Scanning electron microscopy (SEM) images

were taken using a FEI Sirion HR-SEM.

FTIR and XPS. Fourier transform infrared spectroscopy (FTIR) spectra were

measured with a Bruker ALPHA (Bruker Optics) using an attenuated total

reflectance attachment. Polymerized hydrogels were freeze-dried for 2 days in

Eppendorf tubes and kept in a vacuum chamber overnight. Dried samples were

directly analysed without any further sample preparation. For X-ray photoelectron

spectroscopy (XPS), 1 g of both polymerized AEH and CEH was freeze-dried

for 2 days in Eppendorf tubes and kept in a vacuum chamber overnight. Dried

samples were analysed using a Quantera SXM (Physical Electronics).

Ion exchange capacity. The ion exchange capacity (IEC) is the amount of charged

groups in the hydrogel and is measured by titration [23]. For the titration of the

AEH, 0.7 g of the hydrogel was immersed in a 3 M NaCl solution (Sigma-Aldrich)

for 3 days at room temperature to exchange all counter ions in the AEH for Cl– .

After rinsing it with deionized water, the chloride ions were replaced by sulfate

ions by immersing the hydrogel into a 1.5 M Na2SO4 solution for 3 hours. The

Na2SO4 solution was refreshed every hour of the experiment and the collected

solutions were titrated with a 0.1 M AgNO3 solution. The required volume of

AgNO3 was recorded. The hydrogel was dried in a vacuum oven at 60 °C for 48

hours and its dry weight was recorded for IEC calculations. A similar procedure

was followed to determine the IEC of the CEH. 0.7 g of the CEH was immersed in

a 1 M HCl solution to exchange all counter-ions for H+. The hydrogel was then
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Figure 5.2 — Photolithography, soft lithography and chip assembly procedures. The
schematics on the first two lines illustrate the photolithography process. The schematics
on the third line present the soft lithography process. The fourth line depicts the chip
assembly and patterning procedure. The blue dashed line indicates the position of the
cross sectional area.
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rinsed with deionized water and immersed in a 2 M NaCl solution for 3 hours to

replace the hydrogen ions for sodium ions. The NaCl solution was refreshed every

hour and the collected solutions were titrated with a 0.1 M NaOH solution. The

hydrogel was dried in a vacuum oven. All experiments were repeated three times.

Water swelling. Water swelling of the hydrogels was determined by immersion in

deionized water and subsequent drying in a vacuum oven. The degree of water

swelling S was calculated using the following equation: S = (Ws−Wd)/Wd. Here,

Ws and Wd represent the weight W of the swollen (s) hydrogels and the dried (d)

hydrogels. Also the swelling degree of the polymerized hydrogels was tested: 2

mL of bulk hydrogel after polymerization was immersed in 50 mL deionized water

for 72 hours, and patterned hydrogels on chip were immersed in deionized water

for 16 hours.

Permselectivity. The permselectivity of the hydrogel is a measure of the capability

of the hydrogel to discriminate between anions and cations. An in-house built

two-compartment plexiglass cell was used for the permselectivity experiments.

The charged bulk hydrogel was located in between the two compartments. By

using a peristaltic pump, one of the compartments was filled with a 0.1 M NaCl

solution, while the other compartment was filled with a 0.5 M NaCl solution. Both

solutions were recirculated continuously during the measurement and kept at 25 °C

using a thermostatic bath. Two reference calomel electrodes were used to measure

the electric potential over the hydrogel by connecting the system to a potentiostat

(Metrohm Autolab PGSTAT302N) for monitoring the changes in voltage over the

hydrogel. The apparent permselectivity α = ∆Vmeas/∆Vtheor was calculated for

both AEH and CEH separately using the ratio of the measured potential difference

∆Vmeas over the theoretical potential difference ∆Vtheor for an ideal permselective

membrane. The theoretical potential difference, consisting of both the Donnan and

diffusion potential and is described by the theory of Teorell, Meyer and Sievers [24],

was calculated using the Nernst equation ∆Vtheor = (RT )/(zF ) ln (γ1c1/γ2c2).

Here, R is the gas constant, T the temperature, z the electrochemical valence and

F the Faraday constant [25]. The salt concentrations and activity coefficients of

the two solutions are indicated by ci and γi, where γi denotes the mean activity

coefficient for an aqueous NaCl solution at 25 °C as obtained from [26].

Membrane resistivity. The area resistances of both AEH and CEH were measured

using an in-house built six-compartment plexiglass cell. In the experiments, a

0.1 M NaCl solution was used and the voltage drop ∆V over the hydrogel was

recorded for an applied current density I/A. Here, I is the current through

the membrane with area A. The resistivity Rρ of each hydrogel, after baseline

correction by performing a blank run, was given by the slope of the potential

difference versus current density curve. Thus, Rρ = (A∆V )/(Id), d being the

thickness of the hydrogel. The resistivity of the hydrogel is directly related to the

ion exchange capacity and the mobility of ions inside the hydrogel.
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Electrodialysis experiments. The desalination performance of the microchip was

investigated using solutions with different NaCl concentrations (0.01, 0.1 and

1 mM) containing 5 µM Alexa Fluor 488 Cadaverine (ThermoFisher Scientific),

which is a negatively charged fluorescent dye. This dye was utilized to qualitatively

determine the local ion concentration in the microchannels. Gold coated copper

electrodes were placed in the outer two microchannels adjacent to the hydrogels.

An electrical potential or current was applied by a Keithley 2450 Source Meter,

controlled by a home-built LabVIEW program. The fluorescent dye was visualized

using a Hamamatsu ORCA-Flash4.0 LT camera mounted on an inverted Zeiss

Axiovert 40 MAT microscope. The liquid flow was supplied to the microchip using

six Harvard Picoplus programmable syringe pumps and six Braun Omnifix-F 1 mL

syringes. The samples were collected separately at the outlet of each microchannel.

The conductivity of the samples was measured using a potentiostat (BioLogic

SP300) combined with an in-house made interdigitated electrode sensor. By using

a calibration curve, the outlet stream salt concentrations could be obtained from

the measured impedance (see the appendix, Figure 5.9).

5.3 Results and discussion

5.3.1 Characterization of hydrogels

In the appendix (Figure 5.10), the molecular structures of the charged monomers

(METC and SPAP) photopolymerized with acrylamide and bis are shown. The free

radicals yielded by DMPA start the crosslinking process by randomly associating

with acrylamide, bis and the METC or SPAP monomers or polymer chains, which

eventually become polymerized in the region that is illuminated with UV-light.

The photopolymerization process has previously been explained in detail [27].

The SEM images indicate that the hydrogels obtained after photopolymerization

were homogeneous (see the appendix Figure 5.11).

METC and SPAP are suitable monomers to obtain charge selective interfaces

Table 5.1 — Bulk material characteristics of cross-linked METC and SPAP polymers,
with the 95% confidence interval of the mean indicated. Except for the resistivity and
permselectivity, all measurements have been repeated three times.

AEH (METC) CEH (SPAP)

Swelling S in deionized water [%] 460± 10 450± 10
Ion exchange capacity IEC [mmol/gdry] 1.95± 0.45 0.64± 0.09
Charge density CD [mmol/gH2O] 0.43± 0.10 0.14± 0.02
Resistivity Rρ [Ω cm] (single meas.) 310 470
Permselectivity α [%] (single meas.) 29 26
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for electrodialysis, because they permanently have a positive and negative charge

density, respectively, which is pH independent in the range of pH 2–12 [28, 29].

In addition, the hydrolytic stability of METC and SPAP polymers enables charge

based separations in electrodialysis microchips [28, 29]. In some previous studies,

both charged monomers are shown to be super-absorbents, which results in strong

swelling behaviour [30, 31]. In this work, the swelling behaviour was suppressed

by increasing the cross-linking density and the amount of uncharged monomers.

We measured water swelling of the bulk METC and SPAP polymers as 460± 10%

for METC and as 450±10% for SPAP after drying the bulk materials in a vacuum

oven (Table 5.1). The high swelling degree indicates the ability of the hydrogels

to absorb water in high contents, which is related to the hydrophilic nature of

the polyacrylamide backbone. Note that directly after photopolymerization, the

hydrogels already have a high water content. By immersing the hydrogels in

deionized water directly after photopolymerization, the additional swelling of the

bulk hydrogels was measured to be 15% and 16% for AEH and CEH, respectively.

Both hydrogels showed identical swelling behaviour in the microchip as well, as

shown in the appendix (Figure 5.8). In addition, immersed hydrogels are expected

to swell less in salt solutions than in deionized water [32]. The reason is that

hydrogel swelling decreases with increasing ion concentration, as the charged

side groups present in the hydrogels are increasingly screened by the ions in the

salt solution [33, 34]. However, we operate at relatively low salt concentrations

and expect a significant amount of hydrogel swelling during our desalination

experiments. This results in a lower effective charge density of the hydrogels

under the experimental conditions.

The presence of crosslinker and SPAP or METC was verified using FTIR.

The FTIR spectra shown in Figure 5.3 indicate the presence of SPAP sulfonate

groups from S−−O stretching bands at 982 and 1043 cm−1 and a SO2 symmetric

stretching absorption at 1178 cm−1 [35]. A relatively weak absorption at 1170

cm−1 was ascribed to N−CH3 stretching of METC repeat units [35]. C−N

stretching absorption in general are known to be weak [35, 36]. We measured

the FTIR spectra of the corresponding monomers to confirm the location of the

peaks observed in the polymers (see the appendix Figure 5.12).

We also analysed the chemical composition of the hydrogels using XPS to

verify the presence of either METC or SPAP. The atomic ratios of carbon,

nitrogen, oxygen, sulphur, chlorine and potassium are given in Table 5.2. METC

and SPAP polymers were compared with PA polymer for the evaluation of the

atomic percentage changes. For the METC polymer, the amount of carbon

atoms remained the same, despite the fact a slight increase was expected [36]. In

agreement with the expected composition, the nitrogen atom content remained

the same and oxygen content increased. The detection of chloride clearly indicates

that charged N+ groups were present [37, 38]. In the SPAP hydrogel the content
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Figure 5.3 — FTIR spectra of polyacrylamide (PA), METC + PA (anion exchange
hydrogel) and SPAP + PA (cation exchange hydrogel) are shown.

Table 5.2 — XPS results for polyacrylamide (PA), the positively charged hydrogel (PA
+ METC) and the negatively charged hydrogel (PA + SPAP).

Element (%) C(1s) N(1s) O(1s) S(2p) Cl(2p) K(2p)
283 eV 399 eV 529 eV 164 eV 200 eV 293 eV

PA 64.6 16.3 18.7 − − −
PA + METC 64.4 16.3 20.1 − 0.5 −
PA + SPAP 62.1 16.1 20.3 1.2 − 0.1

of carbon atoms decreased, which could be an experimental artefact. On the

other hand, as expected, the amount of nitrogen atoms remained constant. The

increased amount of oxygen atoms can be attributed to the high oxygen content

of the SPAP monomer [36]. The presence of sulfonate groups was validated by

the detection of sulphur and potassium atoms. However, potassium was present

in a lower amount than expected. These atoms might be out of the scanning

range due to the orientation of the charged groups on the polymer film.

Table 5.1 shows some material characteristics of the anion exchange (METC)

and cation exchange (SPAP) hydrogels. Compared to commercially available

ion exchange membranes [39, 40], METC exhibited a comparable and SPAP a

low ion exchange capacity. When considering the charge density, we found that

both hydrogels, in comparison to commercially available membranes (for example,

Neosepta AMX has a charge density of 4.8 M and Neosepta CMX has a charge
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density 5.7 M [41]), have a low number of charged groups per gram of water.

We attribute this to the high water content inside the polymeric meshes of the

hydrogels. This can explain the moderate permselectivity of both hydrogels, as

the permselectivity of an ion selective membrane is related to its charge density

[25, 39, 40]. Both anion and cation exchange hydrogels are therefore not fully

selective for the counter ions, which has an adverse effect on the desalination

efficiency. However, low salt concentrations lead to a decreased screening of the

charged groups present in the hydrogels, thereby promoting charge separation

[25]. To demonstrate the successful functioning of the platform, we therefore

performed the desalination experiments using a salt concentration of maximum

1 mM NaCl. This concentration is two orders of magnitude smaller than the

salt concentrations of 0.1 M/0.5 M, which are commonly used in permselectivity

measurements, and thus the apparent charge density of the hydrogels in the

desalination experiments may differ as a result of the altered swelling behaviour

at different ionic strengths. The resistivity of the hydrogels is larger than that

of a typical commercial membrane which has an area resistance of 3 Ω cm2 and

a membrane thickness of 150 µm, resulting in a resistivity of 200 Ω cm for the

membrane[39, 40]. The relatively high resistivity of our hydrogels (1.5 to 2.5

times larger, see Table 5.1) is related to their low charge density, giving rise to a

low concentration of mobile counter ions.

5.3.2 Desalination - Proof of principle experiments

When filling the microfluidic channels with electrolyte solution and applying a

gradually increasing potential (∆V = 0–3 V), we observed migration of the fluo-

rescent dye (and thus presumably of the ions) into the hydrogels. A concentration

of 5 µM of Alexa Fluor 488 Cadaverine was utilized. This negatively charged

fluorescent dye is considered to be pH insensitive in the range we are interested

in and has a low degree of photobleaching [42]. As expected, the AEHs were

observed to have a high fluorescence intensity, as they absorb the negatively

charged fluorescent dye as a counter ion to a much greater extent than the CEHs,

in which the dye is the co-ion and is mostly excluded from the hydrogel.

To test whether the stack of charged hydrogels can be used for desalination

purposes, we filled all microchannels with a diluted salt solution (0.1 mM NaCl)

and did not impose any flow through the microchannels. Upon application of

a potential difference, depletion zones of the fluorescent dye formed adjacent to

the hydrogels in the expected microchannels (which are channels 1, 3 and 5 as

shown in Figure 5.1(b)), while the average fluorescence intensity in the enriched

microchannels increased. Snapshots of this observation are shown in the appendix

(Figure 5.13). These observations indicate that the hydrogels are charge selective

and that they can be used for desalination.

IV-sweeps were performed to determine the characteristic Ohmic, limiting and
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(b) Normalized current I/Imax versus ∆V

0.01 mM NaCl, Imax = 0.12 µA

0.1 mM NaCl, Imax = 0.82 µA

1 mM NaCl, Imax = 5.1 µA

Figure 5.4 — IV characteristics for different salt concentrations at flow rates of
3 µL/min. In (a), the absolute current I is plotted as a function of the potential
difference ∆V . The measured currents strongly depend on the salt concentration and
scale accordingly. In (b), the currents are normalized by the maximum current (measured
at ∆V = 50 V) of the corresponding experiment. The graphs, in particular those for 0.1
and 1 mM, show that around a potential difference of approximately ∆V = 6 V and
∆V = 22 V, the slope changes. This indicates where the boundaries between the Ohmic,
limiting and overlimiting current regimes are roughly located.
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overlimiting current regimes, which are well known for ion selective membrane

systems [2, 4, 8, 9]. These measurements were performed for different NaCl concen-

trations (0.01, 0.1 and 1 mM) and flow rates (2, 3, 5 and 10 µL/min). Relatively

low salt concentrations were used to avoid the possible adverse effects occurring

at high current densities (e.g. extensive electrode reactions or gas formation).

The applied voltage was ramped up with steps of 1 V, with a speed of 10 seconds

per voltage step. Figure 5.4 shows the IV-curves for different salt concentrations.

We observed higher currents for higher salt concentrations, indicating that the

current in the Ohmic regime is proportional to the ion concentration in the liquid.

The maximum current, which is reached at the highest potential difference of

∆V = 50 V in the overlimiting current regime, does not precisely scale one to one

with the salt concentration. A possible explanation for this is the water splitting

reaction at the electrodes, which consumes part of the power supplied to the

system as well and produces charged species that will be transported through the

system.

Normalization of the current I by the maximum current Imax of the corre-

sponding experiment indicates that for all concentrations the transport behaviour

is similar. At a potential difference of approximately ∆V = 6 V, ion transport

transitions from the Ohmic to the limiting current regime. At a potential differ-

ence of roughly ∆V = 22 V, the overlimiting current regime starts. Calculation of

the derivative dI/d∆V shows that at these points the slope of the I(∆V )-curve

changes, indicating a change in the transport characteristics. Although the data

is relatively noisy, the transition points are apparent from the curves for 0.1

and 1 mM NaCl. The fluctuations in current decreased with increasing salt

concentration. Different flow rates did not lead to significant differences in the

measured currents. This can possibly be attributed to incomplete depletion of

ions in the diluted streams, implying that there are still ions available for charge

transport through the hydrogels for all flow rates.

For elevated voltages (∆V > 10 V) we observed the development of ion depletion

zones in the depleted microchannels. A local increase in fluorescence intensity was

observed in the enriched microchannels, indicating the existence of locally higher

salt concentrations. As shown in Figure 5.5(a), the depletion zones were observed

to grow in size with increasing applied voltage and distance from the inlet. Figure

5.5(b) shows that for ∆V > 25 V vortices were formed in the depletion zones.

Potentially due to the discontinuous nature of the hydrogel patches – we have an

alternating pattern of charge selective hydrogels and PDMS in our system – the

vortices did not migrate in the direction of the imposed flow as reported by Kwak

et al. [15]. In our heterogeneous system, there is a tangential component of the

electric field with respect to the membrane interface, resulting in electro-osmotic

flow at the channel walls. As a result of this, the ion depletion zones are “pinned”

at the hydrogel surface, as will be elaborated upon in Chapter 6. At the upstream
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Figure 5.5 — Fluorescence images showing the formation of ion depleted and enriched
zones in the depleted (D) and enriched (E) microchannels for two constant potential
measurements. A 0.1 mM NaCl solution containing 5 µM Alexa Fluor 488 Cadaverine
(the fluorescent dye) was flushed through the microchip at 3 µL/min. The experiments
were performed at a constant potential difference of (a) ∆V = 20 V and (b) ∆V = 30 V.
The bright coloured hydrogel is the anion exchange hydrogel (METC) and the dark
coloured one is the cation exchange hydrogel (SPAP).

edge of each hydrogel patch, in the depletion zone, a high fluorescence intensity

was observed. This suggests that near those points the local salt concentration

was larger than in the rest of the depletion zones. The mixing of the electrolyte

solution next to the PMDS pillars by the vortices could explain this behaviour, as

this mixing increases the ion concentration near the PDMS pillar and consequently

also near the upstream edge of each hydrogel. Charge transport is thus affected

by the heterogeneity of the ion concentration at the hydrogel interface and could

even enhance it when compared to a homogeneous ion selective membrane, as

previously discussed in the literature [43].

To quantify the desalination performance of the microchip, we performed

experiments in which we applied a constant potential in the range of 0–100 V or

a constant current in the range of 3–7 µA, which corresponds to a current density

in the range of 12–28 A/m2 (here, the area is defined as the hydrogel surface

area per channel wall). The resulting currents and potentials were measured to

confirm that there is charge transport through the hydrogel patches.

A 1 mM NaCl solution (supplemented with 5 µM Alexa Fluor 488 Cadaverine)

was pumped through the microchannels at a flow rate of either 3 or 5 µL/min.

The conductivities of the solutions collected at the channel outlets were measured,

and the salt concentration were estimated accordingly, under the assumption

that the only salt in the system is NaCl and no significant charge carriers are
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Figure 5.6 — NaCl concentrations of the solutions collected at the channel outlets
for (a) constant potential measurements (∆V = 70 V) for different flow rates (3 and 5
µL/min), and for (b) constant current measurements with different currents (3, 5 and
7 µA, corresponding to current densities of 12.2, 20.3 and 28.4 A/m2) for a fixed flow
rate (3 µL/min). The error bars indicate the 95% prediction bounds. Channel 2 and 4
represent the ion enriched channels, while channel 3 and 5 are the ion depleted channels.
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added as a result of water splitting. As expected, the effluent streams from the

microchannels were either salt enriched or depleted in an alternating pattern.

In Figure 5.6(a) the measured outlet salt concentrations (inferred from con-

ductivity measurements of the outlet flows) are shown for constant potential

experiments for two different flow rates (3 and 5 µL/min). When the flow rate

was increased, the residence time and therefore the charge separation decreased.

Only the outlet streams of the microchannels 2 to 5 were taken into account. In

the outer two microchannels 1 and 6, containing the electrodes and both facing

only an anion exchange hydrogel (see Figure 5.1), the solution is not necessarily

either enriched or depleted because of ions generated by electrode reactions.

In Figure 5.7(a), the current I is plotted as a function of time t for a fixed

potential difference of ∆V = 70 V and a flow rate of 3 µL/min. This data

corresponds to the results shown for 3 µL/min in Figure 5.6(a). Figure 5.7(a)

demonstrates that the average current during this experiment was 7.7 µA (31.3

A/m2) at steady state. Based on this current, the total transport was calculated

to be 4.8× 1013 ions per second, while 6.0× 1013 ions entered each channel per

second. Based on this calculation, we expect a desalination degree of 80%. This is

twice as high as the measured value of 40% for 3 µL/min, as Figure 5.6(a) shows.

The deviation between the measured and expected desalination degree could be

attributed to the low permselectivity of the hydrogels, which leads to non-selective

ion transport in addition to selective ion transport. Additional effects reducing

the desalination degree are hydrogel swelling which reduces the charge density

and possibly overcoming the Donnan potential at high field strengths, causing

ion leakage at these fields.

In Figure 5.6(b), the salt concentrations of the outlet streams are shown for

three different applied currents, i.e. for 3, 5, and 7 µA (12.2, 20.3 and 28.4 A/m2).

The data shows that the outlet concentrations did not change when increasing

the current I. Because the transport rate of charge carriers is proportional to the

current, we would expect to see a difference in the degree of desalination. For

all three currents, however, 75% of the initially present salt was removed in the

desalinated streams. This suggests that 75% is the maximum desalination degree

that is achievable with these devices. Since the ion concentration is estimated

from conductivity measurements, the presence of ions other than Na+ and Cl– is

neglected. At large field strengths and currents, if water splitting is occurring,

this would yield an underestimation of the desalination degree.

A valuable property of our microfluidic electrodialysis platform is that it enables

real-time visualization of ion transport adjacent to and through the hydrogels

using a fluorescent dye. This helps in obtaining a better understanding of the

relevant ion transport phenomena in and at charge selective interfaces. As the

curve in Figure 5.7(a) shows, approximately 600 seconds were required before the

system reached steady state. We observe that at the very first instance (t < 10
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(a) 1 mM NaCl, 3 µL/min, ∆V = 70 V

Figure 5.7 — The design of the microfluidic electrodialysis platform allows visualiza-
tion of ion transport in the hydrogels between the salt enriched (E) and depleted (D)
channels. In (a) the current I is plotted as function of time t for a fixed potential
difference of ∆V = 70 V and flow rate of 3 µL/min. Before reaching steady state, the
change in current can be related to transport in the hydrogel, as indicated by the (b)
fluorescence images of the dye in the hydrogels (1 mM NaCl solution with 5 µM Alexa
Fluor 488 Cadaverine). It took about 600 s before the intensity, and thus presumably
the dye and ion concentration, in the hydrogels was constant.
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s), the current decreased. This could indicate the build-up of a concentration

boundary layer. Subsequently the current was increasing, reaching a (local)

maximum at 250 s. Inspection of the fluorescence images for this experiment,

given in Figure 5.7(b), shows that the fluorescence distribution can be related to

the charge transport through the hydrogels. Directly after applying a potential

difference, a high concentration of negatively charged fluorescent dye was observed

near the interface of the anion exchange METC-hydrogel with the salt depleted

channel. This cluster of fluorescent dye migrated towards the enriched channel

in approximately 250 seconds. Comparison with the current profile in Figure

5.7(a) shows that at that moment, the current reached a (local) maximum.

Subsequently, the fluorescence slowly approached a constant intensity distribution,

reaching steady state after approximately 600 s. Note that not only in the

positively charged anion exchange hydrogel (AEH) the fluorescence intensity and

thus the dye concentration increased, but also in the negatively charged cation

exchange SPAP-hydrogel (CEH). This indicates that, in line with the measured

permselectivity of the bulk polymers, the ion selectively of the hydrogels was not

perfect. The dye concentration, however, was clearly larger in the AEH than in

the CEH.

5.4 Conclusion

Alternatingly patterned anion and cation exchange hydrogels were fabricated in

a PDMS microchip using capillary barriers. The chemical composition of the

hydrogels was tailored to obtain a suitable balance between the degree of swelling

and the charge density. The material properties were characterized, and the ion

exchange hydrogels showed ion selective permeation, based on their ion exchange

capacity, permselectivity and resistivity. We demonstrated that the hydrogels

can be used for desalination of water with salt concentrations up to 1 mM NaCl

at various flow rates (0–5 µL/min), applied potentials (0–100 V), and current

densities (12–28 A/m2). We obtained alternating dilute and concentrated streams

at the channel outlets of the microchips. We measured a desalination degree of

40% for an inlet concentration of 1 mM NaCl, an applied potential difference

of ∆V = 70 V and a flow rate of 3 µL/min. The maximum desalination degree

obtained was 75%.

The separation can be enhanced by increasing the total length of the hydrogel-

liquid interface, by increasing the residence time of the solution in the microchan-

nels, or by optimizing the hydrogel properties like the charge density. This would

allow desalination of salt solutions with higher concentrations, without the need

to apply large potential differences. Our approach might therefore be promis-

ing for the development of processes related to water desalination [44], sample
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pre-treatment [45] and high-focusing of proteins [46].

By utilizing a charged fluorescent dye, we could visualize the ion concentration

in the electrodialysis device. The fluorescence images revealed that ion depleted

boundary layers are formed near the ion exchange hydrogels when a potential

difference ∆V is applied. When ∆V > 25 V, we observed the formation of vortices,

enhancing convective transport towards the hydrogels in the overlimiting current

regime. The desalination platform described here also enables visualization

of charge transport through the hydrogels, which can contribute to a better

understanding of the transport phenomena in electrodialysis processes. The

simple fabrication method allow us to design a variety of hydrogel geometries,

which can be studied to investigate the influence of geometry on charge transport,

which is the subject of the next chapter.
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[45] P. Kubáň, A. Šlampová, and P. Boček, Electric field-enhanced transport

across phase boundaries and membranes and its potential use in sample

pretreatment for bioanalysis, Electrophoresis 31, 768 (2010).

[46] R. S. Foote, J. Khandurina, S. C. Jacobson, and J. M. Ramsey, Preconcentra-

tion of proteins on microfluidic devices using porous silica membranes, Anal.

Chem. 77, 57 (2005).



Appendix 133

Appendix

Figure 5.8 — Phase contrast microscopy images of SPAP (red) and METC (green)
hydrogels (a) after fabrication, prior to injection of deionized water into the microchan-
nels, (b) after 1.5 hours in water and (c) after 16 hours in water. The hydrogels are
artificially coloured based on grey scale differences.
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Figure 5.9 — Calibration curve of the impedance Z as a function of the NaCl concen-
tration c. The fitting is performed on a log-log scale to ensure that the experimental
data is normally distributed around the calibration curve. The data points for 0.01
and 0.02 mM are omitted, as they clearly fall outside the linear range. This improves
the reliability of the calibration curve. The minimum concentration we measured was
always larger than 0.1 mM. The dashed lines form the 95% prediction bounds. As the
calibration line gives log10(Z) as function of log10(c), on an absolute scale the size of
the error depends on the concentration, and the errors are not symmetric around the
determined concentration.
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Figure 5.10 — Molecular structures of (a) the various monomers, (b) METC + poly-
acrylamide, the anion exchange hydrogel, and (c) SPAP + polyacrylamide, the cation
exchange hydrogel.

Figure 5.11 — SEM images of the hydrogels: (a) polyacrylamide, (b) METC + poly-
acrylamide and (c) SPAP + polyacrylamide.
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Figure 5.12 — FTIR spectra of the METC and SPAP monomers. For METC, there
is a peak at 1178 cm−1 for C−N stretching. For SPAP, the peaks at 982 and 1043 cm−1

denote the presence of R−SO3-groups .

Figure 5.13 — Fluorescence images showing ion concentration polarization in the
microchip. A 1 mM NaCl solution with 5 µM of NaAlexa Fluor 488 Cadaverine (the
fluorescent dye) was injected into the microchip and an IV-sweep up to 3 V was applied.
The experiments were performed under an increasing electric field without liquid flow.





CHAPTER 6

Enhanced ion transport using geometrically

structured charge selective interfaces

Abstract — The microfluidic platform containing charged hydrogels

presented in the previous chapter is used to investigate the effect of geom-

etry on charge transport in electrodialysis applications. The influence of

heterogeneity on ion transport is determined by electrical characterization

and fluorescence microscopy of three different hydrogel geometries and

compared with numerical simulations. We found that electro-osmotic

transport of ions towards the hydrogel is enhanced in heterogeneous ge-

ometries, as a result of the inhomogeneous electric field in these systems.

This yields higher ionic current densities for equal applied potentials when

compared to homogeneous geometries. The contribution of electro-osmotic

transport is present in all current regimes, including the Ohmic regime.

We also found that the onset of the overlimiting current is positively

influenced by the increased heterogeneity in hydrogel shape, owing to the

non-uniform electric field distribution in these systems. Pinning of ion

depletion and enrichment zones is observed in the heterogeneous hydrogel

systems, due to electro-osmotic flows and electrokinetic instabilities. Our

platform is highly versatile for the rapid investigation of the effects of

membrane topology on general electrodialysis characteristics, including

the formation of ion depletion zones on the micro-scale and the onset of

the overlimiting current.

This chapter is accepted for publication in Lab on a Chip as
A.M. Benneker, B. Gümüşcü, E.G.H. Derckx, R.G.H. Lammertink, J.C.T. Eijkel and J.A. Wood,
Enhanced ion transport using geometrically structured charge selective interfaces (2018).
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6.1 Introduction

Electrodialysis (ED) is an established technique in water deionization, using

a stack of alternating anion and cation selective membranes [1]. Under the

application of an electrical potential, ions migrate towards their counter electrode

and are selectively blocked by cation and anion exchange membranes (CEM/AEM),

resulting in the formation of desalinated and concentrated streams. Ion transport

towards the membrane often limits the currents at which these processes are being

operated in industry. At increasing field strengths diffusive transport becomes

limiting, causing concentration polarization. The current reaches a limiting value,

which reduces the efficiency of the process and prohibits economic operation.

At elevated field strengths, the well-known overlimiting current regime arises

as a result of induced electrokinetic flows at the membrane interface [2–4]. In

this overlimiting current regime, current starts increasing again because the

concentration polarization layer is broken down by the convective movement of

the fluid.

Ions migrate along the electric field lines because of their charge. In systems

with a homogeneous charge selective interface, electric field lines are homoge-

neously distributed as well. In systems with local conductivity, permittivity

or permselectivity gradients an inhomogeneous field arises. This can happen

due to heterogeneous charge selective interfaces, for example patterned [5, 6] or

structured [7] membranes. Since a driving force for ion transport tangential to

the membrane arises, the distorted electric field gives rise to the formation of

electro-osmotic flows (EOF) at the charged walls of the system, starting from the

Ohmic regime. In the overlimiting current regime, this tangential component acts

on the emerging extended space charge and enhances the formation of electroki-

netic instabilities (EKI) [8]. The increased rate of ion transport can potentially

yield a higher overall efficiency in electrodialysis (ED) processes in the Ohmic

regime or reduce the limiting current plateau region by reducing the onset voltage

for the overlimiting current regime. The influence of membrane geometry on the

efficiency of ED systems has been of interest for several studies [9, 10] with the

purpose of yielding more energy-efficient processes. Most of these studies have

focused on the macro-scale effects of membrane topology on ED performance

parameters, such as resistance and the onset of the limiting and overlimiting

current regime in large scale systems [11, 12]. For fundamental understanding of

the influence of membrane geometry on charge transport, visualization of the ion

concentration profiles adjacent to the membrane is crucial [13, 14]. Pinning of

ion depletion zones and vortices at heterogeneities on the membrane has been

experimentally observed [15] and numerically studied [16]. Microfluidic platforms

enable optical access to the membrane surface and can be manipulated easily

for the investigation of several aspects of charge transport adjacent to a charge
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selective surface [17–25].

In the previous chapter, a microfluidic platform using charge selective hydrogels

for the microscopic investigation of ion transport in electrodialysis systems was

introduced [26]. Hydrogels are versatile materials that can easily be patterned

with different geometries on the micro-scale. Therefore, hydrogels can be used to

build micro-ED systems for rapid investigation of the influence of geometry on

ion transport which can be applied in large scale electrodialysis systems. In our

micro-scale electrodialysis system, six adjacent microchannels are separated by

alternating anion exchange hydrogels (AEH) and cation exchange hydrogels (CEH).

This allows us to microscopically observe concentration profiles and depletion

zones adjacent to the hydrogel compartments. The previous chapter was a proof-

of-principle of using patterned and charged hydrogels for microfluidic investigation

of ion transport phenomena in electrodialysis. In this chapter, we investigate

the influence of hydrogel geometry on the development of ion depletion zones

and the IV-characteristics. Fluorescence microscopy and fluorescence lifetime

microscopy (FLIM) are used for the visualization of ion concentration profiles.

This demonstrates the role of hydrogel geometry on the formation and pinning of

ion depletion zones. These experiments give insight into the interplay of membrane

topology and performance. We show that transport of ions through the hydrogel

is enhanced with increasing heterogeneity in hydrogel shape, as was predicted

based on numerical simulations [16].

6.2 Experimental details

6.2.1 Microchip fabrication

The microchips consist of a polydimethylsiloxane (PDMS, Dow Corning) layer

on a microscope slide (see Figure 6.1(a)). The PDMS layer contains microfluidic

channels, capillary barriers, inlets and outlets and was fabricated using standard

soft lithography techniques. Microchip designs included three different geometrical

shapes: (1) Continuous hydrogel compartments (Figure 6.1(c)) supported with

capillary barriers with dimensions of 16100 × 1720 µm (width, length), which

will be referred to as full, homogeneous hydrogels. (2) Pillars (700 µm wide) and

five hydrogel compartments with dimensions of 700× 1720 µm (Figure 6.1(d)),

which will be referred to as symmetric or rectangular heterogeneous hydrogels.

(3) Five trapezoidal, asymmetric heterogeneous hydrogel compartments (width

varying from 300 µm to 1725 µm) generated by PDMS pillars with 600× 500 µm

(width, length) placed with a zigzag pattern at angles of 20°(Figure 6.1(e)). The

height of microchannels and capillary barriers was 75 µm and 7.5 µm, respectively,

while the microchannel width was 700 µm for all geometries. The details of the

fabrication of the chip and the preparation of the hydrogels were given in the
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Figure 6.1 — Microfluidic desalination chip. (a) Gold-coated copper electrodes are
placed in the outer microchannels and a salt solution is flowed through all microchannels.
(b) Schematic representation of the microchip, alternating anion and cation exchange
hydrogels (AEH and CEH) are patterned in between the microchannels. An electric
potential can be applied using the electrodes placed in the outer channels, resulting in
alternating depleted and concentrated streams. Three different geometries are under
investigation, (c) ’full’ homogeneous hydrogels, where the entire microchannel wall
consists of hydrogels, (d) symmetric heterogeneous hydrogels, where PDMS pillars
partially block the microchannel wall and (e) asymmetric ’trapezoidal’ heterogeneous
hydrogels, in which the hydrogels have a trapezoidal shape.

previous chapter.

All microchips consist of six parallel microchannels connected through alternat-

ing AEH and CEH, as depicted in Figure 6.1(b). The liquid flow is supplied to

the individual channels using six programmable Harvard Picoplus syringe pumps

connected to Tygon flexible plastic tubing (0.01” inner diameter) and Braun

Omnifix-F 1 mL syringes.

Two gold-coated copper electrodes are placed in the two outside microchannels

and electrical characterization of the system is performed using an Autolab

PGSTAT204 potentiostat (Metrohm, the Netherlands). To avoid bubble formation

at the electrodes and minimize water splitting, the maximum applied potential was

limited to 10 V. For the electrical characterization of the system, IV-sweeps are
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performed with steps of 0.05 V and a scan rate of 0.01 V/s. In all microchannels, a

cross flow (with a channel flow rate between 2 and 9 µL/min) is applied for all IV-

sweeps. This yields a linear flow velocity between ∼ 635 µm/s and ∼ 2900 µm/s,

corresponding to fluid residence times between 10 and 2.2 seconds in the part of the

microchip containing charge selective hydrogels. The total residence time in the

microchip is approximately three times larger due to in- and outlet sections that

do not contain any hydrogel surface. Chronoamperometric (measuring the current

as a function of time at a fixed potential) and chronopotentiometric (measuring

the potential as a function of time at a fixed current) measurements are done at

these flow conditions as well. For visualization experiments, chronoamperometric

and chronopotentiometric measurements are conducted while microscopy images

are taken, without the application of flow in the microchannels.

6.2.2 Fluorescence Microscopy

All six microchannels were flushed with electrolyte solutions of NaCl. For the

fluorescence experiments, solutions with 0.1 mM NaCl were used, containing 5 µM

Alexa Fluor 488 Cadaverine (ThermoFisher Scientific) as a fluorescent dye (ex/em

490/525nm). The Alexa dye is pH insensitive in the range applied (pH 4 - 10) [27],

has a negative charge and therefore qualitatively mimics the behaviour of negative

ions yielding information on the formation of ion depletion zones in the system.

Prior to visualization experiments, the electrolyte flow through all microchannels

was stopped to enable investigation of ion depletion in a stagnant system, where

concentration polarization is maximized. The fluorescent dye was visualized using

a Hamamatsu ORCA-Flash4.0 LT camera mounted on an inverted Zeiss Axiovert

40 MAT microscope.

6.2.3 Fluorescence-Lifetime Imaging Microscopy

For quantification of the local ion concentrations as a function of time, fluorescence-

lifetime imaging (FLIM) was used. The fluorescence-lifetime of a dye can be

dependent on the environmental conditions such as pH, local electric potential or

solute concentration [28], however independent on the concentration of the dye.

The lifetime of the dye used in our study, Lucigenin (ThermoFisher Scientific),

is dependent on the local Cl– concentration [29], and we are therefore able to

quantify the local ion concentrations inside the microchannels. The lifetime of

Lucigenin is linearly dependent on the Cl– concentration between 0.2 mM and 1

mM (see Figure 6.6 in the appendix for calibration curve). We used a background

electrolyte concentration of 0.5 mM NaCl, enabling quantification in both the

concentrated and the diluted microchannels.

Fluorescence lifetime was measured using a LI-FLIM system (Lambert In-

struments, Groningen, The Netherlands) working in the frequency domain at a

modulation frequency of 5 MHz and a phase angle of 30 degrees, equipped with a
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modulated TRiCAM and a modulated LED of wavelength 460 nm (3 W). The

equipment is mounted on a Zeiss Axio Vert.A1 inverted microscope (Zeiss, Gem-

rany). An identical light path was used in all measurements to ensure the validity

of the measurements. The lifetime is calculated based on a reference measurement

of the lifetime of Lucigenin without a background electrolyte, measured in the

same light path configuration.

6.3 Results and discussion

6.3.1 Electrical characterization

IV-sweeps were performed using 0.1 mM NaCl at a feed flow rate of 3 µL/min

in at least two different microchips for all geometries. As seen in Figure 6.2(a),

current is the highest when the trapezoidal heterogeneous hydrogels are used,

and lowest for the full homogeneous hydrogels. On chip reproducibility was high

(standard deviation <5 %), but the reproducibility between different chips was

lower, yielding large standard deviations for the IV characteristics observed in

Figure 6.2(a). In the Ohmic regime (up to ∼ 2 V, see inset of Figure 6.2(a)),

the highest currents are measured for both heterogeneous hydrogels, even though

they have a lower total area. We attribute this to the presence of electro-osmotic

contributions to the flow (EOF) at even the lowest voltages in heterogeneous

systems. This EOF is a result of the tangential component in the electric field,

shown in Figure 6.3. Apart from that, in the heterogeneous structures, the

depletion zone is not growing into the microchannel to the same extent as at

the homogeneous hydrogel. Due to the channel heterogeneity, the depletion

zone is discontinuous along the channel wall, breaking down the growth of the

depleted area into the channel. Inside the depletion zone, the potential drop

is much larger than in the ion rich zones as a result of the lower conductivity.

When the depletion zone is larger, this thus requires a larger driving potential

to induce the same total current. At moderate voltages, the resistance of the

system to charge transport seems to reduce as the applied potential is increased,

especially for the trapezoidal hydrogels. At higher voltages, the variance in the

measurements for the trapezoidal hydrogels is large. We attribute this behaviour

to transitioning into the overlimiting current regime and the variable onset of

this regime between different microchips that were tested. In the overlimiting

regime, electrokinetic instabilities may lead to turbulent mixing, which results

in variations in current [13, 30]. In the trapezoidal geometry, more than in the

others, the initial contribution of EOF along the channel walls influences the

development of the ion depletion zones. The slightest change in configuration

is expected to yield a deviation in IV-curve characteristics. This effect is less

pronounced for the symmetric heterogeneous and homogeneous hydrogels, as the



Results and discussion 143

0 2 4 6 8 10
0

0.2

0.4

0.6

∆V [V]

I
[µ

A
]

(a) Current I versus ∆V

0 1 2
0

0.1

0 2 4 6 8 10
0

0.1

0.2

Channel flowrate [µL/min]

C
u
rr

en
t

d
en

si
ty

[A
/
m

2
]

(b) Average current density versus flow rate

Homogeneous

Rectangular

Trapezoidal

Figure 6.2 — (a) IV-sweeps for all different geometries, at a flow rate of 3 µL/min
and an inlet concentration of 0.1 mM NaCl. Error bars indicate standard deviation
between measurements. (b) Average steady state current density at an applied potential
of 8V as a function of flow rate, obtained by dividing the total current by the active
hydrogel area for the different geometries. For the measured absolute currents and the
calculation of hydrogel areas, see appendix Figure 6.7.
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initial component of the EOF is smaller. The onset for the overlimiting current

regime for these geometries is then at a higher voltage.

Current was measured as a function of time at different feed flow rates and

a feed concentration of 0.1 mM NaCl. The current was averaged over 180 s for

all systems, after reaching a steady state. In our system, we defined the onset of

steady state as the time after which the current was not monotonically increasing

or decreasing. The highest currents were measured for the asymmetric trapezoidal

hydrogels. The absolute current as a function of flow rate is measured at an applied

potential of 8 V, and is shown in Figure 6.7 in the appendix. The asymmetric

trapezoidal hydrogels show the highest absolute current for all flow rates and are

less prone to a reduction in current as a function of flow rate. We attribute the

decrease in current as a function of flow rate to not overcoming the limiting current

regime at higher flow rates when homogeneous and rectangular heterogeneous

hydrogels were used. In the chips with trapezoidal hydrogels, the overlimiting

current regime is reached at all flow rates. To make a more fair comparison, the

current per hydrogel area (A/m2) in the different microchips should be compared,

as shown in Figure 6.2(b). For the asymmetric trapezoidal hydrogels, the average

width of the hydrogel is taken as a reference for the active hydrogel area (see

appendix for calculations of the area). Since the full homogeneous hydrogels

have the highest surface area per channel, the current density in this geometry is

lowest. For both heterogeneous (trapezoidal and rectangular) hydrogels, the total

exchange area is lower, resulting in higher current densities when compared to

the full homogeneous hydrogel. This indicates a more efficient use of hydrogel

area in these configurations.

For all electrical measurements it is confirmed that the supply of ions is larger

than the theoretical removal of ions as a result of the electric field and the obtained

currents. Even for the lowest flow rates (2 µL/min) and hypothetical currents up

to 0.6 µA (which is the highest current measured in this work) at this flow rate,

not all ions will be removed from the feed, so this is not a limiting factor in our

experiments.

From the combined IV and chronopotentiometric measurements, we conclude

that the asymmetric trapezoidal hydrogels enhance charge transport when com-

pared to full homogeneous hydrogels. This enhancement occurs in all regimes:

Ohmic, limiting and overlimiting. To explain this behaviour, the potential distri-

bution in the microchannels is modeled for all geometries. The results are shown

in Figure 6.3. These plots are obtained using COMSOL Multiphysics, in which the

electric field is solved using the Poisson equation. For the homogeneous geometry

(Figure 6.3(a)), there is no initial gradient of the electric field in the direction

tangential to the hydrogel surface, while for both heterogeneous geometries there

is a tangential component present immediately after applying a potential (Fig-

ure 6.3(b-c)). The tangential component gives rise to an electro-osmotic flow
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Figure 6.3 — Modeled potential distribution and electric field lines inside the microflu-
idic channels, (a) for homogeneous hydrogels (b) for symmetric heterogeneous hydrogels
and (c) for asymmetric heterogeneous hydrogels.

(EOF) adjacent to the microchannel wall, yielding an additional transport of

ions towards the hydrogel. Using the local electric field strength Ex obtained

from these simulations, the magnitude of this EOF can be estimated for both

heterogeneous geometries, using the Smoluchowski equation [31], ueo = εrε0ζ
η Ex.

With a ζ-potential of −100 mV [32, 33], a viscosity η of 8.9× 10−4 Pa · s and

a relative permittivity εrε0 = 7× 10−10 F/m the expected velocity of EOF is

estimated to be between ∼ 100 µm/s and ∼ 200 µm/s at the PDMS pillars

between the hydrogel patches for an overall applied potential of 5 V. This EOF is

enhanced by the heterogeneous nature of the surface charge as well, as PDMS is

negatively charged and the AEHs are positively charged this will also drive EOF

mixing. Apart from that, the contrast between the CEHs and the PDMS surface

charge will also play a role in driving EOF [16, 34, 35]. Electric field distortion

from the geometric patterning couples to this and can enhance the overall EOF

mixing in the system.

The local field strength is higher for the trapezoidal hydrogels than for the

rectangular heterogeneous hydrogels (∼ 10%), resulting in slightly higher EOF

velocities for this geometry. The difference in shape (and hydrogel curvature) also

affects the general flow profile and the driving of the EOF. This EOF is present

in all regimes, including the Ohmic and limiting. Already in the Ohmic regime,

this yields a contribution of EOF to the charge transport in the heterogeneous
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geometries increasing the transport of ions towards the hydrogels. The direction

of EOF is dependent on the local direction of the electric field at the and is thus

of opposite sign on either side of the hydrogels. This induces electro-osmotic

mixing in the boundary layer, reducing concentration polarization and enhancing

the effective ion transport. Additionally, the tangential component of the electric

field and the presence of EOF enhances the onset of EKI and microfluidic mixing

in the ion depletion zones after the development of an extended space charge.

6.3.2 Ion concentration profiles

To gain more understanding of the influence of geometry on ion transport, ion

concentration profiles are monitored as a function of time and applied potential

or current. All concentration profiles shown here are measured without the

application of external cross flow, in order to decouple the effect of concentration

polarization from the imposed flow.

Fluorescence Microscopy

Fluorescence microscopy is often used as an indicator of local ion concentrations

and in observing the development of ion depletion zones [24, 25]. The fluorescent

dye is negatively charged and thus mimics the behaviour of the anions inside

the solution. In Figure 6.4 the fluorescence microscopy images of the three

different geometries are shown. Positively charged AEHs contain relatively high

Figure 6.4 — Fluorescence intensity profiles for (a) homogeneous hydrogels, (b) for
symmetric heterogeneous hydrogels and (c) for asymmetric heterogeneous hydrogels as
a function of time with an applied potential of 9 V, without the application of cross flow.
Anion exchange hydrogels (indicated by the green markers) are bright as a result of the
negatively charged fluorescent dye, cation exchange hydrogels (red markers) are less
bright. Depletion zones are developing adjacent to the hydrogels after the application of
an electric field, yielding different patterns for the three geometries.
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concentrations of the negatively charged fluorescent dye and appear bright. For

all images, the electric field is applied from top (positive electrode) to bottom

(negative electrode), as is indicated in Figure 6.4(a). This configuration leads

to ion depletion adjacent to the hydrogels in the diluted microchannels, as can

also be observed from the fluorescence intensity profiles inside the microchannels.

Depletion zones are formed in all different hydrogel geometries and grow as a

function of time.

The ion depletion zones form in a different manner because the geometry of

the hydrogel has an influence on the distribution of the electric field and thus

alters the behaviour of charge transport for the different geometries. For the

homogeneous hydrogels (Figure 6.4(a)), initially a depletion boundary layer forms

at the hydrogel interface and grows into the microchannel until breaking down

in small circular ion depletion zones moving along the hydrogel interface (from

27.5 s). Then, the smaller depletion zones merge into larger zones that are still

moving (with no preferential direction) along the hydrogel interface. The direction

of this movement is dependent on the local charge distribution in the solution.

Concentrated solution plugs remain between the large depletion zones (from t =

100 s). There are nearly no initial heterogeneities in the electric field distribution

in homogeneous geometries and thus no initial contribution of EOF on the ion

transport is present. Therefore, initially a stagnant concentration polarization

layer forms and covers the entire membrane interface. Upon the development of ion

depletion zones and an extended space charge adjacent to the hydrogel interfaces,

the electric field is distorted in the homogeneous system as well, resulting in EKI

and the movement of fluid and depletion zones at the hydrogel interface. Our

experimental observations are in general agreement with the numerical predictions

reported by Davidson et al. for similar geometric configurations [16].

In both microchips with a heterogeneous hydrogel geometry, depletion zones

form in a more controlled manner as pinning of depletion zones occurs at the

hydrogel edges. A local zone of increased concentration is formed at both edges

between the PDMS pillar and the hydrogel, while the depletion zone continues

growing at the hydrogel interface. Near rectangular heterogeneous hydrogels,

first small depletion zones form adjacent to the hydrogel interface, and merge

into two larger depletion zones that are pinned at the hydrogel surface. These

depletion zones grow as a function of time, until ions are fully depleted in the

entire microchannel. The channel outside of the hydrogels (beginning and ends

of the microchannel, as can be seen from Figure 6.4(b) at 210 s), still contains a

higher concentration of ions when compared to the depletion zones. The zones of

high concentration are locally pinned to the edge between the hydrogel and the

PDMS. At this point, the current is reduced to a lower steady value, indicating a

steady flux of ions through the hydrogels. Similar behaviour can be observed in the

heterogeneous trapezoidal hydrogels, where a local pinning of high concentration
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at the hydrogel edges and depletion zones form as a function of time. However,

at the smaller hydrogel borders, there is only one depletion zone forming while

at the larger border multiple smaller depletion zones are formed. These small

zones merge into larger depletion zones (around t = 40 s) until the ions in entire

microchannel are fully depleted at t = 200 s.

From the experiments with fluorescent dye, we can observe some of the fluid

movement, especially at the planes of discontinuous conductivity (the edges be-

tween the hydrogel and the PDMS pillars) and we can compare the ion depletion

zones to numerical predictions of similar systems that also included the develop-

ment of fluid flow [16, 36]. Particle seeding of the flow was not successful as the

polystyrene beads stick to the hydrogel surface and can move electrophoretically

through the hydrogels and with that distort the system under investigation. We

expect, based on these numerical predictions and previous experiments in mi-

crofluidic systems [13, 37] that vortex formation occurs also within the depletion

zones observed in the current system.

The observed movement of the enriched zones pinned to the hydrogel edge

can be explained by the combined effect of EOF adjacent to the microchannel

walls and the electric field working on the extended space charge adjacent to the

hydrogel surface. As was explained in Section 6.3.1, EOF is present in our system

as a result of the negative surface charge of PDMS and a tangential component

of the electric field. The surface is screened by cations present in the Debye layer.

These cations migrate along the electric field lines towards the low potential

sink, and drag along the liquid which results in an electro-osmotic flow in the

microchannels. For this EOF to establish itself, there should be a component

of the electric field in the direction along the channel walls. As was shown, this

component arises in systems with a heterogeneous distribution of hydrogels, since

the electric field is non-homogeneous through local changes in conductivity and

permittivity at the wall in such systems. Electrokinetic instabilities (EKI) can

also occur from the development of a local space charge that is a result of the

selective charge transport through the hydrogel [38], which is also influenced by

the shape of the electric field lines. At the cation selective interface, a negative

space charge develops and results in a fluid movement inside the electric field,

directed towards the middle of the microchannel. The combination of this EOF

and EKI lead to the pinning of high concentration plugs at the interface between

the PDMS and the hydrogel in both heterogeneous geometries.

Fluorescence-Lifetime Imaging Microscopy

To quantify the ion concentration inside the microchannels, we combined FLIM

with chronoamperometric and chronopotentiometric measurements. After setting

a potential or current, images are captured to measure the ion concentration in the
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microchannels as a function of time. Typical results of the FLIM measurements

are shown for the different geometries in Figure 6.5, the fluorescence-lifetime of

the dye is converted to Cl– concentration via a calibration curve (see Figure

6.6 in the appendix). These chronopotentiometric measurements were done at

a constant current of 0.5 µA. Note that while the dye concentration does not

influence the measurement of the lifetime, the dye concentration must be high

enough to yield a sufficient signal in order to measure lifetime. In FLIM, the

positively charged AEHs show a signal since the Lucigenin dye is negatively

charged, the negative CEHs do not show any signal during the measurement.

Measuring the ion concentration inside of the AEHs is not possible, since this

concentration is higher than the maximum range for calibration.

For all geometries, the Cl– concentration increases in the upper channel, while

it decreases in the lower channel, as is expected based on the configuration of

the electric field (see Figure 6.5(a)). The negatively charged fluorescent dye was

eventually depleted in the depleted channel, resulting in the loss of signal from

Figure 6.5 — Local Cl– concentrations in both depleted and enriched microchannel
in chronopotentiometric measurements at a constant current of 0.5 µA, measured with
FLIM for (a) homogeneous hydrogels, (b) for symmetric heterogeneous hydrogels and
(c) for asymmetric heterogeneous hydrogels. CEHs are indicated by the red markers
and are not yielding a signal, while AEHs are indicated by the green markers and show
a signal since the negatively charged Lucigenin is present in these hydrogels as well.
The fluorescent dye is also depleted from the depleted channel, resulting in the loss
of signal in this channel at elevated times. In the upper channel, the increase in local
concentration can be followed as a function of time.
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this channel (most pronounced at the longest times). The behaviour observed

in the FLIM measurements is similar to the results of fluorescence microscopy

measurements, which confirms that fluorescence measurements are a good indicator

for qualifying ion concentration profiles inside microfluidic systems. However,

both the spatial and time resolution of our FLIM system is not sufficient to detect

the development of local depletion zones in our relatively small system in sufficient

detail to draw firm conclusions. Fluorescence microscopy has shown that the time

scale of this development is in the order of seconds while recording one FLIM

frame takes 13 seconds in our system.

The increase of ion concentration in the enriched microchannels can be measured

as a function of time for all different geometries. An example of such a result

is shown in the appendix (Figure 6.8). However, the space and time resolution

of the FLIM method yield a high variance in the measurements, resulting in

uncertainties in the actual local value of concentration. In general, as observed

in the electrical characterization, the system with the heterogeneous trapezoidal

hydrogels shows the fastest charge transport and the highest final concentrations

inside the enriched channel. As expected, the enrichment is most pronounced

at high potentials and currents, yielding the highest final concentrations in the

enriched channel.

6.4 Conclusion

In this study, we investigated the effect of geometry on ion transport through

charge selective interfaces. Our platform is versatile and can be easily adjusted

to test various geometries, as the PDMS molds can be designed in any desired

shape and size. Using capillary line pinning of hydrogels we are able to produce

charge selective interfaces in a large variety of shapes which are of interest for

determination of the influence of geometry on ED stack performance.

Comparing quantitative (FLIM) and qualitative (fluorescence) concentration

measurements, we have found that the use of fluorescence microscopy as an indica-

tion for the ion concentration yields a good description of the local concentrations

in microfluidic systems. Fluorescence imaging generally has better time and

space resolution than FLIM and is a more simple experimental method yielding

advantages for the investigation of fast developing systems such as our platform.

FLIM was useful to confirm that our simple dye fluorescence measurements are

representative of the ion behaviour in the system.

By electrical characterization and imaging of concentration profiles of systems

with different hydrogel geometries, we found that a heterogeneous charge selective

interface can enhance the charge transport in the system, as the heterogeneity

induces tangential components to the electric field acting on charges in the solution
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and causing an electro-osmotic flow in the microchannels. This electro-osmotic flow

is present in all current regimes, including the Ohmic regime and thus enhances ion

transport to the hydrogels even in this regime. The electro-osmotic contribution

to the flow induces an enhanced vortex fluid movement in heterogeneous hydrogel

systems, mixing the depletion boundary layer and supplying additional ions to the

interface. When comparing two different heterogeneous geometries, the trapezoidal

hydrogels show a higher charge transport as a result of the larger tangential electric

field in this system when compared to the rectangular heterogeneous hydrogels.

In systems containing homogeneous charge selective interfaces, initially there is no

tangential component in the electric field. After the development of an extended

space charge at the membrane interface, a tangential component does occur. This

means that there is a delayed mixing of the boundary layer when compared to the

heterogeneous systems. Our results are in agreement with theoretical predictions

on the formation of ion depletion zones in similar systems [6, 16]. We also found

that in heterogeneous systems, pinning of the ion depletion zones and vortexes

occurs at the plane of discontinuous conductivity, showing a local increase in ion

concentration in the microchannel above the non-permeable pillars.
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Appendix

FLIM calibration

For the quantification of the Cl– concentration in the microchannels by fluorescence-

lifetime imaging microscopy (FLIM), a calibration curve for is constructed. A

modified Stern-Volmer equation [39] (Equation 6.1, where τ is the measured

lifetime, c is the concentration and A, f and K are fitting parameters) can be

used to fit the concentration over the measured concentration range from 0.01 to

10 mM.

τ = A(1− 1
1

fKc + 1
f

) (6.1)

Figure 6.6 — Calibration curve for FLIM measurements. The lifetime of the fluorescent
dye is dependent on the local chloride concentration.

This fit is shown in Figure 6.6, where one can observe that especially for

higher concentrations the spread in measurements is large. Therefore, we are

only measuring in the linear regime between 0.2 and 1 mM (shown in the inset of

Figure 6.6), resulting in a higher accuracy in our estimations, also based on the

resulting normal probability plots of both fits. For the linear fit (τ = a · cCl + b)

we found the a = −3.942± 0.154 and b = 18.04± 0.1 (95% confidence intervals).
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Current and current density

The measured absolute current for the different geometries at different flow rates

is shown in Figure 6.7. For a comparison between the different geometries, the

current density is a better measure.
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Figure 6.7 — Absolute current as a function of flow rate for the three different hydrogel
geometries.

For calculation of the current density (Figure 6.2 in this chapter) from the

absolute current, the hydrogel area for all different geometries is required. This is

calculated using the width (w1 and w2) and height (h) of the hydrogels in the

channels and the number of patches (n), per Equation 6.2. The values of the

different dimensions are shown in Table 6.1.

S = nh(
w1 + w2

2
) (6.2)

Table 6.1 — Hydrogel dimensions

Configuration n h[µm] w1[µm] w2[µm]
Trapezoidal heterogeneous 5 67.5 295 1725
Rectangular heterogeneous 5 67.5 690 690
Homogeneous 1 67.5 16100 16100
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FLIM results
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Figure 6.8 — Example of quantitative result of the FLIM measurements. Lines are
for visualization purposes only.

In our FLIM measurements, we obtain a quantification of local Cl– concen-

tration as function of time for all locations where there is a fluorescence signal.

Especially in the enriched channel this is valuable as here the enrichment of ions

can be monitored. In the depleted channel, the fluorescent dye is depleted as well,

as it has a negative charge. Therefore, results shown here are only the enriched

channels.

By averaging the lifetime along the center of the enriched channel for all times,

we can see the development of the ion concentration in time. These developments

can be compared for the different geometries. However, the standard deviation

between the different measurements and the variance in concentration in the

channel yields a large uncertainty in the measured values of concentration. We

can plot the average concentration in the upper channel as a function of time for

all different configurations of hydrogel and applied current or potential.

An example of such a measurement is shown in Figure 6.8, where the FLIM

results of chronopotentiometric measurements in heterogeneous, rectangular hy-

drogel chips are shown. In this figure, the error bars are not shown for ease of

reading the figure. Especially at lower times, the error bars are overlapping. What

can be observed is that as a function of time the concentration in the concentrated

channel is increasing, as is expected. It seems that this is happening faster for

higher applied currents, which would also be according to expectations, but no
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firm conclusions can be drawn from this based on the confidence intervals of the

measurements.

The only conclusion that can be drawn based on the FLIM measurements is

that the Cl– concentration in the enriched channel is increasing as a function of

time, for all geometries and all applied currents and voltages. No quantification

of the transport rate of ions can be done based on these measurements, since the

confidence intervals are too large to draw unambiguous conclusions.







CHAPTER 7

Confinement effects on ion transport and

electrokinetic flows at the micro-scale

Abstract — Electrokinetic effects adjacent to charge selective interfaces

(CSI) have been experimentally investigated in microfluidic platforms in

order to gain understanding on underlying phenomena of ion transport

at elevated applied voltages. We experimentally investigate the influence

of geometry and multiple array densities of the CSI on concentration

and flow profiles in a microfluidic set-up using nanochannels as the CSI.

The distribution of the electric field has a large influence on the charge

transport and can be observed in microfluidic devices. Particle tracking

obtained under chronoamperometric measurements shows the development

of vortices in the microchannel adjacent to the nanochannels. We found

that the direction of the electric field and the potential drop inside the

microchannel have a large influence on the ion transport through the

interface, for example by inducing wall electro-osmotic flow. Electric field

distortion can result in inefficient use of the CSI as the local potential

is much lower than the applied potential. Multiple vortices are observed

adjacent to the CSI, growing in size and velocity as a function of time and

dependent on their location in the microfluidic device. Local velocities

inside the vortices are measured to be more than 1.5 mm/s. Vortex speed,

as well as flow speed in the channel, are dependent on the geometry of

the CSI and the distance from the electrode.

This chapter is based on the publication
A.M. Benneker, J.A. Wood, P.A. Tsai and R.G.H. Lammertink Observation and experimental
investigation of confinement effects on ion transport and electrokinetic flows at the microscale,
Sci. Rep. 6 37236 (2016).
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7.1 Introduction

Ion selective membranes are important for a variety of applications, such as water

desalination, energy harvesting and in biological systems [1–3]. Ion transport

phenomena near membranes have been of interest for many decades and elec-

trokinetic effects associated with ion selective membranes have been investigated

widely in the recent years [4–7]. Due to the development of micro- and nanoscale

fabrication methods, numerous microfluidic experiments on electrokinetic phe-

nomena adjacent to charge selective interfaces (CSIs) have been conducted [8, 9].

The advantages of microfluidic systems include the control of the imposed flow,

which is mostly in the laminar regime, the ease of handling and the small volumes

required for experimenting. Most importantly, the optical access and visualiza-

tion techniques available for microfluidic systems are especially beneficial for

the fundamental understanding of ion transport phenomena taking place on the

microscopic interface in macroscopic systems.

Investigations of microfluidic charge selective systems typically consist of two

or more micro-scale channels which are interconnected through a charge selective

layer [10, 11]. This charge selective layer can be a membrane, such as Nafion

[9, 10], or a medium providing charge selectivity through double layer overlap,

such as nanochannels [12, 13]. The driving voltage is typically applied through

electrodes located relatively far from the membrane interface. Due to the many

different geometries and materials employed as CSI, the electrical measurements

typically cannot be compared to each other directly [11–15]. Observations of

ion concentration polarization (ICP) regions using charged fluorescent dyes have

yielded information on the size of ion depletion zones as function of applied voltage

[12] and the formation of multiple depletion zones in charged membrane systems

[11, 16]. Local electric field strengths have been measured using electrodes inserted

in the depleted microchannel [17], showing that the local electric field strength

in the depletion zone is high as a result of the depletion of charge carriers. In a

similar way, the local ion concentration was measured in a dead-end channel with

a Nafion membrane [18].

Vortex formation has been both predicted from numerical research and ex-

perimentally observed in the overlimiting current regime (OLC) adjacent to a

CSI for different geometries and applied electric fields. Many numerical studies

have been executed on the prediction of these fluid flows, with different proposed

explanations for the occurrence of the OLC regime [5, 19–21], depending on

geometry and other system parameters. Experimentally, vortex structures and

depletion zones associated with vortex-like rolls have been observed in multiple

microfluidic systems [7, 8, 18, 22–24], using particles and dyes. These results

have shown the presence of multiple vortices in the vicinity of the CSI, but not

the formation of these vortices and their growth as function of time in detail
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for microfluidic systems. In larger systems, the vortex size and speed grow in

time, up to a velocity of 80 µm/s and a size of 1000 µm as a function applied

current density [22, 25]. These hydrodynamic vortices can be utilized for creating

micromixers in lab-on-a-chip applications [21, 26, 27], as they enhance mixing in

a laminar system.

Often, in microfluidic systems and numerical simulations in particular, the

assumption is made that the electric field is in the same overall direction as

the ion transport through the charge selective interface [19, 20]. The majority

of experimental papers simplify these relationships of the local electric field

variations and the difference between the applied and induced local electric fields

to provide order of magnitude or scaling law interpretations [12, 18]. However,

the nature of most microfluidic systems does not necessarily provide such a

normal electric field as a result of the distortion of electric field lines through

the geometry of the microchannels. In numerical research, the applied field is

also typically assumed to be normal to the CSI for numerical simplification. In

this chapter, we experimentally show that this electric field distribution has a

significant contribution to the observed phenomena and membrane performance,

by using different geometries of the charge selective interface. Concentration

profiles are obtained using fluorescent dyes and particle tracking experiments are

done for observation of flow patterns and speeds inside the microchannels. These

experiments show that the direction of the electric field and small distortions in

this, have a large influence on the ion transport through and near charge selective

interfaces.

All solids placed in an electrolyte solution obtain a surface charge, which

induces an electric potential distribution inside the liquid. Ions present in the

solution will re-distribute according to this potential, yielding an electric double

layer (EDL) adjacent to the surface. The size of the EDL is dependent on the

ionic strength of the surrounding solution and becomes larger for lower ionic

strengths. The characteristic size of the EDL is described by the Debye length,

λd =
√

(εrε0kBT )/(
∑
e2z2

i ni), where εrε0 is the dielectric permittivity of the

medium, kB is Boltzmann’s constant, T is the temperature (in K), e the elementary

charge, z is the ion valency and n is the concentration of ionic species (in mole/m3)

[28]. If two walls are spaced in the order of this Debye length (O(10 nm) for 1 mM

NaCl solution) or less, co-ions are largely excluded from the resulting channel due

the overlapping EDL, resulting in selective ion transport of counter ions through

this channel. An advantage of nanochannels over the use of classical membranes

such as Nafion is their defined geometry and the controllability of the interface.

When an electric field is applied over a CSI in an ionic solution, counter ions

will migrate through the interface, towards their attracting electrode. Co-ions

will drift towards the interface on the opposite side, but are blocked by the

membrane, yielding a local increase in ion concentration at the interface and ICP
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Figure 7.1 — Schematic representation of a CSI in ionic solution under the application
of an electric field. Depletion of both anions (yellow) and cations (red) at the interface
occurs in the limiting current regime, yielding a transport limitation in the diffusive layer
(indicated by the background color gradient). Diffusive, drift and drag forces on the
different ions and water result in fluid vortices as time proceeds. Before any potential or
current is applied the ions are distributed evenly in the solution adjacent to the CSI (a).
After the application of an electric field over the CSI an ion depletion zone is forming at
the anodic side of the charge selective interface, while different forces are acting on the
ions and water molecules in the solution (b). After proceeding of time, the combination
of these forces (in combination with the absence of ions in the vicinity of the CSI) results
in vortices forming adjacent to the CSI and within the boundary layer (c).

over the membrane. Upon increase of the electric field, the depletion zone will

grow into the solution and diffusion of ions through this zone will become the

limiting step in the charge transport, yielding the well-known limiting current

in the IV-curves [5]. For a cation selective interface, the depletion zone will be

on the anodic side of the interface and an enrichment zone is formed on the

cathodic side. As a result of these concentration gradients and local potential

gradients in the system, electro-osmosis, (di)electrophoresis and diffusiophoresis

will become more pronounced. At elevated field strengths, an extended space

charge is formed outside of the electric double layer [29, 30]. The high local

electric field strengths (as a result of low local ion concentrations) will act on
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this space charge, yielding fast hydrodynamic developments inside the confined

microchannel, as schematically depicted in Figure 7.1. In this figure, as function

of time, the development of hydrodynamic vortices is schematically shown. At

t = 0s, there are no concentration gradients in the system (a). Upon application

of an electric field a concentration gradient forms, shown in Figure 7.1(b), which

results in diffusive forces acting on both cations and anions. The applied electric

field imposes a drift force on the cations towards the membrane. These forces

cause movement of the ions, which in turn drag along the surrounding water

molecules. These combined drift, diffusion and drag forces result in fluid movement

in the vicinity of the CSI, where local concentration gradients result in tangential

components of the electric field. As a result of these tangential components of the

electric field in the electrically non-neutral parts of the ionic solution, a tangential

force near the CSI arises and vortices are formed, shown in Figure 7.1(c). These

electrohydrodynamic effects affect the diffusion limited layer adjacent to the CSI

and contribute to the transition from the limiting towards the overlimiting regime

in the IV-curve [31].

Velocities of classical electro-osmotic flows (EOF) are a function of the applied

external field E∞, the dielectric permittivity of the medium εrε0, viscosity η and

the wall zeta potential ζ and can be described by the Smoluchowski equation [32],

ueo = −(εrε0/η)ζE∞ . Velocities that are observed as a result of the concentration

gradients are reported to be orders of magnitude higher than the predicted value

for conventional wall EOF [12, 17].

7.2 Experimental details

In our experiments, we used nanochannels with a characteristic dimension of ∼20

nm in depth as charge selective medium. The salt solutions used are between

0.1 and 1 mM NaCl, corresponding to a Debye length λd of 30 and 9.6 nm,

respectively. Two microchannels (70 µm in width, 20 µm in depth) are connected

through 50 µm long nanochannels with a width and depth of 2 µm and ∼20 nm

respectively. The dimensions of these nanochannels are measured by white-light

interferometry. Different distributions of nanochannels between the microchannels

have been used, as shown in Figure 7.2(b), in (I) there is a single patch of 10

nanochannels (spaced 3 µm), in (II) there are n = 50 of these patches (spaced

135 µm) and in (III) there are 1660 nanochannels (all spaced 3 µm). Chips are

fabricated using wet etching of the nanochannels in glass, applying a sacrificial

chrome-gold layer which is removed after wet etching of the microchannels. Access

holes are powder blasted before thermally bonding two glass wafers. The glass

has a negative surface charge, resulting in cation selective nanochannels. More

details on the fabrication method can be found in the appendix.
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(a)

(b)

I

II

III

I

3 n-22 n-11 n

Figure 7.2 — (a) Schematic design of micro/nanofluidic devices. Two microfluidic
channels are interconnected by nanochannels. Fluid access holes are connecting the
microchannels to liquid reservoirs on the chip holes. Potential is applied through silver
electrodes that are placed in off-chip liquid reservoirs, while the resulting current is mea-
sured. (b) Three different distributions of nanochannels between the two microchannels
are used, type I, II and III. In type I, a single patch of ten nanochannels is in the middle
of the microchannels. In type II, n = 50 patches of ten nanochannels are connecting the
microchannels, patch numbering is indicated for this chip type. In type III, a full array
of 1660 nanochannels is connecting microchannels.

The microchips were placed in a dedicated chip holder and flushed with the

desired salt solution for at least 30 minutes using a syringe pump, by first flushing

one of the microchannels to make sure that all nanochannels are filled by capillary

forces and afterwards flushing both channels. After flushing, the fluid reservoirs

in the chip holder were filled with the desired solution and the liquid was allowed

to equilibrate inside the microchannels in the absence of any pressure gradients.

To monitor ion concentrations, 0.1 mM NaCl solutions containing an additional

5 µM Alexa Fluor 488 Cadaverine were used. For the visualization of the flow

fields, 0.05 wt% fluorescent polystyrene particles with a diameter of 1.0 µm were
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added to the solution.

Electric potential was applied by a Keithley 2450 Source Meter, controlled by an

in-house built LabVIEW program. Silver electrodes were placed in all four fluidic

reservoirs and a constant potential was applied to both electrodes connecting

the upper microchannel while keeping the other two grounded, or vice versa.

During these chronoamperometric measurements, resulting current and applied

potential were recorded. Fixed potentials between 0 and 100 V were applied

for all geometries. Due to the presence of the charge selective nanochannels the

electric field lines are distorted with respect to the channels. We have confirmed

this by a simple COMSOL Multiphysics model of type I chips, from which we

illustrate how the electric field lines bend in the vicinity of the nanochannels.

Movies were recorded using a Zeiss Axiocam 105 Color (for fluorescent dyes) and

a Hamamatsu ORCA-Flash4.0 LT (for particle tracking) camera, mounted on an

inverted Zeiss Axiovert 40 MAT microscope.

7.3 Results and discussion

Typical chronoamperometric responses of the different systems are shown in Figure

7.3. A fast decay of current as function of time is observed for all configurations of

nanochannels. This indicates that the ions available for transport become depleted

from the CSI and that there is a strongly reduced transport of charged species

through the nanochannels as time proceeds. Usually IV -curves are reported, as

opposed to chronoamperometric (I versus t) measurements [12, 15, 31, 33, 34].

When current as a function of time has been reported, researchers have observed

similar decaying behaviour for current as function of time for a fixed applied

voltage [7, 16]. The standard deviation (error bars) in measured current is in

the order of ∼ 20% relative standard deviation, which is in line with previous

literature for nanochannels [35].

In our experimental system the electric field is distorted as a result of the

presence of the CSI, yielding a growing resistance for ion transport as depletion

zones are growing (as explained in the next section). An interesting note is the

absence of an initial diffusive time scale, as electro-osmotic flows on the walls

are present from the start of the measurements. The nanochannel conductivity

and selectivity are extremely sensitive on their geometry. Due to the fabrication

tolerance of our nanochannels, the quantitative electrical response for chips of the

same type shows relatively large differences. However, the qualitative behaviour

as shown in Figure 7.3 is found for all chips. On-chip reproducibility of the

IV and I-t data was relatively good, with a relative error of 4%, 20% and 46%

for the measurements under 100, 50 and 10 V respectively. The large error

for the 10 V measurement is due to the relatively small currents (O(nA)). The
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Figure 7.3 — Typical chronoamperometric response for nanochannel chips as function
of applied electric field strength. These results were obtained by a type II (see Figure
7.2) chip. Current decays as a function of time, for all applied potentials. Error bars are
based on SD for multiple runs.

fabrication tolerance of nanochannels is large as a result of the non-uniformity of

the wet-etching process and cannot be measured quantitatively for all chips due

to their small width. We measured the depth of a nanosized patch on different

parts of the wafer before bonding, resulting in a difference in nanochannel depth

of ∼50% for different locations on the wafer. This results in a large deviation in

area available for ion transport, which in turn yields large variations in the values

of the measured currents if we compare different chips with the same geometry.

7.3.1 Electric field distribution

Due to the location of the driving electrodes, the local driving potential for the ion

transport through the nanochannels is much smaller than the applied potential.

The electric field lines are locally distorted yielding a non-normal electric field

adjacent to the nanochannels. This is a result of the nature of microfluidic systems,

in which there are relatively long channels, which usually have corners that distort

the flow and electric field, as stated before [17, 27, 31]. Therefore, the electric

field strength cannot be assumed to be constant over all nanochannels and can

certainly not be assumed as equal to the applied electric field strength.

For confirmation of the proposed mechanism and the local electric fields, a

simple quasi-3D model was built in COMSOL Multiphysics using the Electric

Currents package. In Figure 7.4 the resulting local electric potential in both the
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Figure 7.4 — Local electric potential inside the microchannels of type II chips with an
applied potential of 50 V in the anodic reservoirs, modeled in COMSOL Multiphysics.
Distance 0 µm is the position of the first nanochannel patch, in total seven patches are
represented in this figure. The first five patch locations are indicated by the arrows.

anodic and cathodic channel is shown. Before reaching the CSI, the local electric

potential has reduced dramatically, yielding a relatively small driving force for ion

transport through the CSI. The potential drop in the microchannel is a result of

the length of the channels before the CSI is reached. It can easily be observed that

the driving potential for the first patch is higher than for the second patch, and

so on. From the fifth patch, the driving potential becomes negligibly small. This

simplified model supports our hypothesis that the length of the microchannels

has a large influence on the distribution of the electric field, which in its turn

has a dramatic effect on the transport of ions through the nanochannels and the

performance of the CSI. Placing the electrodes much closer to the CSI would

reduce this effect, as has been noted for simpler geometries [31]. These findings

are also in line with the work of Green et al., who demonstrated the importance

of the microchannel resistance for simpler microchannel/nanochannel geometries

[36].

7.3.2 Concentration profiling

To mimic the behaviour of ions, a charged fluorescent dye is added to the salt

solution. In our case, we used the Alexa Fluor 488 Cadaverine (ex/em 490/525

nm), which has a negative charge and is pH independent in the measurement
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Figure 7.5 — Intensity profiles of Alexa (negatively charged) for different chip geome-
tries (geometry I (a), II (b) and III (c)) upon the application of a driving potential of 50
V. Both channels contain a 0.1 mM NaCl solution, seeded with 5 µM Alexa fluorescent
dye, the positive potential is applied in the upper channel for all geometries. Low
intensity zones can be observed adjacent to the nanochannels in the anodic channel,
indicating that locally the salt concentration is low.
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range (4 < pH < 10) [37]. Typical ion concentration profiles are presented in

Figure 7.5 for the three different geometries under investigation. For geometry I,

Figure(a), we observe a gradual growth of the ion depletion zone on the anodic

side of the CSI, similar to the observations of Kim et al. [12] The size of the

depletion zone grows as function of time. Growth speed increases with increasing

electric field strength. From this figure, it can be observed that the zone does not

grow equally fast in both directions, which we attribute to a difference in local

electric field, which might be the result of electrode placement, a slight pressure

difference in the two reservoirs or bubble formation during the experiment.

Results for type II chips are shown in Figure 7.5(b). The field of view contains

the first arrays of nanochannels on the left side of the chip. Wave patterns of

ion depletion are developing in the vicinity of the patches of nanochannels, and

growing in time until the depleted zone spans the entire width of the microchannel.

The waves are forming as a result of the preferential direction of the transport

of ions near the nanochannels and the interplay with the electric field which

bends towards the nanochannels. It can be observed that the depletion above the

patch closest to the electrode is faster and more intense than depletion above the

patches further from the driving electrodes. This is a result of the local driving

potential, which is drastically reduced along the microchannel towards the patches

of nanochannels, as was shown in the previous section. The behaviour observed

is symmetric, as on the other end of the array of patches the same wave patterns

are observed in a mirrored direction towards the other electrode (not shown in

Figure 7.5(b), as a result of the limited field of view of our camera in comparison

to the total geometry, but was visually observed to be symmetric). This results in

a plug of ionic solution being trapped between two zones depleted of ions, where

there is no driving force for ion transport due to the reduction of the electric field

strength at this location in the chip.

For chips of type III, only one depletion wave was formed at each end of the

CSI, see Figure 7.5(c). In this system, symmetric behaviour was also observed

(again not shown due to the limited field of view of our camera), resulting in a

trapped plug of ion containing solution above the CSI, which seems unaffected by

the imposed electric field. This indicates that the potential drop is located over

just a portion of the nanochannels and microchannel before the arrays, leaving

most of the CSI unused in the transport of ions as there is no driving potential

for the transport. We note that this is likely the result of the local perpendicular

direction of the electric field, which can also occur in larger membrane systems as

a result of a small perturbation in the membrane surface [5].
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(b) Dye intensity for ∆V = 50 V
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(c) Dye intensity for ∆V = 100 V

Figure 7.6 — Dye intensity profiles (that mimic the local ion concentration) above
different patches as function of time, for applied potentials of 10 V (a), 50 V (b) and 100
V (c). Patch 1 is the first patch from the electrode (as indicated in Figure 7.2, patch 6
is the sixth. We averaged the dye intensity above the different patches as a function of
time from different experimental runs to obtain these profiles.
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Influence of nanochannel configuration

Using the type II chips, we see clear local differences in dye intensity and its

decrease as function of time and applied voltage for the different patches of

nanochannels. In Figure 7.6, the average intensity of the dye in the channel

above three patches in the field of view is plotted as function of time for three

different applied voltages. The patch closest to the driving electrode (patch 1,

see numbering in Figure 7.2) shows the fastest decay in local intensity, while the

patch furthest from the electrode (patch 6) shows a significantly slower decay

of intensity. A clear difference can also be observed for the different applied

potentials, showing that for an applied voltage of 10 V and 50 V, the patches

further from the electrode are not completely depleted of dye at higher times.

This reduced dye intensity indicates a lower local ion concentration above patches

closer to the electrode, resulting in a higher local electric field strength. Similar

behaviour is observed for chips of type III, in which a depletion zone is forming

on both sides of the array of nanochannels, but a plug of ion containing solution

is trapped above the center of the CSI.

In our system, the electric field lines are distorted significantly in the vicinity

of the CSI, due the geometry of the microchips. As a result of this and the local

concentration differences, the local electric field strength and the potential drop

over the nanochannels is not constant for all patches. This results in a reduction

of ion transport through the channels further away from the electrodes, as there

is a smaller driving electric potential remaining for the charge transport at these

channels. As a result, the local concentration above the patches in the center of

the chip stays higher compared to the local concentration above the outer patches.

Experimentally we observe that this effect is more pronounced for lower applied

electric fields and that for higher applied electric fields a larger number of patches

of show transportation of ions. For an applied voltage of 100 V, all patches in the

field of view are depleted from dye, although further from the electrode dye is still

present above the patches. The electric potential is reduced across all patches,

showing that for a higher starting potential, more patches are affected by the

electric field and play a role in ion transport. This can also explain the reduction

in measured current, as was shown in Figure 7.3, which flattens out after the

depletion zones have been fully established as there is a constant diffusive supply

of ions towards the patches that are still influenced by the electric field.

pH effects

One of the possible mechanisms for overlimiting current is the formation of

additional charge carriers, as a result of water splitting in the vicinity of the CSI

[6]. This would yield protons and hydroxyl ions, which establish a pH gradient

in the system. To test if a pH gradient near nanochannels is developed in the
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Figure 7.7 — Pattern formation under the application of a 50V electric field type II
chips, with Alexa (left), Fluorescein (middle) and Rhodamine B (right) as indicative
dyes for ion concentration and pH gradients. Alexa and Fluorescein are negatively
charged, while Rhodamine B is uncharged. Fluorescein and Rhodamine B are known to
be pH dependent in the measurement range, while Alexa is pH independent. Similar
wave patterns are formed for both negative dyes, while no changes are observed in the
intensity of the Rhodamine B experiments. This is an indication that no significant pH
effects are influencing our measurements at this scale.

system, we repeated the experiments with Fluorescein (495/517 nm), which is

negatively charged and pH dependent and Rhodamine B (543/565 nm) which has

no to a very slight charge, and is pH dependent in our measurement range. As

can be observed from Figure 7.7, the quantitative behaviour of the Alexa and

Fluorescein (both negatively charged) dye is similar, while for Rhodamine B (no

charge) no gradients in intensity are observed. This indicates that the observed

effects for the Alexa dye are a result of the negative charge of the fluorophore, and

thus can serve as an indication of the local ion concentration. The Rhodamine

B experiments did not show any alteration in intensity upon application of an

electric field, which, together with the Fluorescein measurements can lead to the

conclusion that there are no significant pH changes in the vicinity of the CSI in

our system. This indicates that water splitting is not significantly occurring in

this system, and no additional charge carriers are produced near the nanochannels

under these conditions.

7.3.3 Fluid flow and vortex dynamics

To be able to follow the fluid flow profiles inside the microchannels, fluorescent

particles are seeded in the feed solution. Movies in which the flow is clearly

visualized for the three different geometries can be found online [38]. Typical

frame rates for the capturing of the particle movement are between 100 and 150

fps, which at higher times and developed flow is too low for taking clear particle

images. These frame rates are the highest possible for the system, as a result of

light intensity required to maintain an acceptable image quality. This prohibits

automized particle tracking or PIV, but particles can be tracked manually. In all
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experiments no external pressure was applied, yielding negligible flows before the

electric potential was applied.

For geometry I, we observe two fast developing vortices in the anodic channel

upon the application of the electric potential of 50 V. The vortices grow into the

channel at first instance, but are being pressed onto the microchannel bottom

walls at later times, which can be observed from Movie 1 [38]. The size and speed

of the vortices is growing as a function of time, just as the depletion zone was

growing as function of time. Electro-osmotic instabilities (EOI) occur as a result

of the extended space charge near the nanochannels (due to the concentration

polarization) and the action of the non-uniform electric field on these regions

[19]. The observed effect is an interplay between electro-osmotic flows near

the walls, electro-osmotic instabilities in the vicinity of the nanochannel and

dielectrophoretic/diffusiophoretic forces.

In chips of type II, vortices are observed in the anodic channel above several

patches as can be observed in Movie 2 and Figure 7.8. Upon application of the

electric field, Movie 2 shows the formation of vortices in the anodic channel above

five patches under the application of a 50 V potential, where the right end of

the nanochannel arrays is imaged, patch n-5 to patch n. The vortex on the n-th

patch (closest to the electrode on the right side of the channel) shows the fastest

development and the largest final speed and size. This vortex extends significantly

in the channel towards the driving electrode, while the vortices on the other patches

stay relatively small and adjacent to their nanochannel patch. The vortices that

are formed show a suppression towards the lower microchannel wall, just as type

I chips. In the cathodic channel, movement of particles towards the nanochannels

is observed, where they are retained by size exclusion forming particle cakes on

the microchannel wall. At the walls between the patches particle movement in

the direction of the expected EOF for a negative glass surface is observed. The

chip shows symmetric behaviour, as was the case for the concentration profiles,

on the other side (above patch 1 to 5) also vortices have been observed directed

towards the other electrode. Vortex speeds and sizes grow as a function of time

and applied voltage.

This is also true for the observations in experiments with type III chips, in

which a single vortex is growing on each end of the CSI in the anodic channel (see

Movie 3 [38] for one side of the CSI). More generally, these experiments indicate

that a (small) distortion of the electric field and the magnitude of the residual

field strength in membrane systems has a high influence on the efficiency of the

membrane. A small distortion in this field can result in reduced capacity of the

total membrane as part of the membrane is not contributing to the transport of

ions.

The total fluid movement in the different geometries is a result of different forces

acting on the ions, particles and liquid present in the system. EOF is present
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Figure 7.8 — Fluid flow development over time for type II chips. Only patch 1 and
2 are in the field of view. vortices are observed above the different patches, and are
growing in speed and size as a function of time. Regions of electro-osmotic flow (EOF)
and electro-osmotic instabilities (EOI) are indicated.
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in both the anodic and cathodic channel, but is countered by different induced

flows in both channels. In the anodic channel, the EOF becomes negligibly small

in comparison to the flow as a result of the local non-electroneutrality in the

depletion zones. We observe no net flow in the expected direction of EOF in the

anodic channel in our experiments. In the cathodic channel, the EOF is countered

by the electrophoretic (EP) mobility of the particles and ions inside the flow.

Flow in the direction of the EOF was experimentally observed near the channel

walls, but in the center of the channel the flow is dominated by the EP flow, as

can be observed from the movies [38].

Quantification of observed flows

As stated, the detailed analysis of the obtained particle tracking images is done

manually. Images were loaded into MATLAB and particles were tracked by

identifying one and following it over multiple (up to 1000) frames to get local

velocities inside and outside the vortices. We track particle clusters, as these can

be unambiguously identified in every frame because of their characteristic larger

size than single particles. We should note that we can only measure the velocity

in the x and y-plane, and not the velocity in the z-direction. Hence, we only

report the speed, which is defined as s =
√

∆x2 + ∆y2/∆t. The reported speed

can be considered as a slight underestimation of the actual particle speed, since

the z-component is neglected.

Anodic channel. In type I chips, two vortices are formed, which are confined

towards the lower microchannel wall and span approximately half of the microchan-

nel width. The speed measured in these vortices is increasing with increasing

electric field and time from application of this field. Maximium speeds inside the

vortices are ∼600 µm/s, ∼900 µm/s and ∼1000 µm/s for applied electric fields of

20, 40 and 50V respectively. These speeds are much larger than the flow speeds

that would arise as a result of pure Smoluchowski EOF and similar to estimates

by Kim et al. [12] Inside the vortices the flow is not dominated by EOF, but by

EOI.

For type II chips, the vortex speed for the vortex closest to the driving electrodes

is measured to be ∼500 µm/s for a 10 V potential difference and ∼1500 µm/s

for 50 V. The second patch has a significantly lower vortex speed, around ∼600

µm/s for an applied voltage of 50 V. The speed decreased for the patches further

from the electrode, as can also be observed in Movie 2 [38]. This again indicates

that the patches further from the electrode are not contributing as much in the

phenomena taking place as the patches closest to the electrode. The absence of

vortices above patches in the center of the microfluidic device also indicate that

no significant transport is taking place there and thus that the entire CSI is not

used optimally.
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Flow speed in the channel above the suppressed vortices (in type II chips)

is also dependent on the distance from the electrode. Particles are accelerated

significantly as they cross the vortices from subsequent patches towards the driving

electrodes. The measured speed of the fluid above the vortex on patch 3 is ∼150

µm/s, above patch 2 this speeds up to ∼575 µm/s and from the first patch on

towards the electrode the speed is increased to ∼1125 µm/s. The speed of the flow

on the anodic upper channel wall which is not covered by the vortex, is measured

to be ∼200 µm/s, also in the direction of the driving electrode. The flow in the

anodic channel opposes the expected direction of EOF in the channel, indicating

that the EOF is negligibly small in the anodic channel as a result of electrostatic

forces on the extended space charge and to a lesser extent electrophoretic forces

in this channel.

Cathodic channel. The flow profile in the cathodic channel shows typical be-

haviour of EOF in combination with EP. The speed on the channel walls is

directed towards the grounded electrodes, in the expected direction for EOF,

while the flow in the center of the channel is directed away from the electrode

and towards the CSI, in the expected direction for EP.

The speed of the flow on the side wall was measured to be ∼120 µm/s in the

direction of the EOF before the first patch for an applied electric potential of

50 V. Between the patches the speed on the wall is ∼50 µm/s. These speeds

significantly reduce when the vortices are at full speed in the anodic channel.

The speed in the center of the channel was measured to be ∼200 µm/s, in the

direction opposing the EOF before the first patch, reducing to ∼80 µm/s after the

second patch. This speed decreased with increasing distance from the electrode.

The maximum EOF was calculated, using the Smoluchowski equation, to be

∼400 µm/s, using a ζ-potential of −30 mV [39] and an electric field strength of

20 kV/m (which is the maximum applied field strength). The electrophoretic

mobility of particles with a relatively small electric double layer can be calculated

using Hückel’s equation [32], µ = ζε/(6πη), which in combination with electric

field strength of 20 kV/m gives a predicted EP velocity of the particles of ∼37

- 55 µm/s if we assume the ζ-potential of the particles to be between −75 and

−50 mV [28, 40]. If EOF would only be countered by EP, the net direction

of the particles would still be towards the electrodes, which is not observed

experimentally. However, due to the symmetry of the chips and continuity, we

expect a pressure-driven flow in the direction opposing the EOF on the walls

[41], which adds to the movement of fluid towards the nanochannel patches. We

attribute the observed particle speed in the center of the channel to a combination

of EP and EOF driven flows, resulting in a velocity that is higher than the single

EOF and EP velocities. On the walls, the EOF, in the direction of the electrodes,

is countered by the EP of the particles towards the nanochannels, which yield

an experimental underestimation of the pure EOF on the wall. The orders of
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magnitude for these predicted flows are comparable to the orders of magnitude

that we measured experimentally.

7.4 Conclusion

In this chapter, we have shown that the local electric field strength inside a

microchannel has a large influence on the efficiency of charge selective interfaces

between these channels. Due to the nature of most microfluidic systems, the

electric field is not necessarily distributed normally with respect to the CSI,

yielding strong localized potential gradients and concentration gradients. The

resulting electrokinetic instabilities are largely influenced by the drop in field

strength with increasing distance from the electrodes. Results show that much

of the membrane in our microchannel/nanochannel array system is not used

efficiently, due to a combination of local distortions in the electric field as well as

significant potential drop in the microchannel. These local distortions in the field

and relatively large distance of the electrodes to the CSI are potential pitfalls

inherent to microfluidic devices that should be considered when interpreting

results. Small distortions yield a tangential wall component of the electric field to

arise, resulting in different directions of EOF in the system. Large differences arise

in fluid velocities above the different patches, the fastest vortices are observed

closer to the electrodes. For macroscopic membrane systems, these problems may

be less pronounced but distortions in the applied electric field could potentially

have a strong influence on the membrane performance.

In the investigated nanochannel systems, local pH changes near the nanochannel

entrances have not been observed which indicates that the vortex mechanism is

entirely based on salt exclusion from the nanochannel arrays. Fluid movement is

observed adjacent to the CSI in a limiting current regime in the depletion zones

forming above the membrane. Flow speeds of O(mm/s) have been observed, both

in vortices and the flows adjacent to the developing vortices. Large differences in

the vortex speed and dynamics were observed between the various geometries,

further stressing the importance of the interplay of geometry and electrokinetic

effects at the micro-scale.
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Appendix

Chip fabrication

For the fabrication of the chips used in the experiments we cleaned glass wafers in

HNO3 before priming them with HMDS. To be able to align the nanochannels with

the microchannels, we first etched alignment marks on the blank wafers before

etching the nanochannels. Standard photolithography was applied for the marks,

and the backside of the wafer was protected with foil before glass etching in BHF for

8 minutes. After stripping of the resist wafers were cleaned in HNO3 again before

applying the photolithography for the nanochannels. Nanochannels were etched

for 30 seconds in BHF, after which the resist was stripped and the dimensions of

the nanochannels were measured using a White Light Interferometer (Bruker WLI

Gontour GT-I). After cleaning the wafers in HNO3 again and drying them on a

hot plate of 150 °C immediately a chrome (15 nm) and gold (150 nm) layer was

sputtered on the wafers. This layer prevents further etching of the nanochannels

in the further process steps. After sputtering, immediately photolithography for

the microchannels is applied on the wafer. Gold and chrome are removed from

the microchannel locations using dedicated etchants and backside foil is applied

again before glass etching. In a 25% BHF solution the microchannels are etched

into the glass until they are 20 µm deep, which is indicated by size indicators

elsewhere on the wafer. For the powder blasting of via-holes a photosensitive

foil is applied on the backside of the wafer. Access holes are aligned and the foil

is developed after which holes can be powder blasted. The foil is removed in a

solution of CaCO3, placed in an ultrasonic bath. The wafer is completely cleaned

and particles are removed in an ultrasonic bath using acetone. The sacrificial

chrome-gold layer is removed using the dedicated etchant and the wafer is cleaned

before pre-bonding it to a cleaned glass wafer. The wafers are thermally bonded

overnight before they are diced.





Reflections and perspectives

People generally see what they look for,

and hear what they listen for.

- Harper Lee

To kill a Mockingbird (1960)
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This thesis describes research on ion transport at different charge selective

interfaces and on different length scales. The work combines numerical and

experimental investigations of charge transport through and near ion selective

interfaces, primarily for electrodialysis applications. In electrodialysis, ion trans-

port limitations in the boundary layer determine the operational range of the

process. Different approaches to reduce and understand the factors that influence

these transport limitations have been investigated, by altering temperature and

applying temperature gradients and changing the membrane geometry. The

experimental and numerical results presented in this thesis have implications

for research in (amongst others) the fields of membrane technology, fuel cells

and microfluidics. The outcome of this research relates to possible long-term

applications in industrial electrodialysis processes, or other chemical processes

which rely on charge transport in which the enhancement of charge transport

can be established using imposed temperature differences or differences in system

topology.

Reflections

The influence of temperature

Numerical modeling of a non-isothermal formulation of the Poisson-Nernst-Planck

and Navier-Stokes equations was done to study the effect of temperature (gradients)

on ion transport through charge selective nanochannels (Chapter 2 ). The influence

of the direction of temperature and electric potential gradients on the charge

transport was investigated for both symmetric and asymmetric nanochannels.

We found that the selectivity of symmetric nanochannels can be enhanced by

applying a temperature gradient in the direction opposite to the charge transport,

so that the depleted reservoir has a higher temperature. In this way, the ions

that are selectively transported through the nanochannel have a higher diffusivity

on the depleted side, while the ions that are ideally blocked by the channel

have a relatively low diffusivity on the enriched side, since diffusivity scales with

temperature. This results in enhanced transport of ions on the depleted side

when compared to the enriched side. For asymmetric nanochannels, applying a

temperature gradient along the electric field and along the asymmetry direction

of the nanochannel enhances the selectivity of the channels even further, while

a temperature gradient countering the electric field reduces the selectivity of

the nanochannel. To avoid complications of the variation of ζ-potential with

temperature, we assumed gated walls and therefore constant wall potentials. In

most membrane systems, the ζ-potential or surface charge density will however be

dependent on the temperature [1, 2], and it is therefore of interest to investigate

the influence of temperature gradients on nanochannel systems with a ζ-potential
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that is temperature dependent. Preliminary numerical investigations showed that

over the temperature range applied here, changes in ζ-potential did not show any

large changes in the overall behaviour of the system.

These numerical results motivated experiments on lab-scale electrodialysis

systems in which a temperature gradient was imposed. First, experiments were

conducted in the, industrially most relevant, Ohmic regime using an electrodialysis

stack containing commercial cation and anion exchange membranes (Chapter 3 ).

The influence of temperature and temperature gradients on both electrodialysis

and reverse electrodialysis were investigated. As a result of measuring in the Ohmic

regime (in which the diffusion boundary layer is not limiting the ion transport)

and due to heat transfer within the system and to the surroundings, no significant

differences in charge transport are measured for the two different directions of

the temperature gradient. However, the power required for electrodialysis is

reduced by 9% if one of the feed streams is heated from 20 °C to 40 °C, while

the total reduction in required power is 15% if both feed streams are heated

to 40 °C. The increased temperature did not have a negative influence on the

selectivity of the charge transport. For reverse electrodialysis, the obtainable gross

power density was increased by 25% when one of the feed streams was heated

by 20 °C. No significant difference was found when changing the direction of the

temperature gradient. When heating both feed streams from 20 °C to 40 °C, the

gross power density was increased by 38%. These results indicate the possible

application of low grade waste heat from industrial processes to enhance the ion

transport in electrodialysis processes. Since the heat required for increasing the

feed temperature is much larger than the gained power, using any other heat

source than waste heat is not feasible.

Theoretically, the temperature gradients should have a larger impact on systems

that are operated in the limiting current regime. In this regime the ion transport

is limited by diffusive transport of ions through a depletion boundary layer that

is developed at the diluted side of the charge selective interface. Temperature has

a large influence on the diffusivity of ions, and thus an increased temperature

should enhance the ion transport, most notably when the dilute stream is heated.

This was experimentally investigated using a lab-scale, commercially available

electrodialysis stack (Chapter 4 ). In contrast to the measurements in the Ohmic

regime, there was a significant difference in ion transport when the direction of

the temperature gradient was changed. It was found that when heating the dilute

stream from 5 °C to 25 °C, the ion transport was enhanced by 2 to 6% when

compared to heating the concentrate stream, as the resistivity of the stream is

decreased with increasing temperature. In the measurements in the Ohmic regime,

this decrease in resistivity of the dilute stream was of smaller influence. The total

power consumption to obtain the same degree of desalination is thus reduced

when heating the dilute stream. Heating both streams by 20 °C enhanced the ion



188 Reflections and perspectives

transport even further, as was the case for the experiments in the Ohmic regime.

More interestingly, the selective transport of divalent over monovalent cations

was enhanced as a result of this temperature gradient. This can be of use in the

separation of divalent ions (for instance Mg2+ and Ca2+) from sea water, as they

impose scaling and precipitation problems in water treatment plants.

In both of these experimental investigations, heat transfer between the two

different streams was significant, reducing the theoretical effect of the temperature

gradient. Different, thicker, membranes that have lower thermal conductivity such

as RALEX® could be of use to reduce the heat transfer in the system, although

these would have a slightly higher electrical resistance which can possibly reduce

the total current. However, since the resistance of the membrane is typically

much lower than the resistance in the solution, this increase in resistance may be

negligible.

To gain a more fundamental understanding, investigation of the influence of

temperature differences in microfluidic ion transport systems is of interest as well.

In these systems, it is important that temperature can locally be controlled and

measured. In the experiments conducted in this work, the local temperature

gradients were not controlled and heat transfer between the hot and cold stream

was large, since at the outlet of the stack the temperature of both streams was

similar. Local temperature differences in smaller systems can be established using

Peltier elements [3–5], that can either heat or cool a certain part of the system.

Local temperature can be measured using temperature sensitive dyes by either

fluorescence microscopy or fluorescent lifetime imaging [6, 7] and is of interest in

combination with the imaging of local ion concentrations.

Another, much simpler, experiment to investigate the influence of temperature

on the charge transport would be the connection of two macro-scale reservoirs by

a charged capillary at salt concentrations where there is Debye layer overlap inside

the capillary. The temperature of the macro-scale reservoirs can be controlled

relatively easy and as the reservoirs are not directly connected, the heat transfer

between the reservoirs is minimized. Additionally, the reservoirs can be thermally

insulated and the capillary as well as if optical access is not required. For

macroscopic investigation of the total current through the capillary, electrodes

can be placed in the reservoirs for applying and recording of potential and current

as a function of temperature gradients.

The influence of geometry

The detailed experimental investigation of electroconvection at the interface bene-

fits from optical access to the microscopic boundary layer adjacent to a charge

selective interface. To this end, microfluidic devices are used. A microfluidic

device containing an alternating series of patterned, charged hydrogels was de-

veloped to mimic the behaviour of an electrodialysis stack (Chapter 5 ). The
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permselectivity and resistance of the hydrogels are measured using conventional

membrane characterization techniques. In terms of membrane performance, the

hydrogels have poor characteristics compared to conventional cation and anion

exchange membranes, as the charge density is low as a result of the high water

content of the hydrogels. Swelling increases the interstitial volume between the

charged groups, reducing the permselectivity of the hydrogels and makes applica-

tion for desalination unfeasible except for very low salt concentrations (∼ 1 mM

and lower). This system is a versatile platform for the investigation of charge

transport at selective interfaces, since the fabrication method allows for a wide

range of hydrogel geometries to be investigated. Our microfluidic device is able to

desalinate low concentration feed streams (up to 1 mM) to a desalination degree

of 75%. Increasing the charge density of the hydrogels by adding a larger amount

of charged groups to the structure would theoretically enable desalination of feed

streams with higher concentration, but also yields additional problems in terms

of hydrogel swelling. This is a common problem for microfluidic systems with

membranes, for instance Nafion based chips have adhesion and swelling problems

as well. By adding a negatively charged fluorescent molecule to the solution, ion

depletion zones can be observed. Electroconvective vortices are developing at the

hydrogel interfaces, especially at high voltages. These devices provide a highly

versatile platform for the investigation of ion transport near and through the

charge selective interface.

Using this microfluidic platform, the influence of geometry on ion transport

was investigated. Three different hydrogel geometries were tested to investigate

the influence of surface heterogeneities on the development of ion depletion zones

and vorticity (Chapter 6 ). Ion concentration profiles are qualitatively investigated

using a negatively charged fluorescent dye, while for the quantification of the Cl–

concentration the fluorescence lifetime of a chloride sensitive dye is measured.

Surface heterogeneities were found to induce an electro-osmotic contribution to

the ion transport, as a result of the non-uniform electric field that is induced

by the local conductivity and permittivity changes in the system. This electro-

osmotic contribution to the charge transport towards the interface results in

higher currents for systems with a surface heterogeneity, which is interesting for

the application in industrial electrodialysis systems as it implies that geometric

structuring alone can be useful for increasing the effective conductivity in the

Ohmic regime. This shifts the onset of the limiting current regime to higher

field strengths and shortens the plateau length in the characteristic IV-curve. To

increase the understanding of the influence of the distorted field lines on the charge

transport, an additional geometry in which heterogeneous hydrogels are present

is of high interest. In this geometry, shown in Figure 7.9(b), the alternating

hydrogel patches would be shifted with respect to each other. In this way more

electric field lines have a tangential component, as can be seen form the potential
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(a)

(b)

Figure 7.9 — (a) One microfluidic channel from the heterogeneous hydrogel chip
configuration used in this work (Chapter 6 ), in which the cation and anion exchange
hydrogels (indicated in respectively red and green) are aligned. The electric field on the
right is solved using the Poisson equation in COMSOL Multiphysics (b) New geometry
for the hydrogel chips, in which the location of the hydrogels is shifted with respect
to each other. In this configuration, the tangential components of the electric field
are larger (see potential distribution and field lines on the right) and thus a larger
contribution of electro-osmotic flow to the total charge transport is expected.

distributions (simulated with COMSOL Multiphysics) on the right of the figure.

These tangential components of the electric field will act on the charged interface

of the hydrogels and the PDMS walls, which can generate electro-osmotic flow

contributions to the ion transport already from the Ohmic regime.

Charge selective nanochannels are used for the investigation of the development

of electrokinetic flows in the vicinity of a membrane, in which a non-normal

electric field is applied (Chapter 7 ). Nanochannels with a characteristic length of

20 nm are connecting two microchannels with dimensions of 70× 20 µm. Particles

are added to the solution to track the development of electro-osmotic flows and

electrokinetic instabilities. The influence of the geometry in combination with

the applied electric field is shown to be significant. Microfluidic vortices with

speeds over 1.5 mm/s are experimentally found to arise in the ion depletion zones

adjacent to the nanochannel interface. These speeds are significantly higher than

the expected velocities for pure electro-osmotic flow, which are in the order of 400

µm/s and indicate the presence of electrokinetic instabilities at the nanochannels.

The development of the vortex size, speed and flow speed inside the channel are

dependent on the geometry of the charge selective interface and the distance from

the driving electrodes. In our nanochannel systems, the electric field is not normal

with respect to the charge selective interface as a result of the microchannel
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configuration. In most numerical approaches, the field is initially directed normal

to the interface [8–11]. To be able to compare experimental systems with widely

available numerical simulations, a different chip design in which the electric field

is normal to the charge selective interface would be desired.

All visualization and analysis of the development of hydrodynamic vortices

were done without the application of cross flow, while in actual ED systems

cross flow is always present. This motivates experiments with an imposed cross

flow adjacent to the charge selective interface, although experimental difficulties,

such as bubbles forming at the electrode that are then transported through the

microfluidic channels, are a challenge that should be sufficiently tackled.

The results of these investigations on the influence of geometry on charge

transport (Chapter 5 - 7 ) pique curiosity and motivate additional experimental

and numerical investigations on similar systems. As was previously indicated, the

investigation of the influence of geometry on the charge transport is of high interest,

as this might yield more efficient charge transport, resulting from the additional

electro-osmotic transport of ions [8, 12–14]. Both numerical investigations of

charge transport in heterogeneous systems, as experimental verification of the

concepts are of importance to enhance the understanding of the interplay between

electric field, charge selective interface and non-conducting regions.

Experimental techniques

Quantification of local ion concentrations inside the charge selective material

would be of interest for the understanding of the coupling of the transport in the

solution with the transport inside the membrane. Our hydrogel platform provides

both optical access to the charge selective material and the solution and would

thus be suitable to study the influence of transport in the membrane on the ion

transport outside of the membrane.

As the systems under investigation are typically non-steady, fast developing

processes, conventional techniques for the tracking of flow fields such as µ-PIV

[15] are not suitable [16]. In µ-PIV, a velocity is measured based on a number

of image pairs, as the concentration of tracer particles is limited by the required

optical transparency of the solution. To resolve the total velocity field, multiple

images are required, which greatly reduces the time resolution of the technique.

Therefore, different particle tracking algorithms are of use for the study of the

development of electrokinetic flows and vortices at the micro-scale. Rigorous

algorithms for the analysis of the measured particle locations are not widely

available [16], but are of interest for the measurement of electrokinetic flows as

observed in the experiments in this work.

FLIM (used in Chapter 6 ) is a promising technique for the quantification of

local concentration, temperature and pH [17], but also suffers from a poor frame

rate and spatial resolution with respect to the dynamics of the phenomena under
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investigation [18, 19]. An improved frame rate can be obtained using optical

delay of the obtained images [20], but this technique is non-trivial and not widely

available. It is however very interesting to use a pH sensitive dye for the tracking

of water splitting in and around the charge selective interface. If a dye sensitive

to ion concentration at concentrations in the range of the charge density of the

hydrogel would be developed, this would yield the possibility to track the ion

concentration (as a function of location, and possibly time) inside the charge

selective interface and match this with the known descriptions of ion distribution

in membranes.

Different charge selective interfaces

In the experiments described in this work, three different types of charge selective

materials were utilized, namely (i) commercial, dense polymeric membranes,

(ii) in-situ patterned charged polymeric hydrogels and (iii) cation selective

nanochannels. All of these materials have their own advantages and drawbacks

in the microfluidic investigation of the formation of ion depletion zones and

hydrodynamics.

The use of commercial membranes in microfluidic systems is challenging as

the fabrication of leak-free systems with an incorporated polymeric membrane

that also provide optical access to the membrane interface is non-trivial [21].

Hydrogels that are patterned after sealing the device are less prone to leakage,

however the bonding between device and hydrogels can be enhanced as well [22].

Drawbacks of using hydrogels are the relatively poor membrane characteristics

and the ability of charged particles to transport through the hydrogel structure,

which inhibits the efficient use of particles for particle fluid tracking in these

systems. In systems using etched nanochannels, the typical total currents that

are measured are small, as a result of the small cross sectional dimensions of the

nanochannels. This requires the use of highly sensitive measuring equipment and

shielding of the system to outside disturbances, which is impractical providing

that optical access to the system is required for the investigations.

Therefore, the use of other types of charge selective interfaces in microfluidic

systems is of interest. Colloidal crystals [23] consist of nanoparticles that are

assembled to form a crystalline structure. The interstitial space between these

nanoparticles can be on the nanometer length scale, such that a network of nano-

sized pores is formed within the colloidal crystal. The formation of these crystals

can be by self-assembly [24, 25], template-assisted assembly [26] or external field

assisted assembly (either by a gravity, temperature, electric or magnetic field) [27–

29]. Using different particle sizes, the size of the interstitial space can be controlled

and tuned, yielding charge selective interfaces with different characteristic length

scales. Such a system was previously developed [30], in which capillary forces

are used to ensure in-situ assembly on the desired location. By using electric
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Figure 7.10 — SEM images of a nanoporous structure fabricated using a direct laser
writing technique in photoresist on a glass slide. Preliminary fabrication of these
structures was conducted using a Nanoscribe Photonic Professional DLW system in the
MESA+ Cleanroom at the University of Twente.

fields to assist the assembly of nanoparticles, an enhanced control over the formed

structures can be obtained. Using a liquid depositing system to directly place the

colloidal suspension on the desired location in a non-bonded chip is another option

to control the formation of the crystals. Crack and defect free fabrication of these

colloidal crystals is challenging but important since microscopic defects result in

the loss of charge selectivity of these colloidal crystals. However, intentionally

imposing defects to the structure can be a mimic of leaky membranes [31], which

is of interest for experimental investigations as well.

Another option for the fabrication of a nanostructured material is the in-situ

polymerization of a photosensitive material using mask-less photolithography [32].

Two-photon polymerization is used to write a pre-defined structure into a low

viscosity photoresist by direct laser writing (DLW). Preliminary experiments using

a Photonic Professional DLW system (Nanoscribe, Germany) yielded promising

results for the fabrication of nanoporous structures within fluidic devices. In this

system, the sample is moved on a programmable positioning system which is

mounted on an inverted Zeiss Axiovert microscope with an auto-focus/interface

finding system. The resolution of this method is dependent on the numerical

aperture of the objective used in the DLW procedure [32].

Using this method different designs of nanoporous structures can be made.

A result of such a structure on a microscope slide is shown in Figure 7.10. By

polymerizing directly from the glass surface, the structure is fixed to the location on

the glass slide. In preliminary tests of writing these structures inside microfluidic

channels we were able to fabricate these structures as well, but development
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of the photoresist and removal of non-polymerized resist remains a challenge.

However, the development of these structures in chip has been demonstrated in

different chip materials such as silicon, glass and PDMS based chips [32–34]. The

versatility of both chip and structure design with this method opens up a range

of possibilities for the investigation of the effects of membrane structure and flow

confinement on charge transport.

A third, also promising range of materials are nanoporous materials such as

anodized alumina [35, 36], ZIFs and MOFs [37, 38] or porous silicon [39–41].

Porous silicon can be fabricated in a microfluidic chip using an anodization

technique developed at the University of Twente [42]. Porous silicon is formed

on a highly doped p-type silicon wafer with (100) orientation, that are covered

with a silicon rich silicon nitride (SiRN) layer. The SiRN layer is required to

have a unidirectional growth of the porous silicon in the desired direction. After

etching microchannels into the wafer, the porous silicon can be formed in the

layer between the microchannels. The wafer is anodized in an aqueous hydrogen

fluoride solution, using a platinum counter electrode. This anodization results

in the formation of nanopores in the structures that are etched in the silicon

wafer [42]. If the etching process is sufficiently long, the pores from both sides of

the structure are interconnecting, yielding a highly nanoporous material between

the etched microchannels. This material is charge selective as a result of the

surface charge of the silicon, and the small characteristic size of the pores, as

was the case for the etched nanochannels. An advantage of using this porous

silicon is the high surface area of this porous material, and thus the high expected

ionic currents through these materials when compared to single nanochannels.

The fabrication method allows for different interface and reservoir geometries,

resulting in a promising platform for the investigation of confinement effects on

the formation of depletion zones and electrokinetic vortices.

Perspectives

The numerical and experimental results in this work have implications for different

fields of research and industry that focus on the (selective) transport of ions.

The main focus of this thesis was the investigation of the effect of temperature

and geometry on the ion transport in electrodialysis applications, including the

underlying physical principles that cause system dependence on these variables.

The influence of temperature gradients

The influence of temperature on charge transport observed in this work is mainly

a result of the change of physical properties of the different ions with temper-

ature. For the nanochannel systems that were investigated numerically, these
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differences provided an enhancement in nanochannel selectivity. For the conical

shaped nanochannels, the ion current rectification was enhanced by imposing

a temperature gradient. However, other effects resulting from the temperature

gradient such as Soret-effects [43, 44] were found to be minor at relevant field

strengths (at which ion selectivity is maintained and currents are measured).

Many other numerical and experimental studies were done on the influence of

different parameters such as pH, surface charge and surface heterogeneity [45–48]

on the behaviour of nanochannels and nanopores. For fundamental understanding

of the influence of temperature and temperature gradients on transport through

these nanochannels, experimental investigations are desirable. If visualization

of the ion depletion and enrichment zones is desired, a microfluidic system is

of interest. As stated, the control of temperature in such nano/microfluidic

systems is non-trivial [49], but could possibly be achieved by employing local

heating and cooling using for instance Peltier elements [3]. The other option,

using a charge selective capillary between to macro-scale reservoirs of which the

temperature is controlled, seems more feasible, but potentially lacks the option of

easy visualization of the ion depletion zones.

Our experimental results on lab-scale electrodialysis systems with commercial

membranes show that the influence of temperature on total transport is more

pronounced than the enhancement of selectivity. The increased temperature does

not have a negative influence on the selectivity of the membranes, which makes the

application of low grade waste heat [50, 51] for the enhancement of electrodialysis

processes possible. However, the increase in efficiency is much lower than the

amount of energy that should be supplied to the system so if heating is done with

anything other than waste heat, this is unfeasible.

For other fields of research, such as fuel cell chemistry and sensing applications,

these results are interesting as there are analogous transport mechanisms in these

systems. As the local production of heat in fuel cells changes the temperature,

the charge transport in these systems is influenced by the resulting temperature

differences. If the location of the heat dissipation can be imposed, the ion

transport can be enhanced, which can potentially enhance the fuel cell efficiency.

In sensing applications that rely on ionic transport, the temperature and possible

temperature gradients arising from operation can have an influence on the charge

transport in the system and thus on the reliability of the sensors. For calibration

of such systems, these effects should be considered.

As a result of Joule heating, local temperature gradients inside membrane

systems can arise, so no application of an external temperature gradient is required.

These temperature gradients can yield a thermoelectrokinetic instability, that

results in fluid mixing at the interface [10]. The instability is a result of the induced

non-uniformity of the electrical conductivity in the electrolyte resulting from the

temperature gradient, and is numerically modeled to investigate the influence
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of this instability on the total ionic current through the interface [52]. This

mechanism is thus fundamentally different from the conventional Rayleigh-Bénard

instabilities (described as gravitational convection/instability in the introduction),

which results from differences in liquid density [53, 54]. To experimentally confirm

this thermoelectrokinetic instability, local temperature measurements alongside

the measurements of current and flow profile in microfludic or millifluidic systems

are of high importance.

The influence of geometry

The influence of geometry on total ion transport was found to be significant for

different microfluidic systems that were investigated. Electro-osmotic surface

flows are emerging as a result of tangential components of the electric field

adjacent to the charge selective interface. These electro-osmotic additions to

the total charge transport can enhance the charge transport through the system

and possible even induce the development of low speed convective vortices in the

membrane system before onset of the overlimiting current regime. The influence of

geometry on flow profile [55–57] has been investigated in many different systems,

but the contribution of the electric field distortion to the added charge transport

is often overlooked in membrane research. In all of these investigations, the

implementation of a spacer or profiled membrane will change the electric field

distribution, yielding additional electro-osmotic transport mechanisms.

These experimental results have implications for charge transport in large-scale

electrodialysis plants, as a small distortion of the electric field can lead to altered

charge transport. When conductivity and permittivity gradients arise in the

system, inhomogeneities in the electric field result in an altered transport of ions

in the system [58]. The knowledge gained here can be used to enhance the charge

transport towards membranes by using gradients of permittivity in the membrane

material. Additional theoretical investigations on the optimal design in which the

current density is optimized should be conducted before testing this on large-scale

systems. Changing the membrane topology by having a structured membrane

also changes the charge transport characteristics in the system [14] and does not

sacrifice in membrane surface area. This can potentially enhance the ion transport

towards the charge selective interface even further.

In a broader perspective, non-uniform electric fields can be applied for the

enhancement of transport in the boundary layer in the chemical industry. Con-

centration polarization is important in many systems apart from electrodialysis

[59], such as electrocatalysis, mixing and liquid pumping. The knowledge on

concentration polarization phenomena, including the interplay of the electric field

with gradients in polarizability of the surface is thus of use in many other fields

of research. Process intensification by using microfluidic reactors is of interest

[60, 61]. In these reactors, the application of electric fields and electrokinetic
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mixing for the enhancement of transport is a realistic approach. In such systems,

non-uniform electric fields can be a result of local conductivity changes of both

the solution and the surrounding system boundaries.

The most immediate applications of the results obtained in this work are for

the microfluidic mixing of samples in lab-on-a-chip applications. In many of

these applications, mixing is challenging [62] and the development of turbulent

promotors is a broad field of research [63, 64]. Electrokinetically induced vortices

yield relatively high speeds in microsystems, that can effectively mix solutions

in these typically laminar systems. Similar to induced charge electro-osmosis

(that is applied for mixing in microsystems) [65, 66], these gradients in local

permittivity can induce significant fluid motion [67–70]. Insights from this field of

induced charge electro-osmosis can be applied in the research field of electrokinetic

instabilities, since the principles and applications are very similar. Using changes

in local conductivity, permittivity or wall potential, non-uniform electro-osmotic

flows can be established, resulting in mixing of the fluid. Controllability of the

electrokinetic instabilities and the influence of for instance electric field strength

and topology on the degree of mixing are of interest for further research.
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[36] O. Jessensky, F. Müller, and U. Gösele, Self-organized formation of hexagonal

pore arrays in anodic alumina, App. Phys. Lett. 72, 1173 (1998).

[37] A. Phan, C. J. Doonan, F. J. Uribe-Romo, C. B. Knobler, M. O’Keeffe, and

O. M. Yaghi, Synthesis, structure, and carbon dioxide capture properties of

zeolitic imidazolate frameworks, Acc. Chem. Res. 43, 58 (2010).

[38] L. E. Kreno, K. Leong, O. K. Farha, M. Allendorf, R. P. Van Duyne, and

J. T. Hupp, Metal-organic framework materials as chemical sensors, Chem.

Rev. 112, 1105 (2012).

[39] P. Searson, Porous silicon membranes, Appl. Phys. Lett 59, 823 (1991).
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