Uitnodiging

Microﬂuidic desalination

Hierbij nodig ik u uit voor de
openbare verdediging van
mijn proefschrift.

Microﬂuidic
desalination

Microﬂuidic desalination
Capacitive deionization on chip for
microﬂuidic sample preparation

op woensdag 30
september 2015 om
14.45 in collegezaal 4
van de Waaier op de
Universiteit Twente.
Voorafgaand zal ik om
14.30 een korte
presentatie geven.
Vanaf 19:00u bent u van
harte uitgenodigd om dit
te vieren in De
Jaargetijden in Enschede
aan de Parkweg 49.

Susan Roelofs

Susan Roelofs

ISBN: 978-90-365-3952-4

Paranimfen:
Linda Roelofs
Lonneke Griep

Susan Roelofs

microfluidic desalination
capacitive deionization on chip for
microfluidic sample preparation

The research described in this thesis was performed at the BIOS - Lab on a Chip
group, which is part of the MESA+ Institute for Nanotechnology, and MIRA Institute
for Biomedical Technology and Technical Medicine, at the University of Twente. The
work was funded by the NWO Spinoza price to prof. dr. A. van den Berg.

Members of the committee
Chairman
prof. dr. P.M.G. Apers
Promotor
prof. dr. A. van den Berg

University of Twente

Assistant-promotor
dr. M. Odijk

University of Twente

Members
prof. dr. S.G. Lemay
prof. dr. J.G.E. Gardeniers
prof. dr. ir. R.G.H. Lammertink
dr. ir. H.V.M. Hamelers
jun.-prof. dr. Volker Presser

University of Twente
University of Twente
University of Twente
Wetsus
INM - Leibniz Institute for new Materials

Cover photo by Paige Moran
Printed by Gildeprint Drukkerijen, Enschede, The Netherlands.
ISBN 978-90-365-3952-4
Copyright 2015, Susan Roelofs
No part of this work may be reproduced by print
photocopy or any other means without the permission
in writing from the publisher.

microfluidic desalination
capacitive deionization on chip for
microfluidic sample preparation

PROEFSCHRIFT
ter verkrijging van
de graad van doctor aan de Universiteit Twente,
op gezag van de rector magnificus,
prof. dr. H. Brinksma,
volgens besluit van het College voor Promoties
in het openbaar te verdedigen
op woensdag 30 september 2015 om 14:45 uur

door

Susan Helena Roelofs
geboren op 25 september 1982
te Warnsveld.

Dit proefschrift is goedgekeurd door de promotoren:
dr. ir. M. Odijk
prof. dr. A. van den Berg

5
q344

6

Inhoudsopgave
1 Aim and outline of the thesis
1.1 Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .
1.2 Thesis outline . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .
2 Theory
2.1 The electrical capacitive deionization
2.2 Double layer . . . . . . . . . . . . . .
2.3 Electrode material . . . . . . . . . .
2.4 Ion transport . . . . . . . . . . . . .
2.4.1 Poisson-Nernst-Planck model
2.4.2 Charge efficiency . . . . . . .
2.5 Impedance spectroscopy . . . . . . .
2.6 Energy efficiency . . . . . . . . . . .
2.7 Membrane CDI . . . . . . . . . . . .

1
1
3

.
.
.
.
.
.
.
.
.

.
.
.
.
.
.
.
.
.

.
.
.
.
.
.
.
.
.

5
5
6
7
9
9
10
10
12
13

3 Microfluidic desalination techniques and potential applications
3.1 Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .
3.2 Theory . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .
3.2.1 Performance indicators . . . . . . . . . . . . . . . . . . . . .
3.3 Traditional desalination methods . . . . . . . . . . . . . . . . . . .
3.4 Microfluidic desalination techniques . . . . . . . . . . . . . . . . .
3.4.1 Dialysis . . . . . . . . . . . . . . . . . . . . . . . . . . . . .
3.4.2 Electrodialysis . . . . . . . . . . . . . . . . . . . . . . . . .
3.4.3 Capacitive deionization . . . . . . . . . . . . . . . . . . . .
3.4.4 Ion concentration polarization . . . . . . . . . . . . . . . . .
3.4.5 Electrochemical desalination . . . . . . . . . . . . . . . . .
3.5 Field deployment of microfluidic based desalination systems . . . .
3.6 Bridging the flow rate between macro and micro desalination . . .
3.7 Summary and conclusion . . . . . . . . . . . . . . . . . . . . . . .
3.7.1 Techniques . . . . . . . . . . . . . . . . . . . . . . . . . . .
3.7.2 Applications . . . . . . . . . . . . . . . . . . . . . . . . . .

.
.
.
.
.
.
.
.
.
.
.
.
.
.
.

.
.
.
.
.
.
.
.
.
.
.
.
.
.
.

17
17
18
18
18
20
21
24
25
26
27
28
28
29
29
29

7

.
.
.
.
.
.
.
.
.

.
.
.
.
.
.
.
.
.

.
.
.
.
.
.
.
.
.

.
.
.
.
.
.
.
.
.

.
.
.
.
.
.
.
.
.

.
.
.
.
.
.
.
.
.

.
.
.
.
.
.
.
.
.

.
.
.
.
.
.
.
.
.

.
.
.
.
.
.
.
.
.

.
.
.
.
.
.
.
.
.

.
.
.
.
.
.
.
.
.

.
.
.
.
.
.
.
.
.

.
.
.
.
.
.
.
.
.

.
.
.
.
.
.
.
.
.

.
.
.
.
.
.
.
.
.

.
.
.
.
.
.
.
.
.

8

INHOUDSOPGAVE

4 Effect of pH waves on capacitive charging in microchannels
4.1 Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . .
4.2 Materials and methods . . . . . . . . . . . . . . . . . . . . . . .
4.2.1 Experimental . . . . . . . . . . . . . . . . . . . . . . . .
4.2.2 Theory . . . . . . . . . . . . . . . . . . . . . . . . . . .
4.3 Results and discussion . . . . . . . . . . . . . . . . . . . . . . .
4.3.1 Results of the fluorescence measurements. . . . . . . . .
4.3.2 Simulation results . . . . . . . . . . . . . . . . . . . . .
4.4 Conclusions . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

.
.
.
.
.
.
.
.

.
.
.
.
.
.
.
.

.
.
.
.
.
.
.
.

.
.
.
.
.
.
.
.

35
35
37
37
37
40
40
42
46

5 CDI on-chip as a method for microfluidic sample preparation
5.1 Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .
5.2 Theory . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .
5.2.1 Cell constant . . . . . . . . . . . . . . . . . . . . . . . . .
5.2.2 Theoretical model of CDI on chip . . . . . . . . . . . . . .
5.3 Materials and Methods . . . . . . . . . . . . . . . . . . . . . . . .
5.3.1 Fabrication of the macro cell for control experiments . . .
5.3.2 Fabrication of the CDI chip through 3D rapid prototyping
5.3.3 Impedance spectroscopy with desalination electrodes . . .
5.3.4 Desalination on-chip . . . . . . . . . . . . . . . . . . . . .
5.4 Results and discussion . . . . . . . . . . . . . . . . . . . . . . . .
5.4.1 Verification of online monitoring of the salt concentration
5.4.2 Desalination and online monitoring of CDI on chip . . . .
5.4.3 CDI as sample preparation method . . . . . . . . . . . . .
5.4.4 Model and experimental agreement . . . . . . . . . . . . .
5.5 Conclusions . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .
5.6 Acknowledgment . . . . . . . . . . . . . . . . . . . . . . . . . . .

.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.

.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.

.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.

51
51
54
54
54
55
55
56
57
57
58
58
59
60
61
62
62

6 Plug flow desalination
6.1 Introduction . . . . . . . . . . . . .
6.2 Theory . . . . . . . . . . . . . . . .
6.3 Materials and Methods . . . . . . .
6.3.1 Glass chip . . . . . . . . . .
6.3.2 Stacked chip . . . . . . . .
6.4 Results and discussion . . . . . . .
6.4.1 Glass chip . . . . . . . . . .
6.4.2 Stacked chip . . . . . . . .
6.5 Conclusions and recommendations
6.5.1 Glass chip . . . . . . . . . .
6.5.2 Stacked chip . . . . . . . .
6.5.3 Recommendations . . . . .
6.6 Acknowledgments . . . . . . . . . .

.
.
.
.
.
.
.
.
.
.
.
.
.

.
.
.
.
.
.
.
.
.
.
.
.
.

.
.
.
.
.
.
.
.
.
.
.
.
.

67
67
68
69
69
72
76
76
78
82
82
82
82
83

7 Summary and Outlook
7.1 Summary . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .
7.2 Outlook . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

87
87
89

.
.
.
.
.
.
.
.
.
.
.
.
.

.
.
.
.
.
.
.
.
.
.
.
.
.

.
.
.
.
.
.
.
.
.
.
.
.
.

.
.
.
.
.
.
.
.
.
.
.
.
.

.
.
.
.
.
.
.
.
.
.
.
.
.

.
.
.
.
.
.
.
.
.
.
.
.
.

.
.
.
.
.
.
.
.
.
.
.
.
.

.
.
.
.
.
.
.
.
.
.
.
.
.

.
.
.
.
.
.
.
.
.
.
.
.
.

.
.
.
.
.
.
.
.
.
.
.
.
.

.
.
.
.
.
.
.
.
.
.
.
.
.

.
.
.
.
.
.
.
.
.
.
.
.
.

.
.
.
.
.
.
.
.
.
.
.
.
.

.
.
.
.
.
.
.
.
.
.
.
.
.

.
.
.
.
.
.
.
.
.
.
.
.
.

.
.
.
.
.
.
.
.
.
.
.
.
.

.
.
.
.
.
.
.
.
.
.
.
.
.

INHOUDSOPGAVE

9

Appendices

91

A supplementary information
A.1 Input current for the theoretical model of CDI on chip . . . . . . . . .
A.2 Theoretical model of CDI on chip . . . . . . . . . . . . . . . . . . . . .
A.3 Fluorescence images of FITC-dextran . . . . . . . . . . . . . . . . . .

91
91
92
92

B Process flow for a plug flow desalination glass chip
B.1 Clean room processing steps . . . . . . . . . . . . . . . . . . . . . . . .

95
95

C PEDOT coating characteristics

105

D Interdigitated array electrode

107

E Lock-in amplifier

109

F Fabrication of carbon electrodes on a glass substrate
F.1 Introduction . . . . . . . . . . . . . . . . . . . . . . . . .
F.2 Fabrication . . . . . . . . . . . . . . . . . . . . . . . . .
F.3 Results . . . . . . . . . . . . . . . . . . . . . . . . . . . .
F.3.1 Positive photoresist (AZ9200) . . . . . . . . . . .
F.3.2 Negative photoresist (SU8) . . . . . . . . . . . .
F.4 Conclusion and outlook . . . . . . . . . . . . . . . . . .
F.5 Acknowledgment . . . . . . . . . . . . . . . . . . . . . .

.
.
.
.
.
.
.

.
.
.
.
.
.
.

.
.
.
.
.
.
.

.
.
.
.
.
.
.

.
.
.
.
.
.
.

.
.
.
.
.
.
.

.
.
.
.
.
.
.

.
.
.
.
.
.
.

111
111
112
113
113
114
114
114

Samenvatting

116

Dankwoord

120

List of publications

123

10

INHOUDSOPGAVE

Chapter 1

Aim and outline of the thesis
The main aim of the work described in this thesis is to implement the desalination
technique capacitive deionization (CDI) on a microfluidic chip to improve the
reproducibility in the analysis of biological samples for drug development. Secondly,
microfluidic CDI allows for the in situ study of ion transport which contributes to an
understanding of the fundamental operational mechanism.

1.1

Introduction

Analysis methods for drug development and testing show a clear trend towards the use
of increasingly smaller sample volumes to improve throughput and accuracy [1, 2].
Mass spectrometric (MS) detection is a frequently applied method because of its
versatility and extreme sensitivity, yet desalination of samples is an essential step in
MS to ensure this sensitivity is achieved. The presence of salt in a sample causes ion
suppression which reduces the signal-to-noise ratio [3, 4]. This has created a demand
for sample preparation methods that can handle increasingly smaller volumes in the
low microliter to nanoliter range [1, 5].
Mass spectrometry is a very sensitive, and well-established identification and
detection method for drug development as well as food compound/quality monitoring.
The mass spectrometer determines the composition of a liquid sample, for example
blood or mucus, by separating the compounds on the base of their mass and charge.
Salts that are present in these samples are also detected and suppress the signal of
interest [8,9]. Therefore it is critical to remove these salts from the solution.
The main disadvantage of current desalination methods is that they all operate
with relatively large volumes (1-10 microliter). Analyzing samples using lower volumes
saves costs due to lower usage of rare and very expensive samples, e.g. synthesized
drug candidates. Moreover, in some cases in animal model testing in rats or mice,
the sample volume is inherently small. Additionally, current methods require manual
handling of the sample to insert and extract the sample from a container to the
mass spectrometer. Desalination of a single sample takes around 10 minutes, which
is not compatible with high-throughput screening of up to 10 samples per second.
Manual handling of the sample during pre-treatment, often results in sample loss and
1
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Aim and outline of the thesis
desalination chip

input mass spectrometer

spray tip

chip holder

Figure 1.1: Artist impression of online desalination of small volume biological samples. The
desalination chip is directly coupled to the inlet of a mass spectrometer via a chip holder
which forms the interfacing.

adds risk of contamination. The trend of integrating sample preparation methods in
microfluidic systems is considered a valuable solution to reduce this time consuming
activity by automated processes. In summary the limitations and disadvantages of
current methods are:
−
−
−
−

they operate with relatively large volumes (1-10 microliter).
they are time-consuming (10 minutes per sample)
they are sensitive to contamination and sample loss
the reproducibility is limited due to variations introduced by the lab technicians

This thesis mainly concerns the desalination technique, known as capacitive
deionization (CDI). Typically a CDI setup consists of two porous electrodes with
a salt solution in between. Upon the application of a potential of ≈ 1 V salt ions
migrate to the electrodes and are stored in the solution, in close proximity (distance
in the order of ≈ 1-10 nm) to the electrodes. At this point fresh water exits the
system, until the electrodes are saturated. Regeneration takes place through flushing
the system. CDI is an energy efficient method for desalination of brackish water.
This in contrast to more established methods which consume high amounts of energy
due to the use of either high temperatures or high pressures. As a result CDI has
raised interest as a solution to the increasing drinking water shortage and is already
commercially available for macro-scale brackish water desalination. However, there
is currently no desalination method commercially available for nano- to micro-scale
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samples.
We have down-scaled CDI to a microfluidic system [6]. Microfluidic sample
preparation methods are a logical step forward and fit the trend of lab-on-chip
technology for point-of-care devices. Moreover, CDI is compatible with high
throughput small-volume sample analysis. Coupling of microfluidic devices to a mass
spectrometer is a proven technology [2]. The coupling of the desalination chip to a
mass spectrometer is a step yet to be made. An artist impression of a desalination
chip, placed in a chip holder which is coupled to a mass spectrometer is shown in
figure 1.1. In this thesis a first step is made in the realization and characterization of
CDI on chip as a possible automated sample preparation tool.

1.2

Thesis outline

The aim of the PhD thesis is to investigate CDI as a desalination device for small
volume biological samples. First an introduction to the operational principle of CDI
is given in chapter 2, in which we consider basic theory of ion storage, ion transport
and electrolyte concentration determination. Traditional desalination methods are
studied and produced as macroscale systems. In chapter 3 an overview of these
traditional macroscale desalination methods is given followed by a literature review
on microscale desalination systems considering research and development as well as
applications. Simulations and experimental results of CDI on a glass chip with nonporous electrodes are discussed in chapter 4. The counter-intuitive experimental
results on visualization of ion transport through fluorescence microscopy are explained
through a simulation model. A collaboration with the group of prof J. Han (MIT)
resulted in the development of a PDMS CDI device, which was fabricated by
means of a rapid prototyping method using a 3D printed mold in combination with
state-of-the art CDI electrode material. Experimental results on desalination of a
biological molecule are outlined in chapter 5. While previous chapters demonstrated
desalination of a single-phase fluid flow, chapter 6 summarized two approaches that
were pursued to desalinate discrete aqueous plug flows in oil or air. In the process
of down-scaling CDI to a high resolution glass microfluidic device, production of
carbon electrodes is a crucial element. In appendix F experimental results of a
production process based on this work by Madou et al.[7] are described using pyrolysis
of photoresist, which is patterned through photolithography. The conclusions and
future recommendations are summarized in chapter 7.

4
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Chapter 2

Theory
2.1

The electrical capacitive deionization

Capacitive deionization (CDI) is a desalination technique that is potentially energy
competitive for desalination of brackish water which has a relatively low salinity of ≈
1 g/L[1, 2] in comparison to seawater with a salinity of ≈ 35 g/L[1].
electrode

ionic solution

deionized solution

+

cation +
anion -

Figure 2.1: Schematic drawing of a capacitive deionization setup. Two electrodes are
facing each other with an electrolyte in between. During charging ions are electrostatically
removed from the solution.

A schematic drawing of a CDI setup is shown in figure 2.1 and consists of two
electrodes facing each other with an electrolyte flowing in between. The ions are
extracted from the solution electrostatically through a batch process with a charging
and regeneration step. During charging a potential of approximately 1 V is applied
across the electrodes and ions present in the solution transport to the electrode of
opposite charge. During regeneration the applied potential is reduced to e.g. 0 V
and the ions move back into the solution. The concentrated brine that is now present
between the electrodes is flushed away. Alternating fresh water and concentrated salt
solution exits the system and can be separated to produce fresh water.
5
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2.2

Theory

Double layer

Ions removed from the salt solution through CDI are stored in the electrical double
layer in close proximity to the electrodes. The occurrence of a double layer is a
phenomena that is found at the interface of a conductor and an electrolyte [3], where
the surface charge of the conductor is compensated in the liquid through a distribution
profile of ions. Methods to model the distribution of ions in the double layer were
reviewed by Burt et al. [4]. Helmholtz was the first to introduce a double layer model
in the 19th century [5, 6], in which he considered a single layer of solvated ions in
the solution packed in close proximity to an electrode. The compact layer was also
referred to as Helmholtz layer. Gouy and Chapman [7] extended the double layer
model with the contribution of mobile of ions in solution, in close proximity to the
electrode. This results in a double layer which is made up of a compact layer of ions
packed to the surface together with a distribution profile of ions which extends into
the solution. Stern [8] combined the two models and formulated the Gouy-ChapmanStern (GCS) theory, which is illustrated by figure 2.2 [9]. In this figure the compact
layer is indicated as the Stern layer, which is made up by ions packed to the surface
as close by as their size allows them. No charge is present within the Stern layer [5].
stern layer
lSt

diffuse layer
lD

Ψs+

+

solvent molecule
-

-

-

+
-

+

cation

-

anion

+

+
-

+
+

-

+
+

-

CSt

-

CD

Ψs

+
Figure 2.2: Schematic of the GCS electrical double layer model, reprinted with permission
from Wang et al. [9]. Copyright 2015 American Chemical Society. Solvated anions are
tightly packed at the electrode to make up the Stern layer. The diffuse layer is formed by a
distribution of cat- and anions in the solution.

The GCS theory has demonstrated to be a valid model for charge adsorption in
the electrical double layer [10]. The double layer can be considered to consist of two
capacitors in series, CSt [F m−2 ] and CD [F m−2 ], which represent the compact layer

2.3 Electrode material
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and the diffuse layer respectively. The compact layer is now referred to as Stern layer
capacitance and can be obtained from [11],
CSt =

ǫ0 ǫr
λS

(2.1)

where ǫr is the relative permittivity, ǫ0 [F m−1 ] is the vacuum permittivity and λS
the thickness of the Stern layer [11]. The Stern layer thickness is typically 1-2Å[12]
and equivalent to the radii of solvated ions. The diffuse capacitance is determined
through [4, 11],


zeΨD
4zeNA c∞ λD
(2.2)
sinh
CD =
ΨD
2kB T
where z is the valence of the ions in the electrolyte, e[C] is the charge of a single
electron, NA [mol−1 ] is Avogadro’s number, c∞ [mol m−3 ] is the bulk concentration,
ΨD [V] is the potential drop across the diffuse layer, kB [J K−1 ] is the Boltzmann
constant, T [K] is the temperature and λD [m] is the Debye length which is defined as,
√
ǫ r ǫ 0 kB T
λD = √ 2 2
(2.3)
2z e NA c∞
The Debye length is a characteristic length indicating the distance of the diffuse
layer into the solution. Typical values are 1 to 10 nm for concentrations of 100 to
1 mM. The total double layer capacitance Cdl of the system is calculated through
adding the two capacitors in series according to,
1
1
1
=
+
Cdl
CSt
CD

(2.4)

Cdl can be increased through an increase of the effective surface area or the applied
potential. In figure 2.3 the specific double layer capacitance [F m−2 ] as a function
of the applied potential, according to the Gouy Chapman theory [11], for electrolyte
concentrations of 1, 5 and 10 mM is plot.
The specific capacitance reaches a maximum around -0.5 and +0.5 V. This is
explained by the fact that at this potential the stern layer, which is independent of
the applied potential, becomes smaller than the diffuse layer capacitance and for two
capacitors in series the smallest one is limiting for the total capacitance.

2.3

Electrode material

The storage capacitance of CDI electrodes can be maximized through the use of
highly porous materials, that possess a large effective surface area. Examples of
porous materials are activated carbon [13–15], activated carbon cloth and carbon
aerogels [5, 16, 17]. More recent innovations are for example materials based on
carbon nanotubes [18] or graphene [19]. Carbon based materials contain pores of
several size-ranges, macro- (> 50 nm) meso- (2-50 nm) and micropores (< 2 nm) and
can reach specific surface areas of 400-1100 m2 as well as a high electrical conductivity
of 25-100 [S cm−1 ] [16]. Carbon electrodes and pore properties have been reviewed

Theory

Cdl [F m−2]

8

Conc [mM]
1
5
10
1000
V [V]

Figure 2.3: Specific double layer capacitance (CSt and CD ) as a function of potential for
several concentrations. In this example, a maximum specific double capacitance is reached
at an absolute potential of 0.5 V.

by Porada et al [5], who compared different carbon materials on their salt adsorption
properties. Activated carbon demonstrated the largest salt adsorption capacitance
in mg/g. The storage capacitance of CDI electrodes can be maximized through the
use of highly porous materials, that possess a large effective surface area. Examples
of porous materials are activated carbon [13–15], activated carbon cloth and carbon
aerogels [5, 16, 17]. More recent innovations are for example materials based on
carbon nanotubes [18] or graphene [19]. Carbon based materials contain pores of
several size-ranges, macro- (> 50 nm) meso- (2-50 nm) and micropores (< 2 nm) and
can reach specific surface areas of 400-1100 m2 as well as a high electrical conductivity
of 25-100 [S cm−1 ] [16]. Carbon electrodes and pore properties have been reviewed
by Porada et al [5], who compared different carbon materials on their salt adsorption
properties. Activated carbon demonstrated the largest salt adsorption capacitance in
mg/g.
The pore size distribution is an indicator for the ion storage capacitance of the
electrodes [20]. Within the pores, double layer overlap occurs if the width of the pores
is in the same size range as the Debye length, see figure 2.4. Figure 2.4a) represents
a pore in which no double layer overlap occurs. In this situation, the channel is
much wider than the Debye length. The potential highest close to the surface and
zero at the center of the pore. The concentration of counter-ions is higher than the
concentration of co-ions. Figure 2.4b) explains the phenomena of double layer overlap.
The potential does not reach zero in the center of the pore and the co-ions presence
in the pore is nihil [21, 22].
The GCS theory as a double layer model does not include this overlap and is
applicable as a model for salt adsorption in porous electrodes. However it is not
reliable to model ion transport into porous electrodes. A modified Donnan model was
proposed by Biesheuvel and Bazant [10] which takes into account the Debye overlap.

2.4 Ion transport
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electric
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ionic
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Figure 2.4: a) Pore with non-overlapping double layers. b) Pore where double layer overlap
takes place. Adapted with permission from Karnik et al. [21] Copyright (2005) American
Chemical Society

A detailed elaboration on the model is considered beyond the scope of the thesis.

2.4
2.4.1

Ion transport
Poisson-Nernst-Planck model

Upon the application of a potential across the two electrodes of a CDI cell ions start
to move to the electrode. The Nernst-planck equation (eq. 2.5) describes transport of
ions in the electrolyte according to three transport mechanisms, diffusion, migration
and convection [11].
zi F
D c ∇φ + ci υ
Ji = −Di ∇ci −
| {z } RT i i
|{z}
|
{z
} convection
diffusion

(2.5)

migration

Where Ji (x) is the flux of species i [mol s−1 m−2 ] at distance x [m] from the
electrode surface, Di is the diffusion coefficient [m2 s−1 ], Ci is the ion concentration
[mol m−3 ] of species i, t is the time [s], zi is the valence [-], V is the electrical potential
[V], F is the Faraday constant [C mol−1 ], R is the gas constant [J K−1 mol−1 ], T is
the temperature [K] and υ is the flow speed. Mass balance is taken into account by
substitution of the NP equation into the continuity equation,
∂ci
= −∇J
∂t
The charge distribution ρ =
through the Poisson equation,

P

(2.6)

zi F ci [C m−3 ] is related to the electrical potential
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ǫ∇2 V = −ρ

(2.7)

where ǫ is the electrical permittivity [F m−1 ]. The Poisson-Nernst-Planck (PNP)
model is a well known model to describe ion transport, which combines equation
2.5 and 2.7. A detailed calculation based on the PNP model for ion transport in
combination with the GCS double layer model is given in chapter 4.

2.4.2

Charge efficiency

During charging of the CDI cell, the applied potential and thus electron displacement
is responsible for the removal of ions from the solution. At the same time co-ions are
repelled from the electrodes, which results in an efficiency loss. The ratio between
the amount of salt removed and the charge stored is defined as the charge efficiency
and depends on the concentration and the applied potential [23–25]. To achieve
desalination a charge efficiency ¿ 50% is required, typical values are 65-70% for CDI
with porous activated carbon electrodes [25].

2.5

Impedance spectroscopy

To determine the salt concentration in microfluidic channels impedance spectroscopy
is a convenient method. The operational principle of impedance spectroscopy is based
on the application of a sinusoidal potential in the frequency range of several hundreds
of Hertz to megahertz across two parallel electrodes which are located in the same
plane or facing each other.
Measurements are performed with a potentiostat which allows the application of
the potential while at the same time measuring the current through the system. The
interpretation of an impedance spectrum is performed through defining an equivalent
electrical circuit [26, 27]. For a two electrode system the equivalent circuit is shown in
figure 2.5. The two capacitors indicated by Cdl represent the double layer capacitance
of each electrode. The resistance of the electrolyte of interest is indicated by Rsol .
To include the effect of a possible leakage current a large resistor (R) is considered
in parallel with the double layer capacitors. Rlead represents the resistance of the
electrical connections.
electrode

Figure 2.5: Equivalent circuit of a two electrode cell with an electrolyte in between.
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The impedance of a capacitor is given by ZC = 1/jωC and the impedance of a
resistor is simply R. The equivalent impedance of the total equivalent circuit is equal
to:
Zt =

2Zv + Rsol
(2Zv + Rsol )jωCpar + 1

(2.8)

R
RjωCd + 1

(2.9)

with Zv :
Zv =

10

8

low concentration
high concentration

10

7

|Z| [ W]

resistive plateau

10

10

10

fhigh

6

5

flow

4

10

2

4

10
Frequency [Hz]

10

6

Figure 2.6: Typical example of an impedance spectrum (Bode plot) for two different
electrolyte concentrations. The resistive plateau indicates the concentration of the electrolyte
of interest.

A typical impedance spectrum is shown in figure 2.6 in double log-scale. Three
regions can be distinguished. In the lower frequency range the impedance of the double
layer capacitance is dominant, whereas at the higher frequencies of the spectrum
the parasitic capacitance is dominating. The resistive plateau is indicative for the
concentration of the electrolyte and is therefore the region of interest. These three
regions are separated by the corner frequencies, indicated in the figure as flow and
fhigh . The general equation for a corner frequency is given by,
1
(2.10)
2πRC
Langereis calculated the corner frequencies for a comparative circuit in which
R = ∞, which results in flow and fhigh as flow = 1/(2πRsol Cdl ) and fhigh =
1/(2πRsol Cpar ), assuming that Cdl · Rsol · Cpar · Rlead << 1 [27, 28].
From the resistive plateau the concentration of the electrolyte of interest in
calculated in the following manner. The cell constant of a measurement cell relates
fc =
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the total resistance of the liquid between the electrodes to the resistivity ρ[Ω m]. For
a measurement cell consisting of two electrodes facing each other the cell constant is
given by K = d/a. The resistivity is equal to ρ = R/K. The resistivity of a solution
is inversely proportional to the concentration of the electrolyte.

2.6

Energy efficiency

For large scale desalination energy efficiency is a key performance parameter.
Although for microfluidic applications this is of minor importance, for a complete
theoretical overview, the energy efficiency of CDI is described in this paragraph. The
minimum amount of energy that is required to remove ions from the solution through
CDI is equal to the amount of energy that can be gained from mixing the fresh and
concentrated stream. The term Gibbs free energy (G [J mol−1 ) indicates the amount
of energy in a system available for work [29, 30]. The energy required to desalinate a
salt solution is given by the change in Gibbs energy (∆G) of the solutions before and
after desalination according to,
∆G = Gd + Gc − Gin

(2.11)

where Gd , Gc and Gi are respectively the Gibbs free energy of the desalinated,
concentrated brine, and influent stream. The Gibbs free energy of species i in a
solution is proportional to theP
chemical potential (µi ) and the number of ions (ni ) in
a solution, according to G =
µi ni [29]. The chemical potential of component i in
a solution is given by,
µi = µ0i + RT ln xi γi

(2.12)

where xi is the mole fraction of species i in the solution and γi is the corresponding
activity coefficient. The activity coefficient is a dimensionless number which accounts
for the ion-ion interaction in the liquid. For an ideal solution, in which there is no
ion-ion interaction, the activity coefficient is 1 [30]. The minimum amount of energy
required to desalinate water is expressed through [30],
∆G =

X
i

[ci,d Vd RT ln(xi,d γi,d ) + ci,c Vc RT ln(xi,c γi,c ) − ci,in Vin RT ln(xi,in γi,in )]

(2.13)
where the concentration of the desalinated, concentrated and influent water
streams are represented by ci,d , ci,c and ci,in , respectively. Vd , Vc and Vin refer
to the volumes of the corresponding three water streams. The minimum amount of
energy needed to desalinate water depends on the concentration of the influent and
effluent streams. For brackish water desalination the theoretical minimum is around
0.17 kWh m−3 for the case that the input twice the output concentration[1].
The total energy consumption of a CDI plant is higher than the theoretical
minimum and includes the energy consumption of pumps, valves and losses due to
friction. The reported energy consumption of CDI for the production of brackish water
is 0.1 kWh m3 [31, 32]. CDI systems strongly resemble supercapacitors meant for the
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storage of charge and thus energy. Like a supercapacitor the system can be discharged
and the released energy can be recovered as was demonstrated by Demirer et al., who
achieved a recovery percentage of up to ≈ 11% [33]. Additionally they concluded
that the imperfect regeneration of the electrodes results in incomplete discharging.
One of the strategies to improve the energy efficiency of CDI is to increase the energy
recovery during regeneration and use this for the subsequent charging cycle.

2.7

Membrane CDI

During charging of a CDI cell, counter-ions are attracted to the electrodes and co-ions
are repelled from the electrodes. This results in a loss of the charge-efficiency. To
diminish this effect ion selective membranes can be placed in front of the electrodes of
a CDI system [24, 34], which is also referred to as membrane capacitive deionization
(MCDI).
electrode
ion selective membrane

ionic solution

deionized solution

+

cation +
anion -

Figure 2.7: Schematic drawing of a membrane capacitive deionization setup. Two
electrodes are facing each other with an electrolyte in between. During charging ions are
electrostatically removed from the solution.

A cation and anion selective membrane are placed in front of respectively the
negatively and positively charged electrode. The charge efficiency reached in MCDI
systems is close to 90% [35]. Additionally membrane CDI allows for the faster
regeneration, through reversal of the potential during the regeneration step [10, 36].
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Chapter 3

Microfluidic desalination
techniques and their potential
applications∗
In this review we discuss recent developments in the emerging research field of
miniaturized desalination. Traditionally desalination is performed to convert salt
water into potable water and research is focused on improving performance of largescale desalination plants. Microfluidic desalination offers several new opportunities
in comparison to macro-scale desalination, such as providing a platform to increase
fundamental knowledge of ion transport on the nano- and microfluidic scale and
new microfluidic sample preparation methods. This approach has also lead to the
development of new desalination techniques, based on micro/nanofluidic ion-transport
phenomena, which are potential candidates for up-scaling to (portable) drinking water
devices. This review assesses microfluidic desalination techniques on their applications
and is meant to contribute to further implementation of microfluidic desalination
techniques in the lab-on-chip community.

3.1

Introduction

Macrofluidic desalination techniques are established methods for drinking water
production from salt water and are frequently highlighted as a contributing solution
to reducing the world-wide drinking water shortage [2–4]. In contrast, microfluidic
desalination is an emerging research field, which serves as an optimizing tool for
traditional techniques and offers new opportunities for lab-on-chip devices.
This literature review focuses on desalination on the micro- and nanofluidic scale
and it’s potential applications. This is further defined as devices/setups with two
dimensions in the sub-mm scale and flow rates in the order of nano- to microliter
∗ Modified from: a paper published in Lab on Chip [1]. Co-authors are A. van den Berg and M.
Odijk.
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per minute. The trend of down-scaling medical analysis to a lab-on-chip format has
created new application areas for desalination, mainly as tool in sample preparation.
Advantages of online sample desalination in contrast to manual offline methods
include speed of operation, improved reproducibility and reduction of dead volume,
sample loss and contamination. The terms on- and offline are both frequently used in
the field of analytical chemistry. The term ”offline” refers to a discontinuous process
in which each manipulation is performed subsequently, whereas in an ”online” process
the individual steps are connected via continuous flow and are performed in a single
pass. Besides this, desalination-on-chip can contribute to the understanding of ion
transport in existing large-scale desalination devices and hence improve performance
(e.g. desalination percentage and regeneration speed). In this review the operational
principle of each technique is described, followed by a discussion on promising
application areas. The following techniques are considered: dialysis, electrodialysis
(ED), (membrane) capacitive deionization ((M)CDI), ion concentration polarization
(ICP), and electrochemical desalination. Concentration techniques such as solid
phase extraction (SPE) [5, 6], ion exchange columns and separation techniques for
compounds of interests such as liquid chromatography (LC) [7], isotachiophoresis
(ITP) [8] and electrophoresis [6] have been reviewed recently and are therefore not
considered.
The content of the review is structured in the following manner. In section
3.3 an overview is given of established macro-scale desalination techniques for later
comparison. In section 3.4 microfluidic desalination techniques are discussed based
on their specifications and applications.

3.2

Theory

Before progressing reviewing the microfluidic desalination techniques, a quick
introduction into the relevant terms and operational mechanisms that are essential in
characterizing and classifying desalination techniques is given.

3.2.1

Performance indicators

A frequently mentioned performance indicator for desalination is the water recovery
rate, which is the ratio of fresh water produced over the influent solution and can be
calculated from:
recovery% =

3.3

f lowrate f resh water produced
× 100
f lowrate inf luent stream

(3.1)

Traditional desalination methods

Desalination of water is typically applied on the macro-scale for drinking water
production from seawater or brackish water. The salinity of seawater is 35 g/L
on average [9], while brackish water has a salinity of ≈ 1-10 g/L [10]. Drinking
water is also known as potable water and typically has a salinity < 1000 mg L−1
[10]. According to the World Health Organisation, the amount of people living in
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countries suffering from a fresh water shortage is expected to increase from one-third
of the world’s population (2004) to two-thirds in 2025 [11, 12]. The urge for energy
efficient methods to unlock the salt water sources for drinking water supply is reflected
in the growth of the amount of desalination plants throughout the world in the past
decade [12, 13]. The worldwide desalination capacity is expected to double in size
between 2008 and 2016 to 38 billion m3 per year [12].

cooling

cation-exchange
membrane
deionized
solution
concentrate

heat

anion-exchange
membrane
concentrate

pressure

semipermeable
membrane

+

electrode
concentrate

deionized
water

concentrate

deionized
water

concentrate
a) multi-stage flash dialysis (MSF)
or multi-effect dialysis (MED)

b) electrodialysis

c) reverse osmosis

Figure 3.1: Overview of basic principles of desalination techniques commonly applied for
seawater desalination: a) Multi stage flash distillation (MSF) and multi-effect distillation
(MED), where heat is used to distill salt water and the condensate is collected. b) An
electrodialysis system, which consists of two electrodes with alternating cat- and anion
exchange membranes are placed in parallel [14]. The elements are separated through spacers.
A potential is applied across the stack. The ions in the electrolyte, entering from below,
transport through the membranes. Cations can only pass through the cation selective
membranes, whereas anions can only pass through anion selective membranes. The result is
alternating dilute and concentrated streams. c) Reverse osmosis (RO) which is based on an
over-pressure on the concentration side of a semipermeable membrane [15].

An overview of commonly implemented techniques for seawater desalination is
given in Fig. 3.1. Fig. 3.1a represents thermal desalination methods including
multi-stage flash distillation (MSF) and multi-effect distillation (MED). Water is
evaporated through the input of heat and condenses in a fresh water reservoir.
Reverse osmosis (Fig. 3.1b) is a membrane based process. A pressure is applied
to pass water molecules through a semi-permeable membrane, leaving ions behind
in the concentrated reservoir. The typical recovery rate of RO varies from 35% to
85% depending on amongst others the concentration and composition of the feed
solution [16]. According to Ghaffour et al. the typical energy consumption of a
reverse osmosis desalination plant for seawater and brackish water is 3-4 and 0.5-2.5
kWh m−3 , respectively [4].
An alternative technique is electrodialysis (Fig. 3.1c). Alternating cat- and anion
selective membranes are stacked. A potential is applied across the stack which causes
the ions in the electrolyte to transport through the membranes until they are blocked.
The result is alternating channels of fresh and concentrated water streams [17].
Thermal methods and reverse osmosis are energy intensive processes, due to either
high temperatures (MSF, MED) or high pressures (RO). Currently RO is the most
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energy efficient method for desalination of seawater and therefore the most favored
method for desalination facilities build in the last two decades [12]. Electrodialysis
is competitive in energy efficiency for desalination of brackish water [18] and reaches
a recovery percentage of 94% in one cycle and 97% in two cycles [16]. The energy
consumption of electrodialysis is 0.4-8.7 kWh m−3 according to AlMarzooqi et al.
[19].

3.4

Microfluidic desalination techniques

The microfluidic desalination techniques are discussed in this section and our findings
are summarized in two tables. Table 3.1 contains an overview of each of the
techniques and can be used for comparison of the dimensions, flowrates and achieved
desalination performance. For potable water production the energy efficiency is a
critical parameter, while this is of minor importance for microfluidic desalination.
A qualification for each technique, considering the applications, advantages and
disadvantages is given in table 3.2.
electrode
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ionic solution
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deionized solution
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anion biomolecule

a) dialysis

b) capacitive deionization
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d) electrochemical desalination
GND

GND

Figure 3.2: Schematic of operational principle of microfluidic desalination techniques: a)
Dialysis is a separation process based on the diffusion of ions through a membrane. The top
channel contains a sample in a concentrated salt solution, and the bottom channel contains
the waste stream. b) Capacitive deionization, which is based on the storage of ions in
the electrical double layer of the electrodes upon the application of a potential of ≈1V. c)
Ion concentration polarization is a phenomena that uses the formation of a depletion zone
around a nanopore which is situated as a junction between two microfluidic channels with
different potentials, modified from Kim et al. [20]. d) Electrochemical desalination is based
on Faradaic reactions. Oxidation of silver at the Ag/AgCl electrode results in silver chloride
formation. Na+ ions pass through the nafion membrane [21].
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Table 3.1: Specifications of the different microfluidic desalination techniques. The table
contains dimensions of the microfluidic channel, the flowrate and the achieved amount of
desalination.
size sample channel

author, year

electrolyte

6

100

0.5-2.5

95% in 1s

60

160

online 2-5
online ESI SNR
offline 0.01-0.3 40x improved

Song, S., 2004

50 mM buffer
10ppm Rhodamine 560

20

280

0.01

30-80%

Xiang, F., 1999

10 mM PBS

60

150

0.2-5

ESI SNR 20x
improved

Kw ak, R., 2013

10 mM NaCl and
0.01 mM Rhodamine 6G

200

1000

10

90%

Deng, D., 2015

cylinder
height
2·10-5 g mL-1 Rhod. B in 1mM 3000 and
radius
CuSO4 1 mg mL-1
5000
fluorescein in 1 mM CuSO4

0.1-100

88% of neg. dye

Shock ED
ICP
CDI
ECD

desalination

500 mM NaCl and 100 mM
Tris and 10 mM EDTA

Schiermeier, Q.,
seaw ater ≈ 500 mM
2008
brackish w ater ≈ 100 mM
Kim, S., 2013

100
15

500
100

0.1-20

99%

MacDonald, B.D.,
2014
20, 200 and 500 mM NaCl

200

2000

0.5

90% for 500 mM

Suss, M.E., 2014 5-80 mM KCl

5000

1500

0

10% at t ≈ 25s

Demirer, O.,
2014

0.7 mM of fluorescein (-)
and sulforhodamine B(+)

100

200

0

60% at t ≈ 60s

Dak, P., 2014

<100 mM

droplet
volume 50
pL

-

90%

Knust, K.N.,
2013

seaw ater
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0.08

25±5%

0.6 M NaCl

cylinder
length 480
mm
30

max 40

flow injection
mode 90% in 90s

Grygolow iczPaw lak, 2012

3.4.1

flow rate
[ɥL min-1]

Xu, N. ,1998

ED

dialysis

Tibavinsky, T.A.,
2015
100 mM KCl

w idth
height [ɥm] [ɥm]

100

Dialysis

Dialysis is a separation process based on selective diffusion of molecules and ions
through a membrane. The salt concentration of the influent stream is diluted through
the membrane into a second solvent with a low/zero salt concentration, whereas
alternative described desalination techniques result in a concentrated brine solution
and a dilute stream. The components to be removed diffuse across the membrane,

22

Microfluidic desalination techniques and potential applications

Table 3.2: This table gives a qualitative overview of each of the techniques, in which the
applications, advantages as well as disadvantages of microfluidic desalination
author

application

sample cleanup for ESI-MS DNA fast
and protein samples
improved sensitivity ESI-MS

dialysis

Xu, N. ,1998

loss of analyte

enables analysis small volumes

on-chip membrane fabrication
enables on-chip sample
preparation

desalination time ≈ 1
min.

ESI-MS

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

-

study and optimize ED process

in situ
high w ater purity
scalable

less energy-efficient
than RO

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

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

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

small-scale or portable
seaw ater desalination

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

energy-efficiency
needs investigation
no removal of neutral
organic compounds

MacDonald, B.D., 2014

portable w ater desalination

scalable
cost-effective

-

Suss, M.E., 2014

CDI performance improvement
study ion transport

in situ measurements
mm size range
spatially and temporally resolved no flow

Demirer, O., 2014

effect potential on bulk
concentration
study ion transport w ithin
electrodes

in situ measurements

electrodes are semiporous, w ith large
pores. no double
layer overlap

Dak, P., 2014

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

increase in detection limit
confined small volume

evaporation

Knust, K.N., 2013

seaw ater desalination

no membrane
low voltage operation
low investment costs
low pressure

life-time of the
electrode is unknow n

Grygolow icz-Paw lak,
2012

seaw ater sample treatment for
nutrient analysis through
coulometry

full regeneration w as achieved

operation in stopflow regeneration is
necessary

ED
Shock ED

Kw ak, R., 2013

Deng, D., 2015

ICP

fast

loss of analyte
flow rate too high for
nano-ESI-MS

ESI-MS

Xiang, F., 1999

CDI

disadvantages

Tibavinsky, T.A., 2015

Song, S., 2004

ECD

advantages
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traditionally fabricated from cellulose or poly(vinylidene fluoride) [22], into a buffer
solution. The operational principle is illustrated by Fig. 3.2a. A sample is flowing
in the top channel, and a buffer solution in the bottom channel. The channels
are separated by a membrane, which separation characteristics are specified by a
molecular weight cut-off number (MWCO). Generally the pore size is not specified
but the MWCO number is provided in the papers cited. The compounds of interest
remain in the top channel, while salts diffuse through the membrane to the bottom
channel. Microdialysis has been implemented on-chip and coupled to electrospray
ionization mass spectrometry systems (ESI-MS) as a sample preparation method
[23, 24]. Analysis of ESI-MS spectra from protein- or DNA-samples with a high
concentration of buffers and salts can be impossible due to a low signal-to-noise ratio
also known as ion suppression [25–28].
The development of miniaturized dialysis is focused on fabrication methods for
membranes on-chip as well as increasing the speed of the process to enable online
desalination in combination with analysis techniques. The diffusion time, which can
be calculated through tD ≈ x2 /2D, is shorter in microfluidic systems compared to
larger dialysis devices. A decrease in width of the channel by a factor 10 leads to a
decrease in the diffusion time of a factor 100. However, within dialysis systems on
chip the diffusion time across membranes is often the limiting factor and therefore
more relevant is the development of ultra-thin membranes on chip which achieve a
significantly lower membrane diffusion time [29]. Zhang et al. studied the formation
of free standing films in a microfluidic chip through interfacial polymerization [30].
Microdialysis was categorized by Song et al. in three different geometries: tubular,
flat chip-like devices with sandwiched membranes and microdialysis probes [22]. Xu et
al. demonstrated dialysis on a chip as an off- and online sample preparation method in
1998 with flowrates as low as of 2-5 µL/min [23], through a cellulose dialysis membrane
which was clamped between two microfluidic chips. Buffer and analyte are separated
by the membrane and the system is operated in counter flow. The buffer flowrate
was 100 µL min−1 . The signal-to-noise ratio (SNR) of the ESI-MS spectrum was
improved by a factor of 40 compared to the ESI-MS spectrum of the original sample
containing salt, a specific desalination percentage is not mentioned. Xiang et al.
performed online dual microdialysis which incorporated two membranes with different
MWCOs [24]. The chip was coupled to ESI-MS, through an integrated spray-tip, and
resulted in an improved SNR by a factor of 20. Song et al. increased the speed and
introduced a photo-patterning method to implement dialysis membranes on a chip,
with a desalination time of approximately 1 min [22, 29]. Further increase in speed of
dialysis on-chip for mass spectrometry purposes was demonstrated by Tibavinsky et al
[29], who miniaturized a dialysis configuration and achieved a desalination percentage
of 95% in 1s. The flowrate of the sample channel was 30-150 µL/h while the flowrate
of the buffer channel was 50 mL/h, resulting is a recovery rate < 0.3% The pore size
in these experiments was estimated at ≈ 50 nm [29]. They hypothesized that the
diffusion time through the membrane is the most time consuming part of the process
and reduced this through replacing the standard cellulose material with ultrathin
alumina [29].
Drawbacks of dialysis are that besides the salt also part of the compounds of
interest diffuse through the membrane into the buffer, which could result in a lower
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sensitivity of the analysis. The application of a membrane with a certain mechanical
stability sets limits for the pressure difference and thus flowrate that can be applied.

3.4.2

Electrodialysis

Electrodialysis.
The previously introduced macroscopic desalination technique
electrodialysis was introduced on-chip in 2013 [31]. Fig. 3.1b illustrates the
configuration of a single cell electrodialysis setup. Two electrodes with a catand anion exchange membrane in between are placed in parallel. The elements
are separated through spacers. A potential is applied across the stack which is
sufficient to induce a Faradaic current. The ions in the electrolyte, entering from
below, transport through the membranes. Cations can only pass through the cation
selective membranes (CEM), whereas anions can only pass through anion selective
membranes (AEM). This results in alternating dilute and concentrated streams, where
the desalination percentage depends on the applied potential, the input concentration
and the flowrate [18]. Strathmann reviewed electrodialysis and related processes
in 2005 [18]. Applications for electrodialysis are water desalination and salt preconcentration [18]. Electrodialysis is currently not competitive with reverse osmosis
in terms of energy efficiency. However, ED is a scalable technique, which does not
require high pressure pumps as e.g. is required for RO [31], and can therefore
be advantageous for applications where ion specificity or a high purity is required
[18, 31]. For the operational mode of an ED system three regimes, depending on the
limiting

over-limiting

current

Ohmic

potential

Figure 3.3: Graph explaining the three operation regimes of electrodialysis: Ohmic,
limiting and over-limiting, modified from Strathmann [18].

potential applied, can be distinguished: an Ohmic, limiting and over-limiting regime
[32]. Fig. 3.3 illustrates these three regimes in a graph of the applied potential across
an ED system versus the resulting current. In the Ohmic regime, 0-2 V, the applied
potential and the resulting Faradaic current are linearly related. Upon the complete
depletion of ions at the membrane surface, the limiting current is reached [18]. The
mechanism behind the over-limiting current (OLC) is thus far explained as partly
electroconvection [18, 32], which is transport of volume due to migration of charge
present in the solution in the presence of an electric field [33] as well as water-splitting
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at or charge-carriers [33–35] and occurs at AEM [35, 36]. An elaborate overview of
theoretical and experimental work on electroconvection is given by Nikonenko [33].
Rubinstein et al. concluded from numerical studies and experiments with modified
membranes that in addition to electroconvection, the electro-osmotic flow contributes
to the over-limiting current [37].
Miniaturizing electrodialysis may contribute to optimization of the operation of
large scale ED systems, through a thorough understanding of transport mechanisms.
Kwak et al. investigated ion transport within an poldimethylsiloxane (PDMS) ED
cell [31]. A 10 mM NaCl solution was inserted into the system. The local salt
concentration as well as the flow profile was visualized through the addition of
Rhodamine 6G which is positively charged [31]. With this platform experiments were
performed in all three regimes. From their experiments they found that the observed
asymmetry in the vortices at the AEM and CEM could be explained by different
Stokes radii and transport properties of the cat- and anions [31]. Also the limiting
regime for the CEM and AEM were reached at different potentials. They concluded
that the optimal operation mode in terms of energy efficiency is the beginning of the
over-limiting regime. The previous example illustrates that ED on-chip contributes
to the fundamental understanding of ion transport near ion selective membranes and
potentially leads to improvements of the energy efficiency of large-scale ED systems.
Shock electrodialysis.
Deng et al. introduced a variation of ED named ”shock
electrodialysis”, which in contrast to ED is not limited in speed by diffusion [38].
The operational principle is based on a porous frit (500 nm mean pore size), placed
on top of a CEM (nafion) with a fluid reservoir located above these two layers. A
potential of 0-2 V is applied, which drives the system through the three regimes
(Ohmic, limiting and over-limiting). The mechanism behind the over-limiting current
in microchannels is explained by electroosmotic flow (EOF) or surface conduction
(SC) [39]. For larger pores, with increased width, EOF is the dominant mechanism.
The term ”shock” refers to the sharp edge between the depletion region and the bulk
electrolyte in the frit. It was demonstrated that desalted water could be removed from
the reservoir. Shock ED may be applied to selectively remove ions by size or valence
[38], for example to remove heavy metals. An alternative application for macro-scale
shock ED is the treatment of produced water, which is a waste product from the oil
and gas industry. Initial experiments demonstrated a decrease in concentration by
4 orders of magnitude [38]. In 2015 Deng et al. demonstrated additional benefits
of the system, namely ion separation, disinfection and filtration on top of the earlier
demonstrated desalination [40]. The combination of these properties make shock ED
a candidate for compact systems.

3.4.3

Capacitive deionization

Capacitive deionization (CDI) is an electrostatic desalination technique which is
potentially energy efficient for desalination of brackish water and waste-water streams
from industry. Large-scale capacitive deionization in comparison to alternative
desalination techniques was recently reviewed by Anderson and coworkers [17] and
AlMarzooqi and coworkers [19]. An extensive review on the theory of CDI was
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published by Porada et al. [41]. A schematic overview of a CDI cell is shown in
Fig. 3.2c. A typical CDI cell consists of two electrodes facing each other with
an electrolyte flowing in between. To remove ions from the electrolyte solution, a
potential of approximately 1 V is applied across two porous electrodes. The ions
move to the oppositely charged electrodes and are stored in the electrical double
layer. The storage capacity of the system is proportional to the effective surface area
of the electrodes and the potential applied across the electrodes. During charging of
the CDI cell, the applied potential and thus electron displacement is responsible for
the removal of ions from the solution. At the same time co-ions are repelled from
the electrodes, which results in an efficiency loss. The ratio between the amount of
salt removed and the charge stored is defined as the charge efficiency and depends
on the concentration and the applied potential [42–44]. To achieve desalination a
charge efficiency > 50% is required, typical values are 65-70% for CDI with porous
activated carbon electrodes [44]. A CDI system acts as an energy storage system
which is equivalent in operational mechanism as a supercapacitor. For energy efficient
operation the stored energy during charging should be regained during regeneration.
According to Anderson et al. the energy consumption to produce a solution of 0.3
g L−1 is ≈ 0.3-1.9 kWh m−3 for an input concentration of 10 g L−1 , assuming a
round trip efficiency of 85%. The roundtrip efficiency is defined as the ratio between
the energy retrieved during discharging vs. the energy input during charging. Water
recovery rates of 78-86% have been observed, but strongly depend on the desired
output concentration [45]. Implementing CDI on an optically transparent microfluidic
chip enables the visualization of ionic transport through fluorescence microscopy. Suss
and coworkers studied the spatially and temporally resolved salt concentration upon
charging of a CDI cell [46]. Their experimental work was based on adding a neutral
dye to the electrolyte, whose fluorescence intensity quenches upon colliding with a
chloride ion. This resulted in the observation of two time-scales, namely a quick
cell charging process and a slower rate of desalination of the bulk. An alternative
approach was used by Demirer and coworkers, who used laser induced fluorescence in
a CDI cell with semi-porous electrodes [47]. They studied the transport of the charged
fluorescent dyes using concentrations in the µM-range. We have experimentally and
computationally demonstrated the formation of pH waves in a two electrode cell onchip using fluorescence microscopy [48]. Recently we implemented CDI on-chip using
porous carbon electrodes and demonstrated in situ impedance spectroscopy to monitor
the average salt concentration between the desalination electrodes in real-time [49]. A
two-electrode configuration to desalinate droplets was suggested by Dak and coworkers
[50]. Their theoretical model based on the Poisson equation demonstrates that the
bulk concentration of a 50 pL droplet with a starting sub-mM concentration can be
desalinated substantially. Improvement of the performance is suggested through the
use of fractal electrodes.

3.4.4

Ion concentration polarization

Ion concentration polarization (ICP) is a microfluidic desalination technique which
was applied to desalinate seawater to fresh water by Kim and coworkers, as shown in
Fig. 3.2d [20]. The operational mechanism of ICP can be explained in the following
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way. A current through an ion selective membrane establishes an ion depletion zone
on one side of a membrane with pores of the size of approximately the Debye length
[51]. The depletion zone occurs due to the fact that ions of similar charge at the walls
of the nanopores present in the membrane are repelled by the membrane. The ions
of opposite charge travel through the membrane pores. The result is an ion depletion
zone on one side of the membrane and an ion enrichment zone on the other side of
the membrane. This principle is applied by Kim et al. [20] to desalinate water using
a y-shaped microfluidic channel, as depicted in Fig.3.2c. By passing a salt solution
through the feed channel with a nanojunction located at the onset of the outlets, a
desalted stream can be separated from a brine stream [20]. The nanojunction is a
nanometer sized channel or pore which connects two larger, micrometer size channels
[20]. Across the nanochannel a potential is applied and consequently, according to the
above described operational mechanism, a depletion zone establishes at the interface
between the nano- and microfluidic channel. The result is a fresh water stream exiting
at one outlet and a concentrated brine solution exiting at the second outlet. ICP
can be implemented to remove charge from uncharged species and not to separate
particles/ions on the base of their mobility. The geometry is robust since separation
is based on ions which are deviated from the membrane or nanopore away and not
through the pores. ICP is scalable in sample throughput as was demonstrated by
MacDonald et al. [52]. The energy consumption of the device was 4.6 and 13.8
Wh L−1 for 20 and 200 mM electrolyte, respectively [52]. The water recovery rate
observed by Kim et al. was 50% at a salt rejection rate of 99% [20].

3.4.5

Electrochemical desalination

In contrast to previously discussed methods, electrochemical desalination (ECD) is
based on Faradaic reactions occurring at electrodes upon a sufficiently high driving
potential. By applying a potential of 3 V across a bipolar electrode, fabricated
from pyrolyzed photoresist, the Cl− present in seawater oxidizes at the anode and
neutralizes. The result is a local depletion zone. This phenomena is used by Crooks
[53] and coworkers in a similar configuration that Kim and coworkers [20] used a
nanopore for ICP to desalinate seawater. The reported rejection rate was 25±5% of
salt. While the energy consumption was 25 mWhL−1 at a water recovery of 50%.
The system is potentially energy efficient for small scale desalination facilities.
A cylindrical two-electrode electrochemical desalination cell was implemented by
Grygolowicz et al. [21]. The center of the cylinder consists of a silver/silver chloride
(Ag/AgCl) electrode. This is encapsulated by a nafion membrane which is again
surrounded by a solution. Upon the application of a positive potential Cl− ions
are removed from a sample solution through the oxidation of silver at the Ag/AgCl
electrode which results in silver chloride formation. The nafion membrane is cationselective and only passes the Na+ ions while the transport of chloride ions is blocked
[21]. It was demonstrated that in flow-through mode 90% of the salt is removed in 90
s with a maximum flowrate of 40 µL min−1 and start concentration of 0.6 M NaCl.

28

3.5

Microfluidic desalination techniques and potential applications

Field
deployment of microfluidic based desalination
systems

As stated in the introduction, the world wide fresh water demand is rising enormously
and triggers the interest in new energy efficient desalination methods. In table 3.2 for
each microfluidic desalination technique suitable applications are mentioned, however
this section provides a more detailed discussion on the field deployment of each of the
techniques. The water recovery rate of dialysis on-chip is only 0.3%, which is too low
to consider dialysis as a large scale desalination technique. ED is a mature technology,
which is due to its potential ion selectivity suitable for high purity applications. CDI
is a potentially energy-efficient technique for desalination of brackish water with a
high water recovery rate ( ≈ 78-86%). For a competitive energy consumption rate
per produced liter recovery of the stored energy in the system during charging is
required [17]. In field prototype testing of a CDI device was already performed
by Zhang et al. [54] and commercialization is on the verge of taking place by
companies such as Voltea [55]. In contrast to the previously discussed techniques
ICP is a young technology which was first introduced on chip in 2010 by Kim et al.
[20, 56]. The energy efficiency of a first demonstration of a scalable ICP device was
a factor 10 lower than the reported energy efficiency of a CDI device with a realistic
energy recovery percentage [45]. The water recovery percentage of electrochemical
desalination is comparable to that of CDI and ICP and energy efficient operation was
demonstrated for seawater desalination. Both ICP and electrochemical desalination
are in an early development/research stage and the long-term stability of the processes
requires further investigation.

3.6

Bridging the flow rate between macro and micro
desalination systems

A hurdle in implementing microfluidic desalination techniques for macroscale
desalination is scaling the flow rate of a single chip, which is typically several µL
min−1 or milliliter per day to a flow rate which could provide drinking water for a
single person, family or village (liters to several hundreds of liters per day). The most
simplistic idea is to implement several desalination units on a single chip via a single
in-and outlet and to design stackable chips. Assuming a drinking water production
flow rate of 5 µL min−1 and a drinking water consumption of 3 L per day for a single
person, 416 chips are required to provide for a single person. The unit would cover
a total volume of ≈ 0.25 liters. MacDonald et al. introduced the term ”out-of-plane
design” to describe their elegant approach to scale the desalination capacity of ICP
on chip [52]. By extending the design in a third dimension the production capacity
per volume is potentially higher. These creative design considerations are necessary
to implement microfluidic desalination techniques for macroscale applications.

3.7 Summary and conclusion

3.7
3.7.1
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Summary and conclusion
Techniques

The microfluidic approach to desalination offers several advantages over macrofluidic
desalination. The operational parameters of a microfluidic cell can be controlled in
a precise manner and a microfluidic platform is perfectly suitable for monitoring the
performance of the system electrochemically or in situ via fluorescence microscopy.
Using micro- and nano fabrication methods new ion transport phenomena, such
as ICP and shock ED are discovered and applied for desalination. Additionally,
desalination on-chip can be integrated with complementary on-chip techniques for
applications like biological sample preparation.

3.7.2

Applications

Microfluidic desalination has proven it’s relevance for at least three application
categories: first, as a platform to increase fundamental knowledge of ion transport
on the nano- and microfluidic scale. In addition to early experimental methods,
which were limited to electro(chemical) analysis at the in- and outlet of desalination
system such as CDI [17, 57–61], in-situ measurements using fluorescence microscopy
can visualize ion transport, local salt concentration and flow profiles.
This
information is crucial to optimize macro-scale desalination systems. An example
is the implementation of ED on-chip by Kwak et al. [31] who studied the optimal
operation mode of ED in terms of energy efficiency. CDI on-chip was performed by
Suss et al. [46] and Demirer et al. [47] who investigated charging behavior of the
cell. Challenging systems requiring high pressures (RO) or high temperatures (MSF
or MED) have not been applied on-chip yet and are most commonly implemented for
large scale desalination.
Second, microfluidic desalination is a promising sample preparation technique,
which enables the use of extremely small sample volumes in the nano- and picoliter
range. It increases the speed of the sample preparation process, enhances the
sensitivity of detection limits and can be integrated with other microfluidic sample
preparation techniques. An example is the integration of dialysis on-chip as a
sample preparation method for ESI-MS, which improves the SNR of ESI-MS spectra
[23, 24, 29].
Third: new techniques, such as ICP, BPE and shock ED arise from the
micro/nanofluidic approach to desalination and are promising techniques for scaling
out to a size-range from portable to container-size desalination facility. Depending on
factors like the input concentration (seawater or brackish water) and required purity,
ICP [20, 52] and ECD [53] are energy competitive to state-of-the art macro-scale
techniques (RO, MSF and MED). Additionally these techniques do not suffer from
membrane fouling.
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Chapter 4

Effect of pH waves on
capacitive charging in
microfluidic channels∗
Novel energy-efficient desalination techniques, such as capacitive deionization (CDI),
are a key element for the future of the fresh water supply, which is increasingly under
stress due the ever-growing world population and ongoing climate changes. CDI is
a desalination technique where salt ions are removed from a flow channel by the
application of an electrical potential difference across this channel, and are stored
in electrical double layers. The aim of this work is to visualize and explain the
charging process of CDI using a new microfluidic approach. Namely, we implement
the geometry of CDI on a chip and visualize the ion distributions in the channel using
fluorescence microscopy. In contrast to normal CDI, our system was operated in the
absence of flow, using non-porous electrodes. By using two pH-sensitive fluorescence
dyes we found the formation of pH waves across the channel, even though the system
is operated at low potential differences in order to suppress Faradaic reactions, such
as water-splitting. From simulations of the transport process we found that a small
current density in the order of 0.1 A m−2 can trigger the formation of such pH waves.
CDI generally benefits from large electrode areas relative to the channel cross section.
However, this large area ratio will also increase the magnitude of these waves, which
might lead to a reduction in desalination efficiency.

4.1

Introduction

The availability of fresh water is one of the major challenges of the 21st century, and
the necessity of an energy-efficient desalination technology is more urgent than ever
[2–4]. Namely, the demand of fresh water is increasing due to population growth
∗ Modified from: a paper published in Ionics [1]. The paper is written in close cooperation with
the Department of Applied Physics of the Eindhoven University of Technology. Co-authors are M.
van Soestbergen, M. Odijk, J.C.T. Eijkel and A. van den Berg.
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and rapid economic development [2], while fresh water aquifers suffer from salt water
intrusion along coastal lines, [2] and climate change leads to less reliable rainfall and
drier soils [3]. If the current trend in increasing water scarcity continues, 75% of the
world population will face fresh water shortage by 2050 [4], even affecting the more
industrialized nations in North America and Europe [2]. Desalination of salt and/or
brackish water can provide a solution to reduce this fresh water scarcity [2].
Distillation and reverse osmosis are the most common desalination methods for
large scale fresh water production. However, these methods require either high
temperatures or high pressures over ion exchange membranes and are thus not
energy efficient. An alternative approach is to electrokinetically desalinate water
using capacitive deionization (CDI) [5]. A typical CDI device consists of salt water
flowing through a microfluidic flow channel having two electrodes at opposite sides
of this channel. Upon the application of an electrical potential difference between
these electrodes, ions migrate to the oppositely biased electrode and are stored in the
electrical double layer at the surface of the electrode, where they screen the applied
potential [6]. During charging, desalinated water leaves the system until the electrodes
become saturated. The system is regenerated by removing the charge. During this
release step a concentrated electrolyte (brine) exits the system. This cycle is repeated
to produce desalinated water in a batch-wise manner. The main advantages of CDI
are as follows: the technology is potentially energy efficient (electrical energy can even
be recycled during the release step) [7–9], whereas it requires less expensive parts, such
as pumps operating at high pressure [10]. The coupling of CDI and recycling of energy
through capacitive mixing or capmix was recently suggested [11, 12]. Consequently,
CDI is an energy-efficient desalination method at low capital costs.
Up till now research on CDI has been performed mainly on macroscale systems,
with typical capacities in the order of liters per minute [6, 13]. The main focus of
interest included: (i) regeneration speed and efficiency of the electrode material for
ion storage capacity, and (ii) increase of energy efficiency and ion selectivity [14–19].
The approach in these studies has been to measure the ion concentrations of the inand effluent water stream in order to determine the response of the entire system
[6, 10, 14, 20–23]. In this work we will use a chip-scale device, which allows for local
(fluorescent) imaging of the ion concentration profiles in the flow channel to locally
study ion transport. In contrast to a traditional CDI system, our chip is operated
under no-flow conditions, with non-porous electrodes. A microfluidic CDI device was
recently used by Demirer and Hidrovo to demonstrate the potential of fluorescence
imaging of the salt profile in the flow channel [24]. Our focus in this study, however,
is on the formation of acidic and alkaline regions, i.e. pH waves, throughout this
channel. It has been shown previously that these pH waves can severely hinder the
electrokinetic remediation of e.g. soils [25] or porous building materials [26]. The
origin of pH variations arising in electrolytes are often related to Faradaic electrode
reactions [27–29], whereas capacitive-induced pH variations due to locally released
protons from a silicon nitride wall have been observed as well [30]. Consequently, the
formation of acidic and alkaline regions is a surface effect that is largely enhanced in
the flow channel of CDI systems due to their large electrode surface area relative to the
volume of the flow channel [31]. The pioneering work by Soffer et al. demonstrated
already in 1972 acidic regions upon the application of a positive potential at the
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electrodes in a CDI system [31]; however, this was measured in the effluent stream of
the system. Therefore, in this work we will study the formation of pH waves in the
microfluidic flow channels of CDI devices.

4.2
4.2.1

Materials and methods
Experimental

The microfluidic device that is used for the experiments is depicted in Fig. 4.1. In this
figure we also give schematics of the top view of the 97.5-µm-wide microfluidic channel.
The electrodes are relatively long (6 mm) to make sure that edge effects, such as a
non-homogenous electric field, can be neglected. The cross-sectional view shows that
the chip consists of a top wafer (Borofloat glass) containing powder-blasted in- and
outlet holes, which is bonded to a bottom wafer (Borofloat glass) using a patterned
epoxy layer (SU-8). The height of the channel is ≈7 µm, which is large compared to
the electrode height of 120 nm. The electrodes are fabricated from platinum and are
positioned co-planar on the bottom wafer.
The charging behavior of our CDI system was visualized by fluorescence
microscopy. Two solutions containing a 0.1 mM fluorescent dye dissolved in ultrapure
water were used. One contained BODIPY (BOD), with an excitation wavelength
(λex ) of 492 nm and an emission wavelength (λem ) of 515 nm (Invitrogen), and
the other contained fluorescein (FL), λex = 490 nm and λem = 514 nm (SigmaAldrich). FL is known for its pH-dependent emission [32], whereas BOD is relatively
stable [33]. At the excitation wavelength of 490 nm, the divalent anion is the
main contributor to the fluorescence intensity for both dyes [34]. Both FL and
BOD have Na+ as the counterion. The solutions were sequentially inserted into the
microfluidic channel, through gas impermeable syringes and tubing. The intensity
gradient of the fluorescent dyes in the channel was monitored over time with a CCD
camera (Hamamatsu, c4742-80-12AG) connected to an inverted microscope (Leica,
DMI5000M) with a filter cube (Leica, L5) having an excitation bandpass of 480±20
nm and an emission bandpass of 527±15 nm. Excitation took place from below with
a mercury lamp. The diffraction-limited spot size, determined by the objective, is
600-800 nm.
A potential pulse with a height of 0.5 V, a frequency of 0.1 Hz, and a pulse width
of 1 s (dutycycle of 10%) was applied across the two electrodes using a waveform
generator (Agilent, 33220A/20 MHz). At this potential, it is expected that, with an
estimated capacitance of platinum of 20 µF cm−2 , 5-10% of the fluorescent dye can
be removed from the reservoir. The electrical current was obtained by measuring the
voltage drop across a calibrated resistor placed in series with the chip by using an
oscilloscope (Tektronix, TCS 2002C).

4.2.2

Theory

In this section we present a simulation model for the microfluidic CDI device using
the 1D geometry depicted in Fig. 4.1d. We will use this model to distinguish
between the effects of charge transport and pH variations on the measured fluorescence
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Figure 4.1: a) Picture of the microfluidic chip. The electrode contact pads are marked
yellow. The microfluidic channel is situated in between the fluidic in- and outlet and is
marked in blue. b,c) Schematic of the microfluidic channel. The CDI electrodes are situated
within the same plane and partly in the channel, such that the liquid can flow over the
electrodes. b) Top view of the microchannel. c) Cross section of the channel. d) Schematic
overview of the 1D simulation geometry. The boundaries, at x=0 and x=L, correspond to
the Stern layers of both electrodes, with λS the Stern layer thickness.
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intensity profiles. Using this geometry, it is expected that the simulated concentration
profiles will be qualitatively similar to the experimental observations but will differ
in magnitude. One of the key factors causing these deviations, is the fact that the
absorption of ions on top of the electrodes is not accounted for. The model is based
on the classical Poisson-Nernst-Planck theory, which describes the transport of ions
and electrical potential distribution in the microfluidic CDI system. Here, the flux of
ions (Ji ) is given by the Nernst-Planck equation, which combined with a mass balance
becomes
dCi
dt

=

−

X
∂Ji
rj
+
∂x

=

∂
Di
∂x



∂Ci
zi F ∂V
+ Ci
∂x
RT ∂x



+

X

rj ,

(4.1)

where Ci is the ion concentration [mol m−3 ] of species i, t is the time [s], rj is
the chemical reaction rate [mol s−1 m−3 ], Di is the diffusion coefficient [m2 s−1 ],
zi is the valence [-], V is the electrical potential [V], F is the Faraday constant [C
mol−1 ], R is the gas constant [J K−1 mol−1 ], and T is the temperature [K], and x is
the distance [m] as indicated in Fig. 4.1d. The experiments were performed under
no-flow conditions; therefore, advection was not included in our calculations. The
electrical potential is calculatedP
using the Poisson equation, ǫδ 2 V /δx2 = −ρ, which
relates the charge density, ρ =
zi C [C m−3 ], to the electric potential, where ǫ is
−1
the electrical permittivity [F m ].
We assume that BOD can deprotonate in an alkaline environment according to
BOD2− ⇋ BOD3− + H + , pKa = 8,

(4.2)

where pKa is the acidic dissociation constant, which relates the concentration
of protonated, Cprot , and deprotonated, Cdep , species according to pKa = log(Cdep CH /Cprot ). FL is very susceptible to protonate and is in this respect often
used as a pH indicator dye [35–37]. The corresponding chemical reactions for FL are
as follows:
F L0 ⇋ F L− + H + , pKa = 4.34,

(4.3)

F L− ⇋ F L2− + H + , pKa = 6.78.

(4.4)

Furthermore, we consider the self-dissociation of water,
H2 O ⇋ OH − + H + ,

(4.5)

for which we have the equilibrium condition, CH COH = Kw , where Kw is the
equilibrium constant of this reaction and equals 10−8 mol2 m−6 under normal
conditions. The reaction rates for eqs. 4.2, 4.3 and 4.4 at constant temperature are
described by rj = kr (10−pKa Cprot − Cdep CH ) , where kr is the reverse rate constant.
To simplify the systems of equations we eliminate the reaction rate constants for
the self-dissociation of water by assuming that eq. (4.5) remains at equilibrium.
We do this by defining the model parameter ρw = CH − COH , for which the selfdissociation reaction rate cancels [38, 39]. From the equilibrium condition for water
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dissociation and the expression for ρw the following expressions for CH and COH can
be determined:

1 p
(4.6)
4Kw + ρ2w + ρw and
2

1 p
(4.7)
4Kw + ρ2w − ρw
COH =
2
The mass balance of eq. (4.1) for ρw after substitution of the expressions for CH
and COH thus becomes [26],
CH =

(
dρw
1 ∂ X
=
Di
dt
2 ∂x i

)
!
 ∂V
F p
∂ρw
zi ρw
p
4kw + ρ2w + zi ρw
+
+1
+
∂x
RT
∂x
4kw + ρ2w
X
rj , (4.8)

where index i indicates either H or OH, and index j runs over the remaining rates
of FL and BOD.
The boundaries of our system are at the plane of closest approach of the ions. The
area between the plane of closest approach and the electrode remains charge free, is
known as the Stern layer, and has a thickness of λS . The potential drop across this
layer, ∆VS , must be either added to, or subtracted from, the electrode potential, Vapp ,
according to V = Vapp ± λS ∂V /∂x, where ± sign refers to the positive value at x=0
and the negative value at x=L. Additionally we have no-flux boundary conditions,
Ji =0, for all species at all boundaries except for ρw at the platinum electrodes, where
we have the generalized-Frumkin-Butler-Volmer equation [40, 41],



1 F
1 F
0
,
(4.9)
∆VS ) − COH exp −
∆VS
Jρw = Kρ COH exp(
2 RT
2 RT
at x=0, and
J ρ w = Kρ



1 F
0
∆VS ) − CH
exp
CH exp(−
2 RT



1 F
∆VS
2 RT



,

(4.10)

at x=L, where Kρ is a rate constant, and superscript 0 indicates the concentration
at t=0. Consequently, eqs. 4.9 and 4.10 relate the electrical current due to water
splitting to the local potential drop across the Stern layer, ∆VS .

4.3
4.3.1

Results and discussion
Results of the fluorescence measurements.

Fig. 4.2a shows a snapshot of a typical example of a fluorescence intensity
measurement. In the supplementary material videos are given of the measurements
for both BOD and FL. In Fig. 4.2b and c, a cross section of the fluorescence intensity
profiles in the presence of either BOD or FL over a period of 1000 ms are shown. Upon
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Figure 4.2: Fluorescence intensity measurements: a) example of a snapshot of the measured
fluorescein profile across the flow channel and b) cross section of the intensity profile of BOD
and c) FL over a period of 1 s, respectively.
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the application of 0.5 V, the double layer is charged and a variation in fluorescence
intensity is observed across the channel. The measured intensity is proportional to the
concentration of BOD and FL in their divalent state. For BOD a rapid initial change
in the intensity is observed, which leads to a linear intensity profile that remains
stationary until ∼500 ms. After this initial increase, the profiles start to flatten again
until at 1000 ms, the initial profile (t=0) is retained. For FL, also a rapid initial change
in intensity is observed. However, this change is initially only in the vicinity of the
electrodes, after which, the intensity spreads out to form a linear profile. Contrary to
BOD, this linear profile remains its shape up to 1000 ms.
Both dyes show a counter-intuitive behavior. First, we expect that the overall
concentration of the dyes decreases due to accumulation of ions in the double layers.
This effect is in both cases negligible. Second, if ions were depleted from the
channel we would expect a simultaneous decrease of the concentration of the dye
at both electrodes due to electro-neutrality across the flow channel [42]. However,
a simultaneous decrease at both sides of the profiles is not observed. Finally, the
intensity profiles show a linear shape with opposite slopes: a positive slope for BOD
and a negative slope for FL. These three anomalies indicate that the observed effect is
not only a capacitive behavior but also comprises pH variations as we will demonstrate
in the next section using the simulations.

4.3.2

Simulation results

For the simulations the input parameters as discussed below are used. For the sake
of simplicity we assume equal diffusion coefficients for all ionic states of the BOD and
FL dyes. Consequently, a diffusion coefficient of 4.25·10−10 m2 s−1 (see ref. [43]) and
1.13·10−9 (see ref. [44]) m2 s−1 is assumed for the FL and BOD ions, respectively. The
values for the remaining diffusion coefficients are: 1.33·10−9 m2 s−1 for Na+ , 9.3·10−9
m2 s−1 for H+ , and 5.27·10−9 m2 s−1 for OH− [45]. The electrical permittivity
is 78·8.854·10−12 F/m. For both dyes, an initial pH equal to 7 is assumed. The
protonation reactions of the FL dye are fast [46]. As a result, we will use K=1000 m3
mol−1 s−1 for these reactions, since higher values of this number did not affect the
outcome of the simulations. The thickness of the Stern layer was set to λS =3·10−9 m.
This number is higher than might be expected from the value of the hydrated radius
of most common ions [47]. However, the ions of the fluorescent dyes used in this work
are relatively large whereas the Stern layer thickness might also include the effect of a
decreased electrical permittivity due to dipole alignment at high electrode potentials
[48]. We have adjusted the length of the cell in order to account for the extra volume
in the in- and outlet of the channel. Namely, this extra volume will affect the amount
of desalination since ions can diffuse from this dead volume into the channel between
the electrodes. To account for this effect, we use L=80 µm for the length of the cell,
which in combination with the above-mentioned value for the Stern layer thickness
results in a negligible desalination level as found in the experiments of Fig. 4.2. The
rate constant of the electrochemical reaction, Kρ , is set to 2 m s−1 .
The simulated pH profiles as well as the ion distributions of the fluorescent dye
in case of BOD are plotted in Fig. 4.3 for several time steps. First, we consider the
case where the chemical conversion from the divalent BOD ion into its trivalent state
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Figure 4.3: Simulation results for BOD: a) pH profiles for different time steps (solid lines)
and the solution in the absence of the protonation reaction (dashed line) which corresponds
to the pH change occurring in the presence of an inorganic salt like Na2 SO4 , b) distribution
of BOD2− (blue lines) and BOD3− (green lines) for different time steps. The time steps are
indicated in milliseconds in the labels.
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is absent. This situation is equivalent to the pH variation that would be observed in
the system in the presence of an inorganic salt like Na2 SO4 . Here, we see that a pH
wave develops as indicated by the dashed in Fig. 4.3a. This wave has an acidic region
near the anode (0.5 V) at x=L and an alkaline region near the cathode (0 V) at x=0
due the local oxidation and reduction reaction, which proceeds at these electrodes,
respectively. By considering the conversion of divalent BOD into trivalent ions, we
add some pH buffer capacity to the system. This can be observed by the solid lines
in Fig. 4.3b. Here, we see that the pH wave is suppressed by the above-mentioned
chemical conversion. This suppression is more dominant in the alkaline region due to
the pKa value of this reaction, which is set to 8. In this region the divalent BOD ions
are converted into trivalent ions as shown in Fig. 4.3a, whereas in the acidic region,
the divalent BOD ions prevail. This results in a BOD2− profile with an increasing
concentration from x=0 to x=L, which is similar to the observed profile in Fig. 4.2b.
The deviation from a linear profile in the acidic region might be due to our onedimensional approach. For BOD2− to increase linear in the region from x/L equals
to ∼0.75 up to 1, the concentration of BOD3− needs to increase as well, which is not
possible in our simulations due to mass conservation. In the experiments, BOD3−
might be supplied from elsewhere in the system, e.g. the dead volume in the in- and
outlet channel, so that the concentration in this region will increase. The fading of
the measured fluorescent profiles for BOD at prolonged time might be the result of
poisoning of the electrodes, e.g. due to the deposition of oxidized BOD.
The simulated profiles for the FL dye are given in Fig. 4.4. Again, we find the
formation of a pH wave in the absence of any chemical conversions, as shown by
the dashed line in Fig. 4.4a. Similar to BOD, the FL dye will act as a pH buffer
when these chemical conversions are considered. However, FL is a better buffer in
the acidic region due to its lower pKa values compared to BOD. This can be seen
by the solid lines in Fig. 4.4a, where the pH wave is more suppressed in the acidic
region than in the alkaline region. The conversion processes for FL are also opposite
to that observed for BOD. Namely, in the alkaline region the concentration of FL2−
increases, whereas FL− and FL0 are depleted in this region, as observed in Fig. 4.4bd. In the acidic region the concentration of FL2− decreases and the concentration of
FL− and FL0 increases. As a result the concentration of FL2− , which is proportional
with the measured fluorescent intensity, shows a decreasing profile from x=0 to x=L,
as observed in Fig. 4.2c. This explains the opposite slopes for the intensity profiles
in Fig. 4.2b and c. Namely, BOD will lose its fluorescent intensity in an alkaline
environment due to the loss of a proton, see eq.4.2, whereas the intensity of FL will
increase in a more alkaline environment due to the deprotonation of FL0 and FL− ,
see eq. 4.3 and 4.4.
The calculated electrical current through the system is presented in Fig. 4.5.
d ∂ϕ
This electrical current, I, is composed of two parts given by I = −ǫ dt
∂x ± F J,
where the first term represents the Maxwell displacement current, and the second
term originates from the Faradaic processes (i.e. electrochemical charge transfer) at
the electrodes[41]. The displacement current describes the charge accumulation in
the double layers, which contributes dominantly to the transient part of the curves,
whereas the Faradaic processes dominate the steady-state part. The steady-state
current is ∼ 2 nA (0.05 mA m−2 ) for both the system containing BOD as well as
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for the system containing FL. From our experience, the detection limit is ∼ 5 nA.
Note that 2 nA is below the detection limit of our experimental equipment, which
explains the systematic error between the measured and calculated data in Fig. 4.5.
Consequently, a small leakage current, which occurs even well below any intuitive
water-splitting potential as in our experiments, might still be sufficiently large to
explain the counter-intuitive experimental results as presented in Fig. 4.2.
Though the magnitude of the pH waves given in Fig. 4.3 and Fig. 4.4 does not
appear very large, they might be enhanced in practical CDI systems. Namely, CDI
systems generally use porous electrodes with relative surface areas of 1000 m2 /g [19],
whereas in our system the electrode area is only ∼5 times the cross sectional area
of the microfluidic flow channel. A Faradaic leakage current scales to some extent
with the surface area in the presence of a convective flow, and might thus result in a
pH wave with a larger magnitude than observed in this work, which can hinder the
desalination performance of a CDI device. First, acidic or alkaline environments can
trigger chemical reactions that impede the desalination performance. E.g., many
kinds of metal ions will form insoluble hydroxide complexes in a highly alkaline
environment, pH > 10 [25, 49], which might precipitate and clog the microfluidic
channel. Secondly, as the microfluidic channel gets desalinated the pH wave will form
a sharp front at which locally a large gradient in electrical potential develops, which
reduces the electrical field strength in the remainder of the channel. The reduced
electrical field strength will reduce the migration of ions, and this the desalination
rate. On the other hand, pH buffers such as phosphate or ammonium might also be
present in the water stream as well. pH buffers have a stabilizing effect on the pH in
solutions [50] and might therefore reduce the magnitude of the pH wave.

4.4

Conclusions

We have demonstrated experimentally as well as computationally the formation of
pH waves in a microfluidic CDI device. The charging process of the CDI system was
visualized through fluorescence microscopy, in the absence of background electrolytes
and pH buffers. The most pronounced observed effect is the opposite gradient in
intensity across the channel for the dyes BODIPY and fluorescein. This counterintuitive behavior suggests the formation of pH waves even though the system
was operated within the non-Faradaic regime with an applied potential of 0.5 V.
Our computational results show that pH variations are causing this counterintuitive
behavior. A leakage current on the order of 2 nA indicates dissociation of water
resulting in a flux of H+ and OH− ions at the electrodes which locally changes the pH.
The fluorescent dyes in the channel function as pH buffers with a valence-dependent
fluorescence intensity, resulting in the observed intensity profiles. The understanding
of pH variations in a CDI device can be important for optimizing the desalination
rate of CDI systems.
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Chapter 5

Capacitive deionization
on-chip as a method for
microfluidic sample
preparation∗
Desalination as a sample preparation step is essential for noise reduction and
reproducibility of mass spectrometry measurements. A specific example is the analysis
of proteins for medical research and clinical applications. Salts and buffers that are
present in samples need to be removed before analysis to improve the signal-to-noise
ratio. Capacitive deionization is an electrostatic desalination (CDI) technique which
uses two porous electrodes facing each other to remove ions from a solution. Upon the
application of a potential of 0.5 V ions migrate to the electrodes and are stored in the
electrical double layer. In this article we demonstrate CDI on a chip, and desalinate
a solution by the removal of 23% of the phosphate buffer, while the concentration of
a larger molecule (FITC-dextran) remains unchanged. For the first time impedance
spectroscopy is introduced to monitor the salt concentration in situ in real-time in
between the two desalination electrodes.

5.1

Introduction

Sample preparation on-chip is essential to increase throughput, reproducibility[2] and
improve the detection limit of lab-on-chip analysis methods. A benefit of lab-onchip technology is the ability to analyze small sample volumes in the nano- and
picoliter range. To optimally exploit this benefit, the required pretreatment steps of
the samples must be compatible with these small volumes as well[2, 3].
∗ Modified from: a paper published in Lab-on-Chip [1]. The paper is written in close cooperation
with the Department of Biological Engineering of the Massachusetts Institute of Technology (MIT).
Co-authors are B. Kim, J.C.T. Eijkel, J. Han, A. van den Berg and M. Odijk.
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A specific example of an analyzing method for which sample pretreatment is
important, is the analysis of biological samples through mass spectrometry (MS)
as e.g. in the application of protein analysis for medical research or clinical
applications[4, 5]. For online monitoring electrospray ionization is a favored method
which can be utilized in conjunction with the mass spectrometer. For samples
with a high concentration of buffers and salts analysis of spectra is impossible due
to a low signal-to-noise ratio also known as ion suppression[6–10]. Additionally,
variations in sequential measurements are introduced through manual handling of the
sample during pretreatment[2, 11], which causes sample loss and contamination[12].
The most commonly applied methods for desalting protein samples are protein
extraction through e.g. filters, liquid-chromatography (LC)[13] and solid-phase
extraction (SPE)[10], which typically operate with volumes in the microliter range.
Previous experiments of desalination on-chip, as a sample preparation method,
utilized membranes to extract proteins from the buffer solution[5, 8, 14–16]. Our
approach is to avoid membranes and to apply a robust electrode geometry to extract
salts from the solution.
Capacitive deionization (CDI) is an electrostatic desalination technique, which
employs two porous electrodes facing each other, with the salt solution flowing in
between them[17, 18]. Upon the application of a potential of approximately 1.2
V between the electrodes, ions with a high electrophoretic mobility in the solution
migrate to the electrodes and are stored in the electrical double layer[19]. Larger
molecules with a lower mobility, such as proteins, will take more time to migrate
to the electrodes[9, 20]. The difference in mobility between the salt ions and the
proteins can be utilized to separate them. The mobility of proteins is amongst others
dependent on pH and the solution ionic strength[20], which can be tuned to optimize
the separation efficiency. Koster et al. concluded in their review that electrospray
ionization MS requires flow rates in the order of several nL min−1 to µL min−1 , which
matches well with typical flow rates in microfluidics[21]. Issues with possible electrical
interference of the ESI tip voltage can be prevented using a MS with the ESI tip at
ground potential, while the MS orifice is operated at high voltage[22].
CDI is already commercially available for macro-scale systems. CDI is potentially
energetically favorable for desalination of brackish water compared to more established
methods such as reverse osmosis (RO), multi-stage flash distillation (MSF) or
electrodialysis (ED)[19] and has therefore raised interest as a potential solution to
the increasing drinking water shortage[23]. Recently CDI has been applied on a chip
by using pseudo-porous as well as porous electrodes[24, 25]. Suss et al. have visualized
the transport of Cl− ions through fluorescence microscopy, demonstrating that the
process is diffusion limited. Time-dependent ion selectivity was analyzed by Zhao et
al. who concluded that single valent ions are first absorbed by the electrical double
layer and in time replaced with divalent ions[26]. We have studied charging effects
and localized pH effects on non-porous electrodes in a lab-on-chip (LOC) in an earlier
paper[27].
As a sample preparation method CDI offers several advantages over previously
mentioned alternative desalination methods. The regeneration process of CDI is such
that it does not require additional solvents as in e.g. ED[28, 29]. Additionally,
CDI does not suffer from biofouling of membranes as is commonly encountered in
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membrane techniques such as ED and RO[30]. Also, the flow rate used in CDI is
scalable and does not require a high/large pressure pump (RO) nor does CDI require
elevated temperatures as in MSF[30]. Due to the clear-cut geometry consisting of few
parts, CDI can be readily integrated on-chip.
In this article we demonstrate the application of CDI on-chip as a microfluidic
sample preparation method, through desalination of a sample where FITC-dextran is
used as model compound for further analysis by MS. Additionally, a novel method is
introduced to monitor the salt concentration between the desalination electrodes in a
real time manner, based on impedance spectroscopy. This method is combined with
fluorescent imaging to demonstrate the desalination of the model compound.

fluidic connection
electrode slits
electrodes

microfluidic channel

a)

fluidic inlet

b)

fluidic outlet
electrical connections

electrode

c)

Figure 5.1: a) Exploded view of the chip. The fluidic channels are colored in violet. The
carbon electrodes are colored black. b) Assembled chip. c) Photograph of the microfluidic
chip on a stage from an inverted microscope. The chip is connected to a syringe pump
through tygon tubing. Stainless steel wires connect the carbon electrodes to the potentiostat
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5.2
5.2.1

Theory
Cell constant

The cell constant (K) for a typical CDI setup consisting of two electrodes facing each
other is given by K = d/a, where d [m] is the width of the channel and a [m2 ] is the
area of the electrodes. The impedance is calculated from |Z|= ρ·K, where |Z| [Ω]
represents the impedance and ρ[Ω·m] the resistivity.

5.2.2

Theoretical model of CDI on chip

The salt concentration as a function of time is monitored through impedance
measurements at a single frequency using the same set of electrodes that is used
to desalinate. These electrodes are 12 mm long and form the side walls of the
flow channel, see figure 5.1. The measurements give an average number of the
concentration of NaCl between the electrodes. However, locally the concentration
drop and thus the actual desalination percentage is expected to be higher. This
hypothesis is supported through the following basic element model, which calculates
the concentration C[M] as a function of time (t[s]) at the exit of the desalination
electrodes as well as the average concentration measured between the electrodes. A
schematic of the model is shown in figure 5.2. The capacitor, with length L, is
divided in ne elements. Initially each element is filled with the start concentration of
10 mM NaCl. During their residence time between the electrodes the elements are
desalinated. Figure 5.2 shows from left to right the situation at t = t1 , t2 and t3 .
t =1

t=2
ne+1 5 4 3 2

43 21

y ne

x

t=3

x

x=L
C(t1)

x=L

ne+2 6 5 4 3

x

C(t2)

x=L
C(t3)

Figure 5.2: Schematic of the desalination electrodes for the first three time intervals. The
flow direction is indicated with the blue arrow. The concentration C is determined at the
exit of the electrodes at x = L for n elements. The number of elements that fit in the
capacitor is ne .

The salt concentration as a function of time at x = L can be described by:
Z tn
Γ
C(t) = C0 −
In dt, for 0 < t < tt
(5.1)
F V t0
and
C(t) = C0 −

Γ
FV

Z

tn

In dt, for tt < t < te ,

(5.2)

tn −tt

where F is the Faraday constant [C mol−1 ], V is the volume of a single element [m3 ],
C0 [mol m3 ] is the starting concentration of 10 mM NaCl, tn [s] is the time, tt [s] is the
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residence time of a single element in the capacitor and In [A] is the current obtained
from the measurements, see the electronic supplementary information (ESI) figure
S1, through a single element. The charge efficiency (Γ), which describes the amount
of salt absorbed in relation to charge displaced, is set at 45%[31]. For simplicity,
the flow velocity is assumed constant in the lateral direction of the channel, instead
of a more realistic parabolic flow profile. Also transport of ions by diffusion is not
considered. The average salt concentration measured with the impedance electrodes is
calculated via the addition of the resistance of each element in a parallel configuration
(see ESI figure S2). The resulting calculated signal from the impedance electrodes
Cavg (t) is plotted together with the local concentration C(t) at the exit in figure
5.3. From these results we conclude that the desalination percentage measured with
the impedance electrodes is 45%, while the maximum locally achieved desalination
percentage reaches 97% at the outlet of the channel. The amount of desalination is
therefore underestimated by more than a factor of 2.
10
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C(t)
C (t)
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Figure 5.3: Results from the element model calculations. C(t) represents the concentration
directly at the exit of the CDI cell for CDI on chip. The flow rate is 1 µL min−1 . Cavg (t)
represents the concentration as it is determined with the desalination electrodes. Cavg (t)
gives a maximum desalination percentage of 45% while the locally achieved desalination
percentage is calculated at 97%.

5.3
5.3.1

Materials and Methods
Fabrication of the macro cell for control experiments

Control experiments are performed in a macro cell, which is shown in figure 5.4. This
cell consists of two PMMA sheets with a u-shaped PDMS spacer (thickness 2.25 mm)
clamped together. On each side of the spacer a sheet of carbon electrode material
is placed. A reservoir with a volume of 0.45 ml is formed through the spacer and is
illustrated by the dashed blue line in figure 5.4.
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PMMA
electrode
PDMS

liquid reservoir

a)
PMMA
carbon electrode on
graphite current collector
liquid reservoir

PDMS
b)

Figure 5.4: Photo of the macrofluidic cell (a) and schematic cross-section of the cell as
seen from the top (b). The cell consists of two polymethyl methacrylate (PMMA) sheets
separated by a u-shaped spacer. The liquid volume of the liquid reservoir formed by the
spacer is 0.45 ml. On each side of the spacer carbon electrode material is placed.

5.3.2

Fabrication of the microfluidic CDI chip through 3D
rapid prototyping

The microfluidic CDI chip is fabricated from poldimethylsiloxane (PDMS)(type 182,
Sylgard silicone elastomer, Dowcorning). The mold for PDMS casting is printed
with a 3D printer in the material ”clear resin”(Projet 6000HD, 3D Systems, USA).
A schematic overview of the assembly of the chip is depicted in figure 5.1a. The
microfluidic chip consists of two PDMS casts, top and bottom of the chip, which
are bonded together using liquid PDMS. Bonding through liquid PDMS offers two
advantages over more conventional plasma bonding. First, the longer curing time gives
the experimenter more time to assemble the chip. Second, liquid PDMS corrects for
small misalignments and therefore reduces the chance of leakages to occur. Figure
5.1b features the assembled chip. The distance between the electrodes is 1.5 mm.
The height and length of the channel are 0.4 and 12 mm respectively, these are the
same dimensions as the part of the electrodes that is exposed to the solution. A
thin uniform layer of liquid PDMS is applied with a roller on the bottom half which
contains the microfluidic channel. Both the top and bottom half contain slits for the
electrode material. These electrodes are proprietary material from Voltea and consist
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of a sheet of graphite, forming the current collectors, coated with porous carbon[32].
The carbon is applied through casting a slurry of activated carbon mixed with a binder
onto the graphite. They were stored in NaCl (obtained from Sigma Aldrich) solutions
of equal molarity at least 24 hours prior to assembly of the chip. Before bonding of
the chip, the electrodes are inserted in the slits. The electrode material is currently
applied in industrial CDI devices from Voltea[32]. Their capacitance is therefore
representative for current state-of-the-art CDI electrodes. Stainless steel wires are
inserted through holes in the top half, up to reaching the electrodes and connect the
chip to the potentiat (Bio-Logic SP−300, Claix, France). Liquid is inserted through
a syringe pump (PHD 2000, Harvard Apparatus, MA, USA) via tubing (S−54−HL,
Tygonr microbore tubing, Akron, Ohio). A picture of the chip is shown in figure
5.1c. A microscope (DMi 5000M, Leica, Wetzlar, Germany) with a color camera
(ColorView 11, Soft Imaging Systems GmbH, Olympus, Tokyo, Japan) and BGR
filter cube is used for fluorescence measurements.

5.3.3

Impedance spectroscopy with desalination electrodes

The salt concentration in the microfluidic channel is measured by impedance
spectroscopy with the same electrodes that are used for desalination. Therefore, the
applied potential on the electrodes consists of two components. The first component
is the DC potential of 0.5 V for desalination. Note that this potential is lower than
the typical 1.2 V at which a CDI cell often operates to ensure operation well within
the non-faradaic window, thus minimizing the risk of a potential leakage current and
possible pH change which might affect our fluorescence intensity in later experiments
(section 5.4.3). The second component is an AC signal with an amplitude of 10
mV sweeped from 100 Hz to 3 MHz to obtain an impedance spectrum. Prior to
the impedance measurements, the system is calibrated for NaCl solutions varying in
molarity from 5 to 20 mM. Solutions were prepared with MilliQ water and experiments
are performed at room temperature. Electrodes were settled in the measurement
solution at least 24 hours prior to the experiments. This method is first verified
with the macrofluidic desalination cell (fig. 5.4), filled with 10 mM NaCl. During
the desalination cycle, samples with a volume of 2 µL are taken out of the cell
and are externally analyzed by impedance spectrometry with a set of calibrated
microfabricated interdigitated platinum impedance electrodes. A correction in the
data is made for the increase in impedance caused by the sample extraction, due to
a decrease of the water level in the fluidic cell. This results in a smaller contact area
with the desalination electrodes, changing the cell constant and resulting in a slight
increase in impedance.

5.3.4

Desalination on-chip

The performance of the CDI chip is first tested using a 10 mM NaCl solution for
flow rates varying from 1 to 10 µL min−1 . To avoid time-consuming calibration,
the calculated cell constant of the electrode configuration is used to obtain the
concentration from the impedance measurements instead. The impedance of the chip
is expected to be 2650 Ω if the channel is filled with a 10 mM NaCl solution. Due to
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variations in the geometry and electrode material from chip-to-chip, the cell constant
may vary and variations of up to 39% have been observed. It is also noticed that the
measured impedance shows an offset for different flow rates. Each measurement was
corrected for this offset.
To demonstrate that CDI is applicable as a sample preparation method for
biological samples, desalination of Fluorescein isothiocyanatedextran (FITC-dextran),
average mol wt 4,000, (FITC:Glucose = 1:250) obtained from Sigma-Aldrich, in
phosphate buffer is performed. The phosphate buffer consists of 3.3 mM KH2 PO4
and 3.3 mM K2 HPO4 · 3H2 O with a pH of 7.08. The concentration of FITC-dextran
is 0.6 mM. The flow rate is controlled with the connected syringe pump and set
at 1 µL min−1 . The CDI chip is charged through application of a potential of 0.5
V. To check that the concentration of FITC-dextran remains constant over time,
fluorescent imaging is performed with time-intervals of several minutes. At the outlet
the concentration is monitored via extraction of 5 µL samples which are taken every
5 min and analyzed with impedance spectrometry.

5.4
5.4.1

Results and discussion
Verification of online monitoring
concentration in the macro cell

of

the

salt

The reliability of online impedance measurements with desalination electrodes to
determine the salt concentration in the solution during desalination was first confirmed
in a macrofluidic cell (fig. 5.4) containing 10 mM NaCl. The results are shown in
figure 5.5. The green line represents the applied potential for desalination. Starting
at t = 18 min, a potential of 0.5 V is applied for 40 min. The blue line shows the
results from the online impedance measurements performed with the desalination
electrodes at a frequency of 11.7 kHz. The red circles represent the concentration
as it is measured with the earlier described small samples reference method (see
section 5.3.3). It can be observed that the measured starting concentration is
11.2 mM. This deviation from the inserted 10 mM might be due to experimental
variations in solutions and release of ions from the carbon electrodes between the
actual measurements and the calibration experiments. The minimum concentration
reached in the cell is 8 mM at t = 58 min. The removed charge at this concentration
variation results in a capacitance of 69 mF cm−2 according to the relation Q = CE.
Where Q is the charge removed [C], C is the capacitance [F] and E is the applied
potential [V]. After discharging at t = 58 min., the salt concentration does not
make a full recovery to its initial value, but keeps decreasing slightly between t =
65 min and the end of the experiment. This discrepancy is likely due to transport
of ions inside the carbon electrode material or wetting of the porous carbon. From
previous experiments we observed that storing the electrodes in the ion solution of
interest before measuring, minimizes this effect. However, a slight deviation from
the externally analyzed samples is still visible. Overall the impedance and sampling
methods show excellent experimental agreement.
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Figure 5.5: Measured salt concentration as a function of time during a desalination cycle
of the macro cell. The green line shows the applied desalination potential. The blue line
represents the concentration obtained from impedance spectroscopy measurements with the
desalination electrodes. These results agree well with the reference measurements, obtained
from extracted samples (red circles).

5.4.2

Desalination and online monitoring of CDI on chip

After experimental verification of the impedance spectroscopy method to determine
the salt concentration in the macrocell, this method is now applied to a chip to
monitor the salt concentration between the electrodes online. A 10 mM NaCl solution
is pumped in the chip. The impedance is calculated from the cell constant of the
electrode configuration.
In figure 5.6 the concentration as a function of time is plotted for different flow
rates. As discussed in section 5.2.2, the measured concentration is an average of the
concentration in the channel between the electrodes, from entrance to exit, and the
actual extent of local desalination at the exit of the channel is twice the amount
as observed here. The graph includes three charging and discharging cycles for
desalination at a potential of 0.5 V. Each complete cycle (charging and discharging)
lasts 10 min. The first cycle starts with charging of the cell at t = 2 min. A
constant charging and discharging behavior is observed from the second cycle onwards.
Applying a small AC signal with an amplitude of 10 mV on top of a DC desalination
potential might help in increasing the charging and regeneration rate, as shown by
Sharma et al.[33]. It is expected that the amount of desalination decreases as the flow
rate increases, simply because at higher flow rates more ions pass the desalination
compartment, while the storage capacity of the electrodes remains constant. This
hypothesis is confirmed by the results shown in figure 5.6. The desalination percentage
of the system for all flow rates or different concentration ranges can be further
improved through the following adjustments of the geometry. First, by increasing the
surface-to-volume ratio, the relative storage capacitance of the electrodes is improved.
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Figure 5.6: Measured impedance over time at a frequency of 11.7 kHz. The applied
desalination potential is 0.5 V, each cycle of charging and discharging takes 10 min. The
flow rate varies from 1 to 10 µL min−1 .

This can be realized by narrowing the microfluidic channel, which at present is rather
large (1.5 mm). A second method is to increase the residence time of the liquid in
between the electrodes, e.g. by increasing the length of the electrodes and the channel.

5.4.3

CDI as sample preparation method: Desalination of a
sample with FITC-dextran as a model compound

CDI can be used as an elegant sample preparation method for biological molecules.
This is demonstrated through desalination on-chip of a FITC-dextran solution in
phosphate buffer, see figure 5.7.
We have selected a simple non-adsorbing biological molecule to perform these
proof-of-principle measurements. Future development of the chip requires testing
with actual proteins, which vary in size, mobility and absorbing properties. This figure
shows the normalized results of three simultaneous measurements. The concentration
of FITC-dextran, measured with fluorescence microscopy is shown in blue squares.
An example of a fluorescent image of the outlet of the chip can be found in the
supplementary information, see figure S3. The variation in concentration of buffer is
measured with the online impedance measurements as demonstrated in section 5.4.2
and plotted in red dots. Additionally the concentration variation of the solution is
measured at the outlet of the chip, where samples of 5 µL are collected and analyzed
with a set of impedance electrodes. These results are shown in black(+). Note that
the outlet is located at a distance from the CDI electrodes, which is why a delay in
the concentration dip is measured. The intensity of the FITC-dextran remains stable
after a drop of 6% around t = 8-12 minutes. This is approximately 7 min after the
dip in concentration variation measured with impedance spectroscopy, which is the
expected amount of time for the reservoir to renew its volume of 7 µL. Capacitive
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Figure 5.7: This figure shows the desalination of FITC-dextran upon the application of a
potential of 0.5 V starting at t = 2 min. and continuing for 30 minutes. The fluoresence
intensity of FITC-dextran is plot in blue squares. The buffer concentration measured at the
outlet is plot in black(+). The red dots represent the buffer concentration measured with
the desalination electrodes. All values are normalized and experiments are performed with
a flow rate of 1 µL min−1 . The observed drop in buffer concentration at the outlet of the
chip is 23% after 30 min. The drop in fluorescence intensity of FITC-dextran is only 6% and
most likely due to pH variations.

removal of FITC-dextran from the solution would eventually result in the FITCdextran concentration to return to its original value. Bleaching would lead to a
gradual decrease of the observed intensity across the entire time-interval. Therefore
it is expected that the intensity drop (blue squares) is caused by a variation in the
pH. At the outlet of the chip a drop in buffer concentration of 23% is observed in 30
minutes, which is a higher desalination percentage than measured with the impedance
electrodes on-chip of 11%. This is in agreement with the hypothesis that between the
electrodes an average concentration is measured which is, during desalination, twice
as high than locally at the exit of the channel. In figure 5.7, two clear regimes can be
distinguished, a regime where EDL charging occurs (green background), with resulting
desalination and a regime where the electrodes are saturated (red background). In
practical applications the device would only be operated in the first approximate 5 to
7 minutes of the charging regime. The FITC-dextran concentration remains constant
within this charging regime.

5.4.4

Model and experimental agreement

The desalination percentage between the electrodes of 11% is lower than we earlier
observed for desalination of 10 mM NaCl at a flow rate of 1 µL min−1 , see figure
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5.6. This is attributed to blockage of electrode pores by FITC-dextran which results
in a decrease of the effective surface area and amount of ions absorbed. The CDI
model, described in section 5.2.2, predicts an underestimation of the local desalination
percentage at the exit of the electrodes of a factor of 2. Therefore the locally
achieved desalination percentage is expected to reach 22%. Thus we can conclude
that the concentration of FITC-dextran remains constant over time, while the buffer
concentration at the outlet is decreased by 23%. The percentage of desalination can
be further improved through optimization of the geometry of the chip, as well as the
pH and the ionic strength.

5.5

Conclusions

We have demonstrated that CDI can be used as an on-chip sample preparation method
through desalination of a sample where FITC-dextran is used as a model compound.
From our experiments we can conclude that the concentration of FITC-dextran
remains constant over a time-span of 30 min, while the buffer concentration measured
at the outlet of the chip is reduced by 23%. At the same time we have shown a novel
method to measure the average online salt concentration on-chip, using impedance
spectroscopy with the desalination electrodes. This method was first verified in a
macrofluidic cell. The application of this method was demonstrated on-chip, through
a variation in flow rate of the solution as well as a variation in the applied desalination
potential. From these measurements we can confirm the hypothesis that the relative
amount of salt removed from the liquid decreases as the flow rate increases. We
also found a relation between the applied potential and the amount of charge stored
at the electrodes. Future research should be directed towards improvement of the
desalination efficiency. The setup can be optimized to increase the amount of salt
removed from the sample through downsizing the channel width. A higher resolution
of electrodes and channels can be achieved on glass substrates. See Appendix F
for a summary of experiments on microfabrication of carbon electrodes, a method
developed by the group of Madou[34]. Also pH and ionic strength can be varied to
optimize the separation efficiency between salts and proteins. Moreover, samples can
be flushed multiple times through the device (or multiple stages of identical devices)
to reach down to even lower salt concentrations for example required for ESI-MS.
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Chapter 6

Plug flow desalination
High-throughput desalination of small volumes is a candidate technology for
desalination of small volume biological samples before analysis by e.g. mass
spectrometry. In this chapter two approaches are described for desalination of a
compartmentalized flow, such as a droplet- or plug flow. The first approach is based
on a glass chip design and the second approach follows a modular approach using
a stacked layer chip device. For the stacked chip design a slight increase (2-3%) of
the impedance of the individual plugs was measured. For both designs optimization
of the channel geometry and decreasing the droplet-flow speed is required to achieve
sufficient desalination in the future.

6.1

Introduction

Droplet microfluidics, also referred to as ”digital microfluidics” [1] is an emerging
approach for manipulation of extremely small volumes in the nano- and picoliter
range. Droplets are generated on chip through a junction in which two immiscible
fluid phases, e.g. water and a gas, are combined. The generation speed of highly
mono-disperse droplets in size can reach levels of several hundred Hz to kHz rates
[2, 3]. Benefits of digital microfluidics are the increase in throughput of the number of
samples without scaling the total volume of sample consumption [1]. For each droplet
the transport, reactions and pre-treatment steps can be controlled individually. Often
droplets are analyzed optically. Mass spectrometry is also possible, but desalination
is an issue without breaking compartmentalization. CDI is an attractive alternative.
Desalination is a sample preparation step required for sample analysis through mass
spectrometry [4–8]. Capacitive deionization is an electrostatic desalination technique
suitable for integration in a microfluidic chip [9, 10]. The operational principle of
CDI is based on the application of a potential of ≈ 1 V across two porous electrodes.
The ions within the solution transport to the oppositely charged electrode under the
influence of the electric field as well as diffusion caused by concentration gradients.
Earlier we demonstrated CDI on chip as a sample preparation method [10] which
offers crucial advantages over state-of-the-art techniques, such as pipet tips (ZipTip,
Merck Millipore), centrifuge/spin columns (Vivapurer C18, Sartorius AG) or sample
67

68

Plug flow desalination

extraction cartridges (Sep-Pak SPE, Waters Corporation), because it:
−
−
−
−
−

enables the analysis of rare samples,
reduces costs due to lower sample usage,
reduces errors introduced by the lab technicians,
improves the reproducibility due to the automated process,
reduces sample preparation time to several seconds per sample.

Swaminathan et al. demonstrated CDI of a single droplet in a static situation
on two in-plane platinum black electrodes. They reported a desalination percentage
of 41% from the bulk of 10 mM electrolyte [11]. The separation of the concentrated
brine and desalinated solution was not demonstrated.
The application of CDI in digital microfluidics requires some modifications with
respect to continuous flow CDI. Upon charging of the CDI cell, the charge is stored in
the electrical double layer in close proximity to the electrodes in an aqueous solution.
By replacing the continuous flow with a discontinuous flow, e.g. droplets or plugs in
air, the double layer, which can only exist in the water phase, is drawn along with the
droplets and consequently prevents the charge separation from the droplet. Therefore
the development of electrode materials or electrodes in combination with membranes
to maintain the presence of a liquid film while passing droplets is essential for online
desalination of droplets.
In this experimental chapter an overview is given of two approaches that were
followed in order to develop a chip for desalination of droplets or plugs. Droplets
and plugs are both isolated liquid volumes which are distinguished by their shape.
Droplets have a typical droplet shape with convex edges, while the edges of plugs
are concave. This is explained in more detail in figure 6.1. The first approach is
based on the integration of plug flow generation, concentration measurements before
and after desalination as well as desalination through CDI on a single glass chip.
We demonstrate preliminary desalination experiments on the desalination of droplets
or plugs of an NaCl solution in a gas dispersed phase on a microfluidic chip. In
parallel a second approach was adopted which consists of a stacked desalination cell.
The principle of CDI based desalination was modified into a hybrid system of nonfaradaic membrane CDI on one electrode and electrochemical desalination at the
second electrode. The online conductivity of the flow plugs was measured using a
home build lock-in amplifier. This second approach allows for greater flexibility in
the geometry of the different elements of the setup.

6.2

Theory

Microfluidic droplet and plug generation with gas and water
Droplets are generated on-chip at the interfacing of two immiscible phases [12, 13].
The combination of oil as a continuous phase and water as the dispersed phase
is frequently applied because of the stability of the system and the fact that for
a constant flow, a syringe pump suffices. Two microfluidic geometries for droplet
generation are the T-junction and the flow focusing junction, shown in figure 6.1a

6.3 Materials and Methods

69

and 6.1b, respectively [12]. At the interface of the two liquids the continuous phase
induces a shear force on the dispersed phase which causes the droplets to pinch off
at the junction from the moment that it overrules the surface tension. In oil-water
systems a surfactant is often required to prevent merging of droplets [13]. We have
chosen to work with gas, because it allows easier introduction intro the MS without
having to worry about contamination of the instrument with oil.
gas

water

water

gas

(a) t-junction

gas

(b) flow focusing junction

Figure 6.1: Two types of droplet generation geometries frequently applied in microfluidic
devices.

Gas water systems are less commonly applied in microfluidic systems but have been
studied as well. Garstecki et al studied the physical mechanism behind the generation
of a gas water flow at a t-junction [14]. While Jiang et al. determined guidelines
for formation of water droplets using gas as a continuous phase in an alternative
configuration of an inner tube, containing liquid, enclosed by an outer tube, containing
gas [13]. The droplets enter a hydrophobic channel. Two droplet generation regimes
were distinguished, a dripping and a satellite regime, corresponding to a higher and
a lower gas flow rate, respectively [13]. Operation in the dripping regime leads to
monodisperse droplet size generation. Günther et al. studied transport, mixing and
reaction speeds on gas- water flows [15].

6.3
6.3.1

Materials and Methods
Glass chip

Fabrication
On a glass microfluidic chip plug flow generation, desalination and sorting of high
and low concentration plugs can potentially be integrated. Initial experiments with
integration of these steps were performed with a chip design shown in figure 6.2, in
which each element is highlighted in a red dotted circle marked with a letter. The
chip consists of a T-junction (a) to generate flow plugs using gas and water. Two sets
of impedance electrodes (b) are placed to monitor the impedance of the flow plugs
before and after desalination. The desalination electrodes (c) are located in between
the two sets of impedance electrode. The operational mode of the chip is such that the
CDI electrodes desalinate a droplet and subsequently repel the charge into the next

70

Plug flow desalination
20 mm

electrode contact pads
bottom wafer

fluid inlet
gas

18 mm

a b c
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Figure 6.2: Layout of the glass chip. The red dotted circles highlight the active elements: a)
is the t-junction for plug flow generation, b) a set of impedance electrode across the channel
which is 40 µm wide, c) the desalination electrodes and d) DEP electrodes to separate the
droplets on the base of their conductivity. The chip contains four fluid in- and outlets as
well as electrode contact pads on top and bottom layer. The upper right corner contains a
picture of the chip.

droplet that passes between the CDI electrodes. The result is a continuous flow of
alternating saline and desalinated droplets. Finally dielectrophoresis (DEP) sorting
(d) is used to actively separate the high and low saline droplets. The chips are bonded
through curing a layer of SU8 (21.4 µm in height before bonding) in between the top
and bottom wafer under a pressure of 2000 kg at a temperature of 180 ◦ C. The process
flow as well as the masks for production of the chips can be found in Appendix B.
The embedded platinum electrodes are located on the bottom and top layer of
the chip. In this configuration the electrodes face each other, improving the surfaceto-volume ratio, compared to a planar design as used in chapter 4. The impedance
electrodes, which are 20 µm wide and have an effective length equivalent to the channel
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Figure 6.3: Electrical circuit of the impedance measurements of the liquid in between the
impedance electrodes, represented by Rchip . The resistors R1 and R2 are 3.9 MΩ and 3.87
MΩ. By connecting the impedance electrodes in this manner the impedance of interest is
shielded from the actuation potential across the desalination electrodes.

width of 40 µm, are also facing each other. The homogenous electric field between
the impedance electrodes is beneficial for accurate measurements of the electrolyte
concentration. As mentioned earlier, for plug flow desalination it is essential that
throughout the process of charging and discharging flow plugs a water film is present
on top of the electrodes which contains ions present in the double layer. To achieve this
on chip the platinum electrodes were coated through electrodeposition of PEDOT.
The process is explained in more detail in appendix C. The surface area of the
electrode increased by a factor ≈ 10 as was concluded from the impedance spectra
obtained before and after coating of the electrodes with PEDOT, see figure C.2 in
appendix C.
Experimental
The flowrate of nitrogen and water for generation of droplets on chip is controlled with
a Fluigent pump and set to 330 and 300 mbar for water and nitrogen respectively. The
electrolyte consists of 0.1 mM KNO3 prepared in milliq water. A high speed camera
(Photron SA-3, West Wycombe, United Kingdom) coupled to the microscope (Leica
DM IRM, Leica Microsystems, Wetzlar, GmbH, Germany) is used for imaging of the
droplets. Across the desalination electrodes a square wave potential is applied using a
waveform generator (33220A 20 MHz function/arbitrary waveform generator, Agilent,
Santa Clara, CA, USA). A home-build lock-in amplifier monitors the conductivity of
the plugs containing the electrolyte via a set of impedance electrodes. A detailed
description of the operational principle can be found in Appendix E. In figure 6.3
the equivalent circuit of the lock-in amplifier connected to the impedance electrodes
is shown.
The impedance Rchip can be obtained from:
Rchip =

Vchip · (R1 + R2 )
Vsource − Vchip

(6.1)

where R1 [Ω] and R2 [Ω] function as shielding resistor to prevent the actuating
potential across the desalination electrodes to interfere with the impedance
spectroscopy measurements. Vsource [V] is the applied potential by the lock-in
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Figure 6.4: Operational principle of the desalination cell. The upper electrode is fabricated
from silver. Upon the application of a sufficiently large potential, silver oxidized and Cl−
ions are removed through formation of AgCl at the electrode. The bottom electrode consists
of an indium tin oxide electrode coated with a cation exchange membrane, which stores the
electrostatic removed Na+ ions from the solution.

amplifier. Rchip [Ω] represents the total resistance measured with the impedance
electrodes, which is ideally linearly related to the concentration.

6.3.2

Stacked chip

Hybrid desalination (non-faradaic and electrochemical)
The second approach to achieve desalination on a chip is based on a modular device
design. Several exchangeable layers are stacked together which leaves room for flexible
adjustments during experimenting of e.g. the channel geometry and exposed electrode
area. The desalination cell consists of a silver electrode and an indium tin oxide
electrode coated with a cation exchange membrane (CEM). The operational principle
is illustrated by figure 6.4. Upon the application of a potential of 0.8 V the Na+ ions
migrate to the negatively charged electrode and are stored in the electrical double
layer of the ITO electrode coated with the CEM. This approach is known from
membrane CDI, where porous activated carbon electrodes are pressed against ion
selective membranes. In contrast to membrane CDI the ITO electrode is non-porous
and transparent and therefore compatible with (fluorescence) microscopy.
At the silver anode of the desalination cell Cl− ions are removed from the solution
through electrochemical desalination. Electrochemical desalination of Cl− in seawater
was introduced by Grygolowicz [16]. Silver and Cl− react to form AgCl upon the
application of a potential larger than 0.2223 V vs. NHE at T = 25◦ C [17], according
to the following chemical reaction:
−
AgCl(s) + e− ⇋ Ag(s) + Cl(aq)

(6.2)

The ionomer Nafion is applied as a cation exchange membrane, which is made
up of the elements carbon, oxygen, fluorine and sulfur [18]. Over the years Nafion
raised interest as a proton conducting membrane applied in fuel cells [19, 20]. This
ion exchange material can be obtained as a rigid sheet or as a liquid which forms
a sheet after spin coating [18]. The morphology is best described as a random
crystalline and ionic structure [19]. Upon contact with water the material swells,
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quantitative information describing the structure of Nafion before and after swelling
is yet inconclusive.
Fabrication desalination cell
Measurements were performed with the desalination setup shown in figure 6.5. The
system consists of two RVS plates, top and bottom, which together serve as a clamp.
Below the top plate a PMMA plate is situated which contains tapped holes for fluid
connections. Silver foil is attached to the PMMA support through a PDMS layer
which is applied with a roller. The silver foil forms the top electrode and serves at
the same time as the top of the fluid channel. The bottom of the channel is formed
by an ITO coated microscope slide (thickness 1200-1600Å, 75 mm 25 mm 1.1 mm,
transmittance > 83% obtained from Sigma Aldrich) with Nafion spincoated (Nafionr
perfluorinated resin solution, Sigma-Aldrich, USA) on top. The shape of the channel
is cut in Teflon foil (thickness 190 µm, obtained from SABIC Innovative Plastics)
which is placed between the two electrodes. Electrical connections are made through
alligator clips on the side of the electrodes, as demonstrated in the photograph in
picture 6.6.
Droplet generation
The two phases for droplet formation were chosen to be an NaCl solution prepared
with milliQ water and nitrogen gas, forming the continuous and dispersed phase,
respectively. Gas was preferred instead of the more frequently applied oil as a
continuous phase. In contrast to oil/water droplet formation, in gas/water systems
there is no risk of oil residues on the desalination electrodes. Another advantage of a
gas/water system over oil/water is that the addition of surfactant to the water phase
is not required. Any additives might complicate the system due to residues or the
requirement of removal of oil and surfactant in a later stage. Gas as a continuous
phase in droplet microfluidics is therefore particularly suitable in sample preparation
devices.
A y-junction (P-512, Upchurch, IDEX Health & Science, Illinois, USA) was used
to generate the droplets. The liquid was inserted via fused silica capillary tubing
with an inner diameter of 100 µm (Flexible Fused Silica Capillary Tubing, ID 100
µm, OD 375 µm polymicro technologies, AZ, USA) using a syringe pump (PHD
2000, Harvard Bioscience, Inc., MA, United States). At the second inlet of the yjunction gas is inserted via PFA tubing (PFA HP Plus Tubing, IDEX Health &
Science, Illinois, USA) at a constant flow rate which was controlled by a mass flow
controller (El-flowr mass flow meter/controller, Bronkhorst High-Tech B.V., Ruurlo,
the Netherlands). The droplets were transported to the chip via hydrophobic PFA
tubing.
Experimental methods
Desalination experiments were performed with continuous flow as well as flow
plugs. The potential across the silver and the ITO electrode was applied through
a potentiostat SP-300, Bio-Logic SAS), which simultaneously measured the current

74

Plug flow desalination

Teflon fluidic channel (0.190 )
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Figure 6.5: Top and side view of the desalination cell, with dimensions in mm. The RVS
top and bottom together form a clamp. Fluidic connections (ferrule N-123-04x, Upchurch
scientific, IDEX Health & Science, Illinois, USA) are inserted in the PMMA fluidic connector.
The top electrode and bottom electrode are formed by silver foil and an ITO coated
microscope slide, respectively. The microfluidic channel is cut in a Teflon foil. The height of
the channel is determined by the thickness of the Teflon foil.

through the cell. The conductivity of the liquid is measured through a home build
impedance sensor which is placed in series with the desalination chip and connected via
tubing. A picture and schematic of the conductivity cell is shown in figure 6.7a. The
home build cell consisted of a connector (PEEK ZDV union (P-704), IDEX Health &
Science, Illinois, USA) in which a steel needle is inserted on both sides, which form the
impedance electrodes. The operational principle is similar as the well-known coultercounter. A coulter-counter is essentially a flow-through conductivity cell, which is
frequently applied as counter device, e.g. for cells. A small AC-signal is applied with
a frequency tuned such that the impedance of the liquid in between the electrodes is
measured. This frequency is chosen within the resistive plateau region that is first
determined from a bode plot obtained from an impedance spectroscopy measurement,
see section 2.5.
An equivalent electrical circuit of the Lock-in amplifier connected to the
conductivity cell is shown in figure 6.8. The variable of interest is the impedance of the
conductivity cell and is indicated as Rcell . The minus terminal of the opamp provides
a virtual grounding point. Therefore the current through Rcell is directly related to

6.3 Materials and Methods

75

Figure 6.6: Picture of the desalination cell. Left: bottom of the chip with the microfluidic
channel. The channel is colored in dark due to the presence of AgCl. Right: top of the chip,
where fluidic connections are inserted. The top and bottom electrode are connected via a
crocodile clamp on each side of the chip.
union junction
hollow needle

(a) Photo

conductivity
cell

(b) Schematic

Figure 6.7: Conductivity meter consisting of two stainless steel syringe tips, functioning
as electrodes, inserted into the sides of the connector. The electrolyte flows through the
impedance cell which allows real time monitoring of the relative concentration variations of
the electrolyte.

Figure 6.8: Transimpedance circuit used for the impedance measurements of the liquid.

Vsource by Ohms law. The transimedance amplifier converts the input current Iin to
a voltage by Vout = −Iin · Rm Therefore, the impedance of the conductivity cell can
be obtained from:
Rcell = −

Vb · Rm
Vout

(6.3)
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Results and discussion
Glass chip

Droplet and plug flow generation
The t-junction of the chip is compatible with oil/water as well as nitrogen/water.
Images obtained with a high speed camera are shown in figure 6.9. For oil water the
frame rate was set at 5000 fps. From these experiment it can be concluded that droplet
generation is achieved for oil/water with a stable frequency and size. To achieve this
the channel walls are coated hydrophobic using Aquapel (Vulcavite, the Netherlands).
The combination of nitrogen/water in a hydrophylic channel results in water plugs,
the nitrogen is droplet shaped while water forms the continuous phase and is plug
shaped. The shape is determined by differences in surface energy. The length of the
generated plugs was ≈ 114 µm and the travel speed ≈ 0.02 ms−1 . A disadvantage of
the water plugs in nitrogen gas is the presence of a corner flow, which prevents the
flow plugs from being completely separated from each other. In an attempt to solve
this a hydrophobic coating of HDMS was applied, however using the current droplet
generation geometry stable droplet formation did not occur.
water

oil

40 µm

nitrogen gas

water

Figure 6.9: Droplet generation on a glass chip. The images are obtained with a high-speed
camera at a frame rate of 5000 fps. The top figure shows droplet generation using oil as a
continuous phase and water as the dispersed phase. In the bottom picture a plug flow is
generated through the application of water as the continuous phase and nitrogen gas as the
dispersed phase.

Preliminary desalination experiments
In this section preliminary results are shown. The applied square potential for
desalination is 1 V with a frequency of 50 Hz at a duty-cycle of 50 %. In figure 6.10 the
impedance measurements are plotted which were measured with the set of impedance
electrodes on the glass chip located downstream from the desalination electrodes. It
can be observed that droplets are generated at a relative constant frequency of ≈
100 Hz. However, a regular pattern of flow plugs with alternating higher and lower
impedance due to exchange of charge cannot be distinguished. Note that the measured
impedance is in the MΩ range, which is not optimal for sensitive measurements.
Initially the chip design was designed for 1 mM electrolyte concentrations. In these
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experiments desalination was not observed not even at a concentration as low as 100
µM. The observed impedance value for 0.1 mM KNO3 is ≈ 7.3 MΩ.
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Figure 6.10: Measurements of the impedance of the electrolyte flow plugs determined with
the lock-in amplifier. The lower impedance of 7.3 MΩ corresponds to the interval where the
electrolyte, consisting of 0.1 mM KNO3 , passes the impedance cell. The higher potential
corresponds to the presence of nitrogen between the electrodes. The plugs are passing at a
regular frequency of ≈ 100 Hz. The applied potential across the desalination electrodes was
1 V with a frequency of 50 Hz.

Several design improvements are needed for a functional device. First the flow
rate of the droplets should be low enough for the droplets to be significantly desalted
in the time span they spend between the desalination electrodes. The desalination
rate should be characterized through a continuous flow experiment, in which only the
electrolyte is inserted and a potential is applied across the desalination electrodes, in
combination with a variation in flow speeds. The desalination speed and achieved
percentage could be monitored through the set of impedance electrodes. It was
experimentally determined that in this device such continuous flow measurements are
not possible due to the presence of cross-talk, between the actuation of the desalination
electrodes and the impedance electrodes further down the channel for conductivity
measurements. This could be solved by adding a shield electrode connected to
ground potential in between the two sets of electrodes. Although at first glance
the measurements in figure 6.10 do not suffer from cross-talk the absence can not be
assured. The reason is that in square channels a corner flow is present even in between
the plugs, which might function as an electrical conductor between the impedance
electrodes and the desalination electrodes. Even though an effect cannot be detected
in our measurements, removing the corner flow through e.g. implementation of round
channels is desirable.
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6.4.2

Stacked chip

Continuous flow desalination analyzed with external impedance electrodes
The effectiveness of the desalination electrodes in the stacked chip was first
demonstrated with a continuous flow experiment in which the cell was charged and
discharged. The applied potential to the desalination electrodes as a function of time
is plotted in figure 6.11a. The open circuit potential measured at the start of the
measurement was -0.231 V.
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Figure 6.11: Desalination of a continuous flow with an initial concentration of 2.5 mM and
a flowrate of 1 µl min−1 . 6.11a) Potential as a function of time, which is applied across the
desalination electrodes. 6.11b) Plot of the electrolyte concentration as a function of time,
which was determined via extraction of 2 µl samples at the outlet of the chip which were
analyzed with an external set of impedance electrodes.

At the outlet samples of 2 µl were collected and analyzed with an external set
of calibrated interdigitated impedance electrodes, see Appendix D for a microscope
image. The concentration as a function of time is plotted in figure 6.11b. From the
figure it can be concluded that the concentration of the electrolyte has decreased by
62.5 % of the original concentration of 4 mM observed at t = 1 min. The initial
concentration in the figure is 4 mM and deviates from the prepared 2.5 mM. This can
be explained by the fact that 2.5 mM and lower is just at the edge of the measurement
range of the impedance sensor. Nevertheless these measurements demonstrate a
significant reduction of the salt concentration in the electrolyte.
Continuous flow desalination,
desalination electrodes

concentration

monitoring

with

the

At the same time measurements were performed based on the principle in chapter 5 of
applying a desalination potential and measure the impedance simultaneously with the
desalination electrodes. For each measurement point a complete impedance spectrum
is determined. Although for each measurement only the potential is varied, a shift of
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the curves over time with respect to one another is visible. This is due to a variation
in the time interval of the potentiostat required to obtain an impedance spectrum.
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Figure 6.12: Graph of the potential versus time across the desalination electrodes. The
desalination potential is varied from 0.5 - 0.9 V. A continuous flow with a flowrate of 1 µl
min−1 is applied and the electrolyte contains 2.5 mM NaCl.
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Figure 6.13: Graph of the concentration versus time for hybrid desalination, measured
with the desalination electrode. The desalination potential is varied from 0.5 - 0.9 V. A
continuous flow with a flowrate of 1 µl min−1 is applied and the electrolyte contains 2.5 mM
NaCl.

The stacked chip can be regarded as a measurement cell of two parallel electrodes
facing each other. In such a cell, the resistive plateau in impedance spectra is linearly
related to the electrolyte concentration. In the case of a hybrid system with non-
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faradaic desalination on one electrode and electrochemical desalination at the second
electrode a contribution to the total resistance of the deposition of AgCl is expected.
This is visible as the increase of the impedance at the time interval t < 15 min. were
the starting impedance increases with each measurement. The measurements were
performed starting with an applied potential of 0.5 and ending with 0.9 V. The time
response of the measurements with the desalination electrodes (see fig. 6.14) is faster
than the response of the measurements performed through external analysis shown
in figure 6.11b, namely a charging time of ≈ 5 minutes vs a charging time of ≈ 10
minutes. This is probably caused by dispersion.
Continuous flow desalination, concentration monitoring with a flow
through impedance sensor
A great improvement in the reproducibility of the electrolyte concentration
measurements was achieved by applying a home build impedance sensor in
combination with a lock-in amplifier. The impedance as a function of time is plotted
in figure 6.14. The initial concentration of the electrolyte was 5 mM NaCl and the
flowrate during the experiment was set at 1 µl min−1 . From the graph it was observed
that the concentration dropped 16 %. This is far beneath the measured 62.5% using
external analysis. This is probably caused by mixing in the tubing between the
desalination chip and the sensor. A reduction in dead volume could improve the
accuracy of the desalination measurements.
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Figure 6.14: Desalination of a continuous flow with a initial concentration of 5 mM and
an applied flowrate of 1 µl min−1 .

Preliminary results droplet desalination
Droplets generated in the y-junction are inserted into the stacked chip and a
desalination potential was applied. The gas flowrate is set at ≈ 1 SCCM and the
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flowrate of the 5 mM NaCl electrolyte at 2 µl min−1 , which resulted in a droplet
frequency of 0.023 Hz. and a volume of ≈ 400-800 nL which was estimated from
photographs. The applied potential as a function of time is plot in figure 6.15. The
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Figure 6.15: Applied potential as a function of time for desalination of flow plugs.

measurement results of the impedance as a function of time measured with the home
build impedance sensor are plot in figure 6.16. After 5 min a slight increase (23%) of the impedance of the liquid is measured which is in correspondence with the
expectations since the desalination potential is applied from this point in time.
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Figure 6.16: A graph of the measured impedance as a function of time. Desalination of
flow plugs. The shaded area serves as a guide for the eye.
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Conclusions and recommendations
Glass chip

Measurements with the glass chip showed a regular flow plug generation, no effect of
the applied desalination potential was measured on individual flow plugs. The lack
of flexibility in comparison to the stacked chip design, limits further experimenting
with this particular design. Adjustments that are needed are the reduction of the
corner flow in the channel, to prevent electrical connection of the individual droplets.
For desalination this is not necessarily problematic, however for reliable impedance
measurements cross talk between the desalination electrodes and the impedance
electrodes needs to be excluded. Also the rate of desalination is most likely too
low with respect to the speed of flow plug generation. A different chip design and
channel geometry is needed to allow lower plug frequencies.

6.5.2

Stacked chip

The stacked chip is a modular and flexible approach for droplet or flow plug
desalination. An improvement of this chip with respect to the glass chip is the
absence of a corner flow. Additional benefits are the modular character which allows
a variation in geometry of a single aspect, such as the dimensions of the y-junction
for droplet generation or the height of the microfluidic channel in between the two
desalination electrodes. A nafion membrane can relatively easily be applied onto
the ITO electrode through a spin coating process. The experiments demonstrated
coupling of flow plugs into the stacked chip. The performance of the home build
impedance sensor in combination with the lock-in amplifier showed a substantial
desalination percentage of 16%. The desalination performance measured through
external analysis was determined to be 62.5%. Reduction of the dead volume between
the desalination cell and the measurement probably improves the agreement between
the two.
The reproducibility of the measurements can be improved through the
implementation of a reproducible process for shaping microfluidic channels.
Preliminary experiments with hot-embossing of nafion foil showed promising results.

6.5.3

Recommendations

Future experimental work on droplet desalination should focus on a modular design,
such as the stacked chip. A weak point of the current design is the lack of a
reproducible process to shape the microfluidic channels in the Teflon layer. One of the
first steps should focus on the development of a mold or punch to solve this. Secondly
there is a need for minimizing of the dead volume, especially at the in- and outlets
where small reservoirs are formed. Due to these reservoirs droplets at the outlet before
passing on to the impedance sensor. This leads to inaccurate estimations of the actual
desalination percentage. It is recommended to move back to cleanroom processing of
a novel glass chip design after demonstration of a proof-of-principle experiment with
the stacked chip. The higher fabrication resolution feasible with a glass chip leads to
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desalination percentages that could potentially far exceed the performance reached
with a stacked chip.
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Chapter 7

Summary and Outlook
7.1

Summary

In this thesis the desalination technique capacitive deionization (CDI) was
implemented on a microfluidic chip. CDI on chip is a candidate to improve the
reproducibility in the analysis of biological samples for drug development. Secondly,
microfluidic CDI allows for the in situ study of ion transport which contributes to
understanding the fundamental operational mechanisms.
A CDI setup consists of two porous electrodes with a salt solution in between.
Upon the application of a potential of ≈ 1 V salt ions migrate to the electrodes
and are stored in the solution, in close proximity (distance in the order of ≈ 110 nm) to the electrodes. At this point fresh water exits the system, until the
electrodes are saturated. Regeneration takes place through flushing the system while
discharging. CDI is an energy efficient method for desalination of brackish water
which has a salinity of ≈ 1 g L−1 . This in contrast to more established methods
which consume high amounts of energy due to the use of either high temperatures
or high pressures. As a result CDI has raised interest as a solution to the increasing
drinking water shortage and is already commercially available for macro-scale brackish
water desalination. However, there is currently no desalination method available
for automated desalination of nano- to pico-liter biological samples before analysis
through e.g. mass spectrometry (MS).
The specifications and applications of desalination on the microfluidic scale
are discussed in review chapter 3. Advantages of microfluidic desalination over
macrofluidic desalination are that the operational parameters can be controlled in
a precise manner and through the use of a microfluidic platform the performance
can be measured electrochemically as well as via fluorescence microscopy. New ion
transport phenomena are discovered which are potentially suitable for large scale
desalination and desalination on-chip can be integrated with complementary on-chip
techniques.
Several possible applications for microfluidic desalination have been identified
(chapter 3). Through in-situ measurements of ion transport on chip, traditionally
considered macro-scale desalination techniques such as electrodialysis [1] or CDI [2]
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can be optimized in terms of energy efficiency. Desalination on-chip is a promising
sample preparation technique, which enables the use of extremely small volumes in
the nano- and picoliter range. Additionally, new techniques such as ion concentration
polarization, bipolar electrodes, and shock electrodialysis have been developed on the
microfluidic scale and offer potential for scaling up for drinking water production.
The results of experiments and calculations on the effect of pH waves on capacitive
charging in microfluidic channels are described in chapter 4. In this chapter two
co-planar non-porous platinum electrodes are implemented on a glass chip. A
microfluidic channel is located on top. A potential of 0.5 V was applied across the
electrodes while in the channel two pH-sensitive dyes (BODIPY and fluorescein) in
milliq water were loaded subsequently. The potential of 0.5 V is chosen for operation
of the system well within the non-Faradaic regime, to prevent water dissociation at
the electrodes. The presence of the negatively charged ions with a valence of 2was visualized through fluorescence microscopy. The experiments showed opposite
gradients of intensity for the dyes in the solution, while based on the negative
charge of both dyes a similar intensity profile is expected. This counter-intuitive
behavior suggest the presence of pH variations in the channel, even though the
system was operated in the non-Faradaic regime. The experiments were verified
through a simulation model based on the classical Poisson-Nernst-Planck theory.
The computational results indicated that the measured leakage current of 2 nA is
probably the result of water dissociation, resulting in a flux of H+ and OH− -ions into
the solution.
The implementation of CDI on a PDMS chip is presented in chapter 5. In
this chip design state-of-the art porous electrodes are used. Desalination of 23%
of the original concentration of a solution containing 3.3 mM KH2 PO4 and 3.3 mM
K2 HPO4 ·H2 O was demonstrated, while the present concentration of FITC-dextran
remains constant over a time-span of 30 min. The constant concentration of FITCdextran demonstrates that desalination of proteins is feasible. Additionally the
concentration of the electrolyte was measured via online impedance spectroscopy using
the same electrodes that were used for desalination. The percentage of desalination
can be further improved through optimization of the geometry of the chip. Also for
desalination of proteins the pH and the ionic strength might be adjusted to achieve
desalination of proteins which vary in charge and size.
Droplet microfluidics, also known as ”digital microfluidics” is emerging as a
method for manipulation of extremely small volumes in the nano- and picoliter
range. In chapter 6 two approaches are described for desalination of such small
droplets or plug flows. The first approach concerns a glass chip device with integrated
droplet generation junction, desalination electrodes and a separate electrode pair for
impedance spectroscopy. The second approach is a modular chip device consisting of
stacked layers which are clamped together, including silver foil, a Teflon spacer, cation
exchange membrane and an indium tin oxide electrode onto a glass substrate. Droplets
are generated in an off-chip junction connected to the chip. The achieved desalination
percentage in a continuous flow mode of operation was 62.5%. Preliminary results
demonstrate a low desalination percentage of the droplets of 2-3% measured with the
stacked chip device while operating with a droplet flow. Future experiments should
focus on improvement of the reproducibility of the fabrication of the stacked chip
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device as well as optimizing the geometry and droplet generation speed. A glass
chip design may potentially reach a higher desalination percentage due to a higher
fabrication precision, however during the phase of experimenting the stacked device
offers more flexibility.

7.2

Outlook

In this thesis first steps are made towards the implementation of CDI on chip for
the purpose of desalination of small volume biological samples, for example as a
pretreatment step before analysis through mass spectroscopy.
The experiments performed in a continuous flow mode (chapter 5) resulted in a
desalination percentage of 23%. The required desalination percentage depends on the
specific application and detection method of e.g. the proteins. The next phase should
therefore focus on obtaining the required specifications for specific applications. For
further improvement of the amount of desalination it is essential to develop or apply
a high resolution production method of porous electrodes. A direction could be the
explored path in Appendix F. In this appendix we describe the method developed in
the group of Madou[3] and show preliminary results on the production of micrometer
size carbon electrodes.
In addition it was demonstrated that, while the buffer concentration decreased by
23%, the concentration of the protein FITC-dextran present in the sample remained
constant. Future research should focus on the extraction of salt from samples
containing proteins varying in size and charge.
An additional hurdle to be taken is the coupling of the chip to a mass spectrometer.
The integration of an ESI-needle or spray-tip on chip has been demonstrated[4].
Previously within the BIOS group van den Brink et al. demonstrated coupling of a
microfluidic chip to (LC)-MS for the purpose of drug screening[5]. The performance
of online CDI sample pretreatment for MS-samples is yet to be demonstrated.
Challenges lie in the fabrication of bio-compatible desalination electrodes and the
adjustment of the operational speed of desalination to additional pretreatment steps
and the detection system.
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Appendix A

supplementary information
A.1

Input current for the theoretical model of CDI
on chip

The CDI cell is charged through the application of a potential of 0.5 V starting at t =
1.6 minutes using a potentiostat (Bio-Logic SP-300, Claix, France). While charging,
the current (I[A]) is measured as a function of time, see figure A.1. The current
through a single element In [A] is obtained by dividing the total current through the
number of elements in the CDI cell (ne ).

0.1
0.08

I [mA]

0.06
0.04
0.02
0
−0.02
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Time [min]
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Figure A.1: Measurement of the charging current through the capacitor. Starting at t =
1.6 min a potential of 0.5 V is applied.
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Theoretical model of CDI on chip

The average salt concentration measured with the desalination electrodes can be
calculated from the local concentration as function of time. The fluid flowing through
the capacitor is divided in n elements, see figure A.2.
R4

R3

R2

R1

Rne

Cavg(t)
Figure A.2: Schematic of the CDI cell with a 10 mM NaCl solution entering from the left.
A number of ne elements fit in the cell. Each element has a salt concentration varying over
time which is directly related to the resistance of the element. The impedance measurements
with the desalination electrodes return the summation of all these elements.

Between the desalination electrodes ne elements are situated at the time of a
single measurement. Each element contains a certain molarity of salt depending on
the amount of desalination. The salt concentration is related to the conductivity σ[S
m−1 ] and the resistivity (ρ[Ω m]) ,which is given by ρ = 1/σ. The resistance R(tn )[Ω]
of a single element is obtained through R(tn ) = ρKcell , where Kcell is the cell constant
of an element given by d/a. d is the width of the channel and a is the area of the
electrodes. The total resistance (Rt ) as it is determined with the impedance electrodes
is calculated by adding the resistances R1 to Rne in parallel using equation A.1 and
A.2.
n

X 1
1
, for n < ne
=
Rt
R tn
1

n
X
1
1
, for n ≥ ne
=
Rt
R
tn
n−n

(A.1)

(A.2)

e

A.3

Fluorescence images of FITC-dextran

Fluorescence microscopy is used to monitor the concentration of FITC-dextran over
time. Images were taken at the exit of the CDI electrodes. An example of a fluorescent
image is shown in figure A.3. The green line indicates the location between the CDI
electrodes where the fluorescence intensity was measured over time.

A.3 Fluorescence images of FITC-dextran
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Figure A.3: Example of a fluorescence microscopy figure from the exit of the microfluidic
channel.
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Appendix B

Process flow documents for
fabrication of a plug flow
desalination glass chip∗
B.1

Clean room processing steps

The chip consists of two Borofloat layer that are bonded together through a layer
of negative photoresist (SU8). The diameter of the topwafer is 100 mm diameter
and the thickness is ± 1080 µm. The diameter of the topwafer is 100 mm diameter
and the thickness is ± 524 µm. Determine the frontside by holding the wafer with
the big flat towards yourself; if the small flat is on the left, than the upper side is
the frontside. On both layers platinum electrodes are embedded. An adhesion layer
consisting of tantalum is applied for good adherence of the platinum. The smooth
sides of the wafer are bonded together. The top wafer (A) has powderblasted holes on
the backside. Dicing of the chips is performed on both sides to expose the electrode
contact pads. Four masks are included in this design:
mask 1: M1 IW: Electrodes bottom non-mirrored
mask 2: M2 IW: Electrodes top mirrored
mask 3: M3 IB: pwdbl. Holes non-mirrored
mask 4: M4 IB: SU8 channel non-mirrored

∗ Co-authored

by Johan Bomer.

95

96

Process flow for a plug flow desalination glass chip

Figure B.1: Total wafer layout, including the elements of all four mask designs.

Figure B.2: Mask 1: Bottom electrodes

B.1 Clean room processing steps

Figure B.3: Mask 2: Top electrodes

Figure B.4: Mask 3: Powderblast
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Process flow for a plug flow desalination glass chip
5 inch mask

Figure B.5: Mask 4: SU8 bonding and channels

B.1 Clean room processing steps

Day 1
Nr

Process

Parameters

1

New wafer selection

·

·
·
·
·
·
2

Cleaning

·
·
·

11

·
·
·
·
·
·
·
4

Photolithography:
purpose: etch mask to
define the electrode
pattern. Vapour phase
HMDS is necessary to
prevent too much
undercut

diameter of 4 inch, borofloat and a thickness of
1 mm. Topwafer 1.1 mm (BIOS), bottomwafer
0.524 mm from the cleanroom
A batch of 2 top wafers and 2 bottom wafers
single sided polished
Keep the small flat to the left and the large flat
downwards, to process top side.
Number each wafer on the backside with a
diamond pen.
Remove dust using air
2 min fuming HNO3 I; wetbench 16
QuickDumpRinse, QDR
Put in a beaker of DIwater. Bring the beaker to
wb 17.
10 sec 25 % KOH @ 75 ºC dip; wetbench 17
Put the wafers back in the DI beaker
Put the wafers in the beaker in the ultrasonic
bath for 10 min;
QDR in wetbench 16
1 min fuming HNO3 I + 2 min fuming HNO3 II;
wetbench 16
QDR
Spin dry

Wafer C: mask Electrodes
bottom

·
·
·

vapour phase HMDS, wb 28
908/17-resist process with 5,0 sec hard-contact
exposure
Spin Resist; type = olin 908-17; 4000rpm, 20sec.
Prebake: hotplate 95C; 60sec.
On EVG620; choose manual top side, constant
time, hard contact, stop after contact.
Exposure parameters: 5sec.
Development: OPD4262; 45-60sec. 30 seconds
in 1 and 15 seconds in 2.
QDR
Spin dry
Post-bake 30 min at T = 120 C

5

Descum

·

5 min UV ozon, naast w.b. 1

5

To remove residues from
the lithography and make
the surface hydrophilic;
just prior before the wet
etching.

11

Wafer A: mask electrodes
top

·
·
·
·
·
·
·

Figure B.6: Processing steps top and bottom wafer
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Process flow for a plug flow desalination glass chip
5

Wet etch: etch a recess
in the Borofloat to have
the electrode in plane
with the surface after
sputtering

·
·

Wetbench
Prepare own solution. Use only plastic
containers. Store in plastic storage bottles.
Prepare solutions in square beakers.
etchant: BHF (standard solution @ 19 oC),
etchrate: 24,5 nm/min
time:
6 min
target:
144 nm
result:
.....
nm
QDR
Spin Dry

·
·

·
·
·

Day 2
6

Preconditioning

·

5 min UV ozon; just prior before the sputtering

7

Sputtering

·
·
·
·

deposit the metal layers Ta/Pt
DC-sputtergunsystem “Sputterke”
residual pressure before sputtering: <1E-6 mbar
parameters:
Ar-sputterpressure 5E-3
mbar (@110 sccm Ar);
power 200 W
time:
1 min 30 sec Ta with 200
W(actual 155W) / 5 min Pt with 200 W
result:
20 / 125 nm Ta / Pt

remark: the uniformity
during sputtering is
about 10%; the layer in
the center of the wafer
will be thicker than at het
edge.

·
·
·

8

Lift off

·
·

·
·

·
·
9

Measuring Dektak

Prepare 2 beakers with acetone; acetone low
grade and acetone high grade
1 min ultrasonic in acetone (low grade =
technical). Not too long in the ultrasonic bath. It
is better if the layer comes off as a whole.
Soak in acetone (low grade) until the metal is
completely delaminated
Use flask to rinse with acetone (high grade =
vlsi); keep wafer wet with acetone! Do not let
metals dry on the substrate.
Use flask to rinse with IPA (high grade)
Spin dry

Dektak
·
·

wafer center:
the surface
wafer edge:
the surface

Pt ..... nm on top/below
Pt ..... nm on top/below

Figure B.7: Processing steps top and bottom wafer

B.1 Clean room processing steps

Nr

Process

Parameters

10

Select wafer A

·
·

2 top wafers
Keep the small flat to the left and the large flat
downwards, to process top side. Add powder blast
foil to the back side of the wafer

11

Laminating with powderblast
foil, lithography (mask layer
4: Top contact holes),

·
·

Select foil BF410 (see fridge)
Use two papers put the wafer on one paper,
remove the protection layer from the foil and roll
the foil on the wafer with the roller. Place the other
paper on top.
On the laminator select; Temp 105 °C ('Carry'
preset),
Speed: 2 ('Carry' preset)

·
·

Aligning of the mask:
·

·
·
·
·
·

EVG620 mask aligner: Use bottom side, crosshair
alignment, soft contact, 40 ?m separation, 1mm
thickness, continuous.
Put the chrome of the mask on the bottom for close
contact with the wafer.
Exposure time: 15 sec
Alignment mark 2-2
After exposure, remove protection foil by heating
the wafer to 90°C for approx. 20 sec.
Add dicing foil to the front side (= polished side’ of
wafer to protect the back side

HCM Spray Developer in the BIOS LAB
·
·
·
·
·
·
·
·

Replace spray solution if necessary. Na2CO3 : H2O =
15 g: 7.5 liters (+ 1 cup Antifoam)
Temp: 32 °C
Time: 2 to 3 min
Due to non-uniform development turn sample by
180 deg. after half the time
Small features might need longer development time
Turn of the pump.
Rinsing
Spin drying

Day 3
12

Powder blasting through
holes

Powderblaster
One run, up and down. For each run:
·
·
·
·

Particles: 29 ?m
Pressure: 5 bar
Stepsize: 0.5 mm
Speed 10 mm/s

Figure B.8: Processing steps top wafer
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Process flow for a plug flow desalination glass chip
13

Foil, resist stripping

·
·

·
·

Remove P.B. foil and dicing foil, if possible by hand
but be careful!
Clean the wafer first in a beaker acetone or DI in
ultrasonic for 1 hour to remove most of the
particles, to prevent contamination of the HNO3.
Clean the wafer in the BIOS lab ultrasonic for 10 min
in demi water
In the cleanroom, clean the wafer again
ultrasonically for 10 min in demi water.

Day 4
14
15

Cleaning

1 hour ultrasoon in demiwater
·
2 min fuming HNO3 I
·
QDR
·
10 sec 25 % KOH @ 75 ºC dip
·
10 min ultrasonic in the first rinse water
·
QDR
·
1 min fuming HNO3 I + 2 min fuming HNO3 II;
QDR

Figure B.9: Processing steps top wafer

B.1 Clean room processing steps

Nr

Process

Parameters

16

Coating SU8 resist, Mask
SU8 channel), Development,
Postbake

UV cleaning

·

300 sec in de uv ozon cleaner

Make 2 wafers with 20 and 15 µm thick SU8 layer. Do this
step not too long before bonding, otherwise the bond will
not be optimal.
20 µm en 15 µm program
·
·
·
·

·
·

·
·
·
·

17

·

Spin resist; type = SU8 type 50 .
10 s. @ 1000 rpm
45 s. @ 6000 rpm voor 20 µm en 75 s. voor 15
µm
Soft bake
25°C
60°C – 5 min
80°C – 5 min
95°C – 6 min
25°C
Ramp up is 5 °C/min, ramp down is -2 °C/min
Exposure 21 s.
Postexposure
25°C
50°C – 8 min
65°C – 8 min
80°C – 15 min
25°C
Ramp up is 5 °C/min, ramp down is -2 °C/min
Development: RER600;
Flush afterwards with IPA to remove last traces
of RER600 on the electrodes and channels!.
Spin dry
If the SU8 has not been post baked enough it is
too viscous for bonding. Baking too long is also
not favourable
Check e.g. pillars optically measured

Dektak: Batch 1: Structuren 21,4 ?m hoog
·

Structuren Batch 2 16,1 ?m hoog

Figure B.10: Processing steps bottom wafer
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Process flow for a plug flow desalination glass chip

Nr

Process

Parameters

18

Aligning

·

·

·

·
·
·
·

18

Press bond

·
·
·

·

·

19

Dicing

·

Choose special anodic bond program on
EVG620. Choose anodic bond, flag before WEC,
crosshair, align before WEC.
Use the special bond tool (holes for vacuum to
the back of the machine), the special bond
chuck and glass bond tool. Also use the special
ruler for bonding.
Pay attention to the alignment and straightness
of the spacers and clamps on the bond chuck.
Place the flags outwards. Make sure the clamps
are outwards. (This time T was 150 °C, next time
use minimal heating in this stage)
The bottomwafer goes first. Put the SU8 side
downwards. (topside) facing downwards.
Follow instructions on-screen.
Make sure not to bend the spacers when you
have to move them in.
When removing the chuck, make sure to do this
carefully. Rotate the chuck but make sure not to
touch the two clamps.
Place the wafer between two cleanroom print
papers in the press, so that it can still move.
Set the temperature. Wait till the temperature is
reached.
Heat up to 180 °C. Note, the units of the press
are in Fahrenheit. 180 °C = 356 F. Next time this
temperature may be a bit higher.
Clamp the wafer using a pressure of 2 ton.
Increase pressure slowly in small steps in time
span of 5 min.
Wait one hour, remove the pressure, leave a
small gap. Then switch of the heat and let the
wafer cool down.
See the dicing procedure below

Figure B.11: Processing steps bonding top and bottom wafer

Appendix C

PEDOT coating
characteristics
The platinum electrodes on a glass chip were coated with PEDOT to increase
charge storage. Before coating the electrodes were cleaned by inserting H2 SO4 and
performing cyclic voltammetry for a potential varying from -1 to 1 V, with a ramp of
100 mV s−1 . Next an electrolyte is prepared of milliq water with 10 mM PEDOT and
0.1 M PSS. The electrodeposition of PEDOT is performed through the application of
a pulsed potential is applied of 1 V with a frequency of ≈ 8 Hz for 25 sec after which
the electrode connection are reversed and the process is repeated.
7

10

before coating
after coating
6
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10

5
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4
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Figure C.1: Impedance spectrum of the set of desalination electrodes before and after
electrodeposition of PEDOT.The medium in between the electrodes is PEDOT PSS.
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PEDOT coating characteristics

Figure C.2: High resolution SEM image of a PEDOT coated platinum electrode.

Appendix D

Interdigitated array electrode

Figure D.1: Microscope image of the interdigitated array electrode used for conductivity
measurements.
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Interdigitated array electrode

Appendix E

Lock-in amplifier
The home-build lockin amplifier is build around a digital signal processor (DSP)
blackfin STAMP evaluation board (Analog Devices), with an added custom designed
PCB for I/O. This I/O board contains the DDS, ADC and amplifiers that act
as link between the analog and digital domain. All lockin operations like filters,
multiplications and decimation are implemented in the Blackfin DSP software. A
schematic overview is given in figure E.1.
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Lock-in amplifier

Figure E.1: Schematic overview of the working principle of the lock-in amplifier.

Appendix F

Fabrication of carbon
electrodes on a glass substrate
Desalination concepts introduced in previous chapters were demonstrated using rapid
prototyping methods to fabricate microfluidic chips, including 3D printed molds for
PDMS or clamped stacked layers. Further optimization of the desalination percentage
requires fabrication methods with a higher resolution and higher reproducibility.
By producing glass chips, droplet generation, desalination as well as concentration
measurements can be integrated on a single chip. A challenge in the manufacturing
of these glass chips is the production of carbon electrodes for desalination through
CDI. The production of carbon structures on a glass chip through the pyrolysis
of photoresist was demonstrated by Madou et al.[1].
This chapter contains
the preliminary experiments to replicate those results on the production and
characterization of these electrodes, following the method of Madou et al.

F.1

Introduction

While PDMS is a suitable material for rapid prototyping of proof-of-principle devices,
glass microfluidic structures offer better optimization possibilities due to a higher
resolution. CDI is best performed with porous electrodes that have a large surface area
and a large non-faradaic window, properties that are found in porous carbon materials.
An approach to produce patterned carbon electrodes on glass chips was introduced
by Madou et al. These structures are named carbon microelectromechanical systems
(C-MEMS)[1]. The electrodes are produced through the pyrolysis of photoresist, a
material sensitive to light. The advantages of this material are that it can be patterned
using high resolution photolithography, onto, for example a transparent substrate
which is compatible with optical measurements. Additionally, high aspect ratio
structures can be produced[2, 3], which allows 3D CDI electrode configurations[4].
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Fabrication of carbon electrodes on a glass substrate
Photoresist
a) spincoating photoresist

Quartz wafer

negative photoresist

positive photoresist

Photoresist

Photoresist

Quartz wafer

Quartz wafer

b) UV-exposure

Crosslinked photoresist

Quartz wafer

c) development

Carbon

Quartz wafer

d) pyrolysis

Figure F.1: A summary of the production of carbon MEMS structures is shown in this
figure. a) A layer of photoresist is spun on a substrate. b) The photoresist is exposed to
UV-light through a mask that contains the electrode configuration. In the case of negative
resist the illuminated resist is removed during development. c) After rinsing, the remainder
is cross linked photoresist structures. d) The last step is to pyrolyse the structures[2].

F.2

Fabrication

The fabrication process is illustrated by figure F.1. Preliminary experiments were
performed with positive photoresist onto a silicon substrate (Si wafer 001 p-type).
The substrate was cleaned in oxide plasma to remove organic pollution and at the
same time the plasma forms a SiO2 layer of 2-3 nm. For good adhesion a HDMS
layer was spincoated on top of the SiO2 before spincoating of the positive photoresist
(AZ9200). A 2 min afterbake is applied, after which the resist is photo-cured for 15
sec. under UV light. After development the thickness of the photoresist was 7049
nm.
In the case of negative photoresist a layer of SU8 of 26.5 µm thick was spun onto
a polished fused silica wafer substrate with a thickness of 1 mm (Plan Optik AG,
Elsoff Germany). The width of the structures varied from 43 to 430 µm. The next
step is UV-exposure of the SU8. After development, the unexposed parts are the
remaining structures. The substrates containing SU8 photoresist were pyrolyzed in
an oven (Nabertherm, Lilienthal Germany) in a custom made gasbox under a nitrogen
atmosphere. The maximum applied temperature was 930◦ C and heating and cooling

F.3 Results
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ramps are given in table F.1. The temperature in the oven was monitored through a
thermocouple, type K and stored on a USB (NI USB-TC01).
Table F.1: Applied temperature during pyrolysis

step
1
2
3
4
5
6
7
8

F.3
F.3.1

time [h:min]
2:00
3:25
1:00
1:40
1:00
10:30
1:00
14:20

ramp [◦ C min−1 ]
0
1
0
1
0
<1
0
-1

temperature [◦ C]
25
25-230
230
230-330
330
330-930
930
930-70

Results
Positive photoresist (AZ9200)

Initial experiments were performed with pyrolysis of positive photoresist on a silicon
wafer substrate (001 p-type) coated with HDMS. These were not further pursued
due a poor adhesion to the substrate, caused by shrinkage of the photoresist during
pyrolysis. However, some characterization of the electrodes was performed. The
measured resistivity of the carbon structures was 0.16 Ω·cm for structure height of
716 nm. For comparison the resistivity of low surface area carbon black is 0.044
Ω·cm [5]. The vertical shrinkage percentage of positive resist is expected to be lower
than that of negative photoresist[2], which might result in better adherence to the
substrate. The reason that the adherence was poor in these experiments is probably
the high temperature ramp of 20 ◦ C min.

(a) Camera

(b) Microscope

Figure F.2: Images of pyrolyzed positive photoresist (AZ9200)
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Fabrication of carbon electrodes on a glass substrate

Negative photoresist (SU8)

A microscope image of part of the resulting pyrolyzed structure is shown in figure
F.3b. The structures adhered to the substrate. The thickness was determined through
a Dektak measurement and had shrunken from 26.5 µm before pyrolysis to 4 µm
after the process, which is 15% of the original height. The upstanding edges of the
structures were 6 µm in height. Structures with a thickness larger than 26.5 µm of
SU8 were also pyrolyzed but did not adhere to the substrate. In figure F.3c a SEM
image is given that reveals a slight porosity of the SU8.

(a) Camera

(b) Microscope

(c) SEM

Figure F.3: Images of pyrolyzed negative photoresist (SU8)

F.4

Conclusion and outlook

Pyrolysis of positive photoresist on a silicon substate as well as negative photoresist
on a glass substrate was performed. The pyrolysis of SU8 resulted in a good adhesion
to the substrate and the achieved structure height was 4 µm. Production of electrodes
with a larger aspect ratio requires further fine-tuning of the lithography process as well
as heating protocol to improve adherence and reduce residual stress. The capacitance
of pyrolyzed photoresist is known to be relatively low, namely ≈ 0.055 F cm−2 at a
current density of 76.4 µA cm−2 for pyrolysis of negative resist[3]. Future experiments
should be focused on improving the capacitance through additives such as activated
carbon, or carbon nanotubes.

F.5
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Binnen de farmaceutische industrie is een trend gaande om de doorstroom van
de selectie van kandidaat-medicijncomponenten te verhogen. Een veelgebruikte
detectiemethode voor het testen van kandidaat-componenten voor medicijnen is
massaspectrometrie, onder meer vanwege de gevoeligheid en veelzijdigheid. Alvorens
een sample met behulp van de massaspectrometer geanalyseerd kan worden, is een
vereiste voorbereidingsstap het ontzouten van het sample, omdat aanwezige zouten
de signaal-ruis verhouding negatief beı̈nvloeden: zout verschijnt als extra pieken in
de output van de massaspectrometer en tegelijkertijd daalt de gevoeligheid voor de
kandidaat-componenten.
Aan de huidige ontzoutingsmethodieken zitten verschillende nadelen.
Het
minimum benodigde vloeistofvolume is relatief hoog, namelijk in de ordegrootte
van 1-10 microliter. Het verkleinen van dit benodigde volume bespaart kosten
door het verminderde gebruik van zeldzame en dure samples, zoals gesynthetiseerde
kandidaat-medicijncomponenten. Huidige methodes ontzouten ongeveer 1 sample
per 10 minuten. Deze snelheid is niet compatibel met ”high-throughput screening”.
Daarnaast zijn deze methodes gevoelig voor verontreiniging en verlies van sample door
het handmatige karakter.
Een mogelijke oplossing voor dit probleem is het toepassen van ontzouting
op een microfluidische chip, waardoor deze stap wordt geautomatiseerd en highthroughput screening van extreem kleine volumes (nano- en picoliters) mogelijk wordt
gemaakt. Een eerste stap in deze ontwikkeling wordt gezet in dit proefschrift,
door het toepassen van de ontzoutingstechniek capacitieve deionizatie (CDI) op een
microfluidische chip. CDI op een microfluidische chip is een kandidaat technologie
voor het verbeteren van de reproduceerbaarheid van de analyse van biologische
samples voor medicijnontwikkeling. Daarnaast is microfluidica geschikt voor het in
situ bestuderen van ionentransport en kan het op deze manier bijdragen aan het
verkrijgen van inzicht in de fundamentele werkingsmechanismen van CDI.
Een CDI systeem bestaat uit twee parallelle poreuze elektrodes waarover tijdens
het opladen een spanning van circa 1 V wordt aangebracht. Ten gevolge hiervan
migreren de zout-ionen in de vloeistof naar de elektrodes waar ze worden opgeslagen
in de elektrische dubbellaag in nabijheid van de elektrode (∼ 1-10 nm) en stroomt
er ontzout water uit het systeem. Regeneratie van de elektrodes vindt plaats
door het systeem te spoelen gedurende het ontladen. CDI is energetisch efficient
voor het ontzouten van brak water met een zoutgehalte van ∼ 1 g L−1 . Dit
in tegenstelling tot meer conventionele technieken die een hoge energieconsumptie
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hebben door het gebruik van hogere drukken, dan wel temperaturen. Mede daardoor
is er een hernieuwde interesse in CDI als mogelijke oplossing voor het dreigend
drinkwatertekort. Desondanks is er momenteel geen methode voor geautomatiseerde
ontzouting van biologische samples met volumes van nano- tot picoliters, als
voorbereidingsstap op analyse door middel van bv. massaspectrometrie.
De specificaties en toepassingen van microfluidisch ontzouten worden
bediscusseerd in review hoofdstuk 3. Voordelen van microfluidisch ontzouten ten
opzichte van macrofluidisch ontzouten zijn dat de operationele parameters zeer precies
kunnen worden gecontroleerd en door het gebruik van een microfluidisch platform kan
de prestatie zowel electrochemisch als via fluorescentiemicroscopie worden gemeten.
Nieuwe ionentransport-fenomenen worden ontdekt, die in potentie geschikt zijn voor
macroschaal ontzouten. Daarnaast kan microfluidisch ontzouten met complementaire
on-chip technieken worden geı̈ntegreerd.
Dit resulteert in de volgende toepassingen: Door in-situ metingen van
ionentransport op chip kan de energetische efficiency van technieken zoals
electrodialyse of CDI, traditioneel beschouwd als macroschaal technieken, worden
geoptimalizeerd. Ontzouting op chip is een veelbelovende methode als sample
voorbereidingstechniek, die de analyse van extreem kleine volumes in de nanoen picoliters mogelijk maakt. Daarnaast zijn op microfluidische schaal nieuwe
ontzoutingstechnieken als ionenconcentratie-polarizatie, bipolaire elektrodes en
shock electrodialyse ontwikkeld; potentiële kandidaten voor opschaling voor
drinkwaterproductie.
De resultaten van de experimenten en simulaties naar het effect van pHgolven op het capacitieve oplaadproces in microfluidische kanalen is beschreven in
hoofdstuk 4. Het gebruikte systeem bestaat uit twee niet-poreuze platina elektrodes,
gesitueerd in hetzelfde vlak, geı̈mplementeerd op een glazen chip met daarboven
een microfluidisch kanaal. In het kanaal worden achtereenvolgens twee oplossingen
van de pH-gevoelige fluorescente kleurstoffen BODIPY en fluoresceı̈ne in milli-Q
water geladen. Een potentiaal van 0.5 V is aangebracht over de elektrodes. Deze
potentiaal valt ruim binnen het non-Faradaisch regime, om watersplitsing bij de
elektrodes te voorkomen. De aanwezigheid van negatief geladen ionen met een valentie
van 2- is gemeten door middel van fluorescentiemicroscopie. Deze experimenten
demonstreerden tegengestelde gradı̈enten (in intensiteit) voor de kleurstoffen in
de oplossing. Gebaseerd op de negatieve lading van beide kleurstoffen zou men
een vergelijkbaar intensiteitsprofiel verwachten. Deze tegen-intuı̈tieve observatie
suggereert de aanwezigheid van pH-variaties in het kanaal, ondanks dat de spanning
ruim binnen het non-Faradaisch regime is gehouden. De experimentele resultaten zijn
bevestigd door een simulatiemodel gebaseerd op de Poisson-Nernst-Planck theory. De
simulaties tonen aan dat de gemeten lekstroom van 2 nA waarschijnlijk het resultaat
is van watersplitsing resulterend in een flux van H+ en OH− ionen richting de bulk
oplossing.
De implementatie van CDI op een PDMS chip wordt behandeld in hoofdstuk
5, waarbij state-of-the-art poreus elektrodemateriaal is gebruikt. Met dit systeem
is gedemonstreerd, dat uit een oplossing van de proteı̈ne FITC-dextran in een
fosfaat buffer, 23% van de buffer is verwijderd in 3 minuten, terwijl de concentratie
FITC-dextran constant blijft gedurende 30 minuten. Het constant blijven van de
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concentratie van proteı̈nes geeft aan dat het mogelijk is om een sample, bestaande
uit proteı̈nes met zouten, te ontzouten. Tegelijkertijd is de concentratie van het
elektrolyt in real-time gemeten door middel van impedantiespectroscopie met behulp
van dezelfde elektrodes die worden gebruikt voor het ontzouten. Door optimalisatie
van de geometrie van de chip kan het ontzoutingspercentage verder verbeterd worden.
Ook kan voor ontzouting van proteı̈nes die variëren in afmeting en lading de pH en
de ionenconcentratie aangepast worden voor optimale ontzouting.
Druppel microfluidica, oftewel ”digitale microfluidica”, is een technologie in
opkomst die uitermate geschikt is voor het manipuleren van extreem kleine sample
volumes in de ordegrootte van nano- en picoliters. In hoofdstuk 6 worden twee
aanpakken beschreven voor het combineren van druppel/pluggen microfluidica met
CDI. De eerste bestaat uit een glazen microfluidische chip waarop de junctie voor
druppelgeneratie, impedantie-elektrodes en ontzoutingselektrodes zijn geı̈ntegreerd.
De tweede aanpak is een modulaire aanpak waarbij de chip bestaat uit met RVS
platen samengeklemde lagen met o.a. zilver folie, Teflon folie met daarin het
microfluidisch kanaal, kation selectief membraan en een indium tin oxide elektrode op
een microscoopglaasje. De druppelgeneratie vindt plaats in een T-junctie welke aan de
chip is gekoppeld. Het bereikte ontzoutingspercentage met deze chip in combinatie
met een continue stroom water was 62.5%. Eerste resultaten met een plug flow
resulteerden in een relatief laag ontzoutingspercentage van 2-3%. Voor verhoging van
dit ontzoutingspercentage is een verbeterde reproduceerbaarheid van de modulaire
chip fabricage vereist. Vervolgens kan optimalisatie plaatsvinden van de geometrie
van de chip en de druppel/plug flow generatiesnelheid. De betere fabricageprecisie
van een glazen chip betekent dat hiermee een hogere ontzoutingsperformance zou
kunnen worden behaald, maar gedurende de experimentele fase biedt het geklemde
systeem meer flexibiliteit. Aanbevelingen voor toekomstig onderzoek staan beschreven
in hoofdstuk 7.
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