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Abstract
Mass transport in one dimensional (1D) and two-dimensional (2D) electro-fluid dynamic
devices for chemical separation is systematically studied. For 1D EFD devices, like capillary
electrophoresis (CE), adding external pressure during the process usually results in unwanted
band broadening. However, frontal analysis (FA) can potentially benefit from the external
pressure by significantly reducing the amount of time needed for analysis. Therefore, the
possible impact of the pressure-assisted capillary electrophoresis frontal analysis (PACE-FA) is
studied. With a typical CE-FA set-up and a typically used length and internal diameter of the
capillary used, it was found that the detected concentrations of analyte will not be significantly
affected by an external pressure less than 5 psi in the simulation model. In addition, the measured
ligand concentration in PACE-FA was also not affected by common variables such as molecular
diffusion coefficient and capillary length within the tested range. By using PACE-FA to study
the binding interactions between hydroxypropyl β-cyclodextrin (HP-β-CD) and small ligand
molecules, the binding constants determined by CE-FA (18.3±0.8 M-1) and PACE-FA (16.5±
0.5 M-1) are found to be similar. Based on the experimental results, it is concluded that PACEFA can reduce the time of binding analysis while maintaining the accuracy of the measurements.
For 2D-EFD device, an EFD desalination chip was designed; the desalting process was then
modeled (both in single-element and multiple-element geometric design) and was simulated. The
simulation results showed that the ionic components were separated and outflowed to specific
channels as designed which suggests a potential alternative way for microscale-desalination. The
result of this study also showed that the performance of the device relied on the geometry of the
device relatively heavily and can be improved by applying a stronger electric field at the
electrodes.
iii

Lay Summary
This work presents two studies on mass transport in Electro-Fluidic-Dynamic (EFD)
devices. A pressure-assisted capillary electrophoresis frontal analysis (PACE-FA) system is
studied both theoretically and experimentally and was found that it can reduce the time of the
binding analysis while maintaining the accuracy of the measurements. This approach could
potentially become a more common tool for the analysis of bio-molecular interactions in the
future. In the second project, a micro-fluidic chip-based device was designed and studied for
desalination applications, which can be of significance utility for desalting not only for the
seawater reuse but also for the biological sample pre-treatment for mass spectrometry
applications.
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Chapter 1: Introduction and Overview
Purification of biological materials such as lipids, DNA, proteins, and metabolites under
physiological conditions is important in many areas of biomedical research. Current technologies
used to purify the materials mentioned (e.g. liquid chromatography, two-dimensional gel
electrophoresis often require denaturation of biomolecules and usually are incapable of
processing large amounts of material. Capillary electrophoresis, whose working principle is
based on the differential mobility of charged species in an applied electric field, can be used to
separate species which are not easily resolved by other methods. However, limited by the
physical dimensions of the capillary columns, fraction collection of CE generally produces only
small amounts of purified sample components. More recently, two-dimensional electro-fluid
dynamic (2-D EFD) devices have utilized hydrodynamic pressure, as well as an electric field, to
drive analyte and fluid migration through the two-dimensional channel networks (as opposed to
the one-dimensional columns of CE). The 2-D EFD devices have shown the potential to
continuously purify multiple components from complex samples into different channels, each
containing a substantially pure compound, as described in several publications [1]–[4]. The main
purpose of this project is to study the mass transport behavior in EFD devices for applications
involving desalination of the sample or purification of biomolecules.

1.1

Separative transport and mass transfer equation
The development of separation science has been one of the most important contributing

factors in modern analytical chemistry, particularly for the life sciences. Without effective
separation techniques, enzyme purification, DNA and protein sequencing [5], [6], efficacy or
metabolite studies in the pharmaceutical industry, and insights into many chemical and
1

biological reactions would have not advanced to what they are nowadays. The ultimate goal of
many separation studies is to obtain a description of how component concentrate pulses move in
relationship to one another. In one dimension, these movements are governed by the equation
shown below which is the basic expression for molar flux density:
dc
(Equation 1.1)
dz
where J denotes the flux density [mol/(m2*s)]; c denotes the concentration [mol/m3]; D is the
J = Wc − D

diffusion coefficient [m2/s]. The quantity W herein represents the sum of all the direct
displacement velocities [m/s], those caused by bulk displacement at velocity v [m/s] plus those
caused by chemical potential gradients which impel solute at velocity U [m/s]. Thus W

is

given by

W =U +v

(Equation 1.2)

The basic equation for concentration changes are described by the so-called the general
form of the mass transfer equation as shown below.

c
c
 2c
c
 2c
= −(U + v) + D 2 = −W + D 2
t
z
z
z
z

(Equation 1.3)

where W symbolizes the total of all non-diffusional displacement velocities as described above.
For capillary electrophoresis (CE), the mass transport process can be described by the
partial differential equation shown below.
cz ,t ,i
t

= − i Ez

cz ,t ,i
z

+ Di

 2cz ,t ,i
z 2

(Equation 1.4)

2

where cz ,t ,i is the concentration of the ion i at the position z [m] and time t [s]; E z is the total
local electric field strength [V/m]; i is the apparent mobility [m2/(s*V)] of the ion i ; Di is the
diffusion coefficient [m2/s] of the ion i .
It is worthy to note that the − i Ez

Di

 2 C z ,t ,i
z 2

1.2
1.2.1

Cz ,t ,i
z

part is due to electrophoretic migration while the

part is due to the molecular diffusion.

Desalination and microfluidic desalination techniques
Macro-scale desalination techniques
Conventionally, desalination is a process that has been proposed as a solution for

reducing the world-wide drinking water shortage [7], [8], which includes a series of established
methods for drinking water production from salt water. Typically, it is applied on the macroscale for drinking water production from seawater or brackish water. Generally, the average
salinity of seawater is 35 g / L , which means that for every 1 litre of seawater there are 35 grams
of salts (mostly, but not entirely, sodium chloride) dissolved in it [9], while the salinity of
brackish water is around 1 to 10 g / L [10]. As regards to drinking water (known as potable
water), the salinity should be less than 1 g / L [10]. Water recovery rate is one of the most
frequently mentioned performance indicators for desalination, which is defined as the ratio of the
flow-rate of fresh water produced to the flow-rate of the influent stream.
To date, the most commonly implemented desalination techniques include multi-stage
flash distillation (MSF) and multi-effect distillation (MED) [11], electrodialysis (ED) and reverse

3

osmosis (RO) [8], [12]. The working principles for each technique are depicted in Figure 1.1
below.

(a)

(b)

(c)

Figure 1.1 Schematic of the principles of the desalination techniques. (a) Multi-stage flash distillation (MSF)
and multi-effect distillation (MED); (b) electrodialysis (ED); (c) reverse osmosis (RO). Redrawn based on the
[8] [11] [12] [13].

MSF and MED are based on thermal desalination, where water is evaporated through the
input of heat and condenses in a fresh water reservoir [11]. The basic principle of electrodialysis
[13] is to place two electrodes in parallel with alternating cation and anion exchange membranes.
The elements are separated through spacers, where the potential is applied across the stack. The
ions in the electrolyte enter and transport through the membranes until they are blocked. Cations
can only pass through the cation selective membranes, while anions can only pass through anion
selective membranes. As a result, concentrated streams can be obtained [7]. RO is based on an
over-pressure on the concentration side of a semipermeable membrane [14]. The typical recovery
rate of RO is from 35% to 85%, which depends on the composition and concentration of the feed
solution [13].
4

Among these three existing techniques, RO is the most favored method for desalination
facilities built within the last two decades [14] because of its energy efficiency for desalination
of seawater. But, admittedly, thermal methods and RO are energy intensive processes, due to
either high temperatures (MSF and MED) or high pressures (RO). Electrodialysis can reach a
recovery percentage of 94% and the energy consumption of electrodialysis is 0.4~8.7 kWh * m −3
[15]. According to Ghaffour et al. [16], the typical energy consumption of RO desalination plant
for seawater and brackish water is 3~4 and 0.5~2.5 kWh * m −3 , respectively. Therefore, it can be
concluded that electrodialysis is competitive in terms of energy efficiency for desalination of
brackish water [17].

1.2.2

Microfluidic desalination techniques
Electrodialysis systems can easily be implemented on a large enough scale for drinking

water applications. In contrast, microfluidic desalination (with two dimensions in the submillimeter scale and flow rates in the order of Nano-liter to micro-liter per minute) serves as an
alternative technology for small scale applications and offers new opportunities for lab-on-chip
devices (for example, as a tool for sample preparation for mass spectrometry). The down-scaling
analysis with microfluidic desalination has several advantages including operation speed,
reduction of sample losses, lower potential for contamination and high reproducibility.
Moreover, studies of desalination-on-chip systems may help to better understand ion transport in
existing (larger scale) desalination devices (like desalination recovery and speed).
Currently, common microfluidic desalination techniques include dialysis [18]–[21],
electrodialysis (ED) [21], capacitive deionization (CDI) [22], [23], ion concentration polarization

5

(ICP) [24], [25] and electrochemical desalination (ECD). The operation principles for each
microfluidic technique are depicted in Figure 1.2 and further described below.

(a)

(b)

(c)

(d)

Figure 1.2 Schematic of the principles of the microfluidic desalination techniques. (a) Dialysis; (b) Capacitive
deionization (CDI); (c) Ion concentration polarization (ICP); (d) Electrochemical desalination (ECD).
Redrawn based on the [18] [28] [31] [33].

1.2.2.1

Dialysis
Dialysis is a separation process based on diffusion of molecules or ions through a

membrane. The salt concentration of the influent stream is then diluted through the membrane
into a second solvent with a low salt or zero-salt concentration. The components to be removed
6

diffuse across the membrane, traditionally fabricated from cellulose or poly(vinylidene fluoride)
into a buffer solution [18].
The drawbacks of dialysis are that, besides the salt, also some of the compounds of
interest may diffuse through the membrane into the buffer, which could result in a lower
sensitivity of the analysis. The application of a membrane with a certain mechanical stability sets
a limit for the pressure difference and flow-rate that can be applied. Based on the literature,
micro-dialysis has been implemented on-chip and coupled to electrospray ionization mass
spectrometry systems (ESI-MS) as a sample preparation method [19], [20]. However, analysis of
protein or DNA-samples with a high concentration of buffers and salts can be impossible due to
ion suppression (a low signal-to-noise ratio) with mass spectrometry (MS) [26], [27].

1.2.2.2

Electrodialysis (ED)
Strathmann’s group reviewed electrodialysis and related processes in [17]. It can be

applied for water desalination and salt preconcentration. The working principle has been
described above as applied in macro-scale desalination section. Although electrodialysis may not
compete with reverse osmosis (RO) in terms of energy efficiency, it can still be advantageous for
applications where ion specificity or a high purity is required. The reason is the fact that the
technique is scalable and does not require high pressure pumps which are required for RO.
Investigation of miniaturized electrodialysis systems may contribute to optimization of the
operation of large-scale ED systems (e.g. improvements of the energy efficiency) as well as to
the fundamental understanding of ion transport near ion selective membranes.
Kwak et al. experimentally investigated ion transport within a polydimethylsiloxane
(PDMS) ED cell [21]. NaCl solution of 10 mM was introduced into the system. The local salt
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concentration as well as the flow profile was visualized through the addition of Rhodamine 6G
which is positively charged. From their experiments, they found that the observed asymmetry in
the vortices at the anion selective membrane and cation selective membrane could be explained
by different Stokes radii and transport properties of the cations and anions [21].

1.2.2.3

Capacitive deionization (CDI)
Capacitive deionization (CDI) is an electric potential induced adsorption process on the

surface of electrodes. The fundamental CDI process is based on the formation of electrical
double layers (EDLs) in the proximity of electrodes as a result of applying an electric potential.
The ions are electrostatically adsorbed on the EDLs and can be desorbed by removing the
applied potential [28].
The CDI process has two major steps: (1) electrostatic adsorption on the EDLs, where
charged ions in electrolyte solutions are forced to migrate toward opposite-charged electrodes by
an imposed constant voltage or current (i.e., <1 V and ±1 A) and (b) regeneration, where
removing or reversing the applied potential (or current) results in desorption of ions and
consequently regeneration of electrodes [29]. CDI can be applied either to purify water streams
containing ions (e.g., Na+ ,Cl− , SO4 2− , Cu2+ and Ca2+ ) for desalination and water softening
applications or to remove a variety of heavy and transitional metal ions (e.g., Zn2+ , Mn2+ ,
Cd2+ , Cd3+ , Cr 6+ and Cu2+ ) in industrial wastewater treatment [30]. CDI has been previously
employed in brackish desalination and seawater desalination, wastewater remediation, as well as
water softening applications.
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Figure 1.3 The schematic of the CDI process. Redrawn based on the fundamentals of the CDI process. (a)
Electrostatic adsorption; (b) Regeneration. A CDI unit consists of two pairs of oppositely charged porous
electrodes that could be further assembled into CDI stacks with multiple electrodes.

1.2.2.4

Ion concentration polarization (ICP)
Ion concentration polarization was first applied to desalinate seawater to yield fresh water

by Kim’s group [25]. The operational mechanism is that 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. The depletion zone occurs because 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. This results in an ion depletion zone on one
side of the membrane and an ion enrichment zone on the other side of the membrane.
ICP was applied by Kim’s group to desalinate water using a y-shaped microfluidic
channel [31]. 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. The nanojunction
is a nanometer sized channel or pore which connects two larger, micrometer size channels.
Across the nanochannel a potential is applied and consequently, according to the above described
operational mechanism, a depletion zone is established at the interface between the nanofluidic
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and microfluidic channels. The result is a fresh water stream exiting at one outlet and a
concentrated brine solution exiting at the second outlet. The water recovery rate observed by
Kim et al. was 50% at a salt rejection rate of 99% [31].
ICP can be implemented to remove charged species from uncharged species and to
separate particles and ions not on the base of their mobility. The geometry design of this method
is robust. MacDonald et al. demonstrated that ICP is scalable in sample throughput. The energy
consumption of the device was 4.6 and 13.8 Wh / L for 20 and 200 mM electrolyte,
respectively [24].

1.2.2.5

Electrochemical desalination (ECD)
Electrochemical desalination 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. Crooks’s group reported this finding in [32] by using a similar configuration that
Kim’s group used in ICP desalination work [24] (a nanopore for ICP to desalinate seawater).
They reported that the rejection rate was 25±5% of salt. While the energy consumption was 25

mWh / L at a water recovery of 50%. The system is potentially energy efficient for small scale
desalination facilities. Then, Grygolowicz et al. implemented ECD by using a cylindrical twoelectrode electrochemical desalination cell [33]. 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 the solution to be desalinated. Upon the application of a positive potential,
the Cl− ions are removed from a sample solution through the oxidation of silver at the Ag/AgCl
electrode which results in further silver chloride formation. The membrane is cation selective and
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only passes the Na+ ions while the transport of Cl− ions is blocked. It was demonstrated that in
flow-through mode 90% of the salt is removed within 90 s with a maximum flowrate of 40

 L / min and start concentration of 0.6 M NaCl [33].

1.3

Electro fluid dynamic devices and working principle
In the 2-D EFD devices discussed in [1]–[4], analytes are driven through the fluid by

non-discriminative forces (e.g., pressure or electro-osmosis) and by discriminative forces (e.g.,
from the applied electric field). These forces exist simultaneously and produce a net migration of
analytes determined by the sum of the velocity vectors.
The basic objective of 2D-EFD devices is to separate the analytes by controlling the
pressure and applied electric field when the electrophoretic mobilities of the analytes are known
but not equal. For instance, in a conventional 2D-EFD devices, a positive electric potential is
applied at a sample vial to drive charged analytes within the sample into and against the flow of
an electrolytic fluid in a separation stream, of which the pressure-induced velocity can be
precisely controlled so as to manipulate the migration of the various analytes in the same
direction as, or against, the bulk flow of fluid in the separation channel due to the electrophoretic
mobility of the particular analyte [1], [2].
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Figure 1.4 Schematics of the setup. Reprinted from the paper [1]: (a) channel geometry of the microfluidic
EFD device and (b) a schematic of the device made from a 2.54 cm × 7.62 cm PDMS chip.

As shown in Figure 1.4 above, the EFD utilizes a fluid flow in a main separation channel
into which one or more analytes can be injected utilizing an electric potential applied at a sample
vial to drive charged analytes within the sample into a micro-scale channel for separation. This
Y-shaped EFD shown utilizes a pressure-driven bulk fluid flow to deliver a sample fluid into the
separation stream without discriminating individual analytes based on their charge status, and
can provide faster sample processing, resistance to unstable electro-osmotic flow, and avoid
buffer depletion that is common in 2D-EFD devices. Further, the continuous nature allows the
complete processing of a mixture that is constantly introduced [34]. This device expands the
geometry of separation from a one-dimensional single column to a two-dimensional complex
channel networks, providing an alternative to overcome the drawback of continuous flow
capillary electrophoresis.
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1.4

Research objective
The main purpose of this work is to study the mass transport of ionic species in specific

electro-fluidic dynamic devices (EFD devices) intended for separation applications. The specific
objectives are the following:

1. Study the possible impact due to the external pressure on CE-FA by investigating the mass
transfer equation along the tube. This could be helpful to better understand and model the
EFD device because the analytes/ions both are transported through the fluid by pressuredriven force and electrical-field-driven force simultaneously. Moreover, this project is used to
test the utility of COMSOL Multiphysics for such applications and to examine different types
of flow in a simple channel.
2. Study the mass transport within a specified EFD device for desalination in a single-element
design configuration and investigate the potential utility of a multi-element design
configuration for improved performance and determination of suitable operating variable
settings.
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Chapter 2: Simulation for Pressure-Assisted Capillary Electrophoresis
Frontal Analysis (1D EFD Device)
2.1

Introduction
Capillary electrophoresis (CE) has proven to be an analytical technique with many

important applications [35]–[37]. Chiral separation [38], [39], genomics [40], metabolomics
[41], [42], proteomics [43], drug discovery [44], [45] and macro molecular interaction studies are
a few examples of this simple yet powerful separation technique [46], [47]. In CE, charged
molecules with different electrophoretic mobility are separated under a strong electric field and
in some cases all species are driven by the electroosmotic flow (EOF). Compared to the flatshaped flow profile of the EOF-driven flow, the pressure-driven laminar flow in an open tube has
a parabolic flow profile. Because this parabolic profile has a negative effect on the separation
efficiency, it is uncommon that a significant large pressure is applied during a CE process.
Depending on the direction of the pressure in the capillary, one can make the system into
a flow counterbalanced capillary electrophoresis (FCCE) system or a pressure-assisted capillary
electrophoresis (PACE) system [48], [49]. In PACE, the pressure is applied on the same
direction with the direction of analyte migration. PACE can be used for accelerating migration of
low-mobility molecules [50], [51], assisting bulk flow in a non-EOF separation [52] and
stabilizing electrospray ionization at the CE-MS interface [41], [53].
Frontal analysis, before being used in CE, had its genesis in the field of liquid
chromatography. Since reported by Kraak et.al in 1992 [44], CE-FA has been used as a
technique for the characterization of non-covalent interactions between molecules [54]–[56].
Compared with other CE-based techniques, a much larger amount of sample (ca 100-150 nL) is
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used in CE-FA. In analysis where biological samples (protein etc.) are analyzed, a gradually
weakened EOF can be observed when an effective capillary rinsing procedure was not
developed. As a result, the time of analysis will also become longer. Although increasing
separating voltage could shorten the analysis time, the higher current will create a significant
amount of joule heating when a BGE of higher ionic strength is used. With external
hydrodynamic pressure applied during CE-FA, a much faster analysis can be achieved under a
relatively low separating voltage. In CE-FA, only “front” of the plateaus instead of peaks are
measured in the electropherograms, and the concentrations of ligands are determined with a premade calibration curve. As a result, CE-FA is not dependent on baseline resolution of the
analytes, thus more tolerant to band broadening caused by the application of an external
hydrodynamic pressure. Zhong et al. have demonstrated that pressure-assisted capillary
electrophoresis frontal analysis (PACE-FA) is indeed capable of improving the throughput in
real analysis [57]. In this work, the theoretical bases of the impact from external pressure are
evaluated both mathematically and with computer simulation, and applications of PACE-FA are
demonstrated.

2.2
2.2.1

Theory
Applying external pressure to CE-FA
In a typical set-up for CE-FA experiment, a relatively large volume (ca 100-150 nL) of

the pre-equilibrated sample mixture which consists all reacting species is injected into the
capillary. Once an electrical field is applied on the column, a redistribution of analytes will be
caused by the differential migration of individual species. In theory, the ligand molecules that
have a smaller size than the host molecules as well as the complex molecules will have a
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different mobility, thus are separated under the electric field. Then the ligand plateau height is
measured, and its concentration is determined with a pre-made standard calibration. By
measuring the concentration of the unbound ligand molecules in a binding assay, we should be
able to obtain the binding isotherm of the interactions. The correlation between the binding
constants and the unbound ligand concentration at equilibria is established in the following
manner.
Assuming the reaction has a 1:1 stoichiometry, the equilibrium is established as:
H +L
HL
[ HL]
(Equation 2.1)
K=
[ H ][ L]
The binding constant k1 = K is given by Equation 2.1, in which [H], [L] and [HL] are the

concentrations of the unbound host, the unbound ligand and the complex at equilibria,
respectively.
In a CE-FA binding assay, samples are prepared to contain a constant concentration of
the host molecules with various ligand concentrations. As the ligand concentration increases, the
number of ligand bound to per host molecule will also increase, but in a nonlinear fashion. The
relationship can be described by:
[ L]b
k [ L]
= 1
[ H ]t 1 + k1[ L]

(Equation 2.2)

where [ L]b and [ H ]t are the bound ligand concentration and the total host concentration,
respectively. If the concentration of unbound ligand is accurately measured, then the binding
constant k1 can be obtained from a nonlinear regression of Equation 2.2.
In the conventional CE-FA experiments, the concentration of unbound ligand is
determined by measuring the height of the ligand plateau. However, this approach is not accurate
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when the complex has a different mobility compared to that of host molecule. Some previous
works have discussed this issue [58], [59]. In a recent work, a mobility-correcting algorithm was
established to expand the application range of CE-FA [54]. The relationship of the true unbound
ligand concentration at equilibria with measured concentration is described by:
vHL − vH
v −v
[ L]t − L H [ L]m
(Equation 2.3)
vHL − vL
vHL − vL
are the actual concentrations of unbound ligand at equilibria, total
[ L] =

where [ L ] , [ L]t , [ L]m

concentration of the ligand, and measured ligand concentration, respectively; vHL , vH and vL are
the velocities of the complex, the host and the ligand molecules, respectively. By introducing the
mobility terms into the equation, the overestimation of unbound ligand incurred by the
dissociation of isolated complex can be eliminated. In the conventional CE-FA scenario where
the host molecule is much larger in size compared to its ligand, very similar mobility of host and
complex are assumed. Under this assumption, Equation 2.3 suggests that [ L]m is equal to [ L ] .
Thus, the classic CE-FA can also be considered as a special case which fits well with Equation
2.3.
While changing the mobilities of molecules will affect the result of binding constant
estimation, it is important to discuss the possible effect brought by the addition of a pressure
during the CE process. In CE, the overall analyte velocity consists of three components:
vA = ep , A E + eof E + v p

(Equation 2.4)

where v A and v p are the apparent velocity of the analyte and the additional velocity caused by
pressure; ep, A and eof represent the electrophoretic mobility of the analyte and the mobility of
the electroosmotic flow; E represents the electric field strength. Combining Equation 2.4 with
Equation 2.3, the following equation is obtained:
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[ L] =

ep , HL − ep , H
 − ep , H
[ L]t − ep , L
[ L]
ep , HL − ep , L
ep , HL − ep , L m

(Equation 2.5)

It is noticed that the all terms of pressure-induced mobility are cancelled out in Equation
2.5. In other words, the measured concentration will not be affected by any non-discriminative
velocity components in analyte mobility, including the pressure-driven flow and the
electroosmotic flow. Given that the relative mobility of species is kept constant, speeding up the
CE-FA process with external pressure should not introduce any systematic error.

2.2.2

Limits of applied pressure and the injected sample plug length
In a small bore open tube such as a capillary, applying pressure on incompressible liquid

will create a parabolic shape of Hagen-Poiseuille flow [60]. The molecular dispersion caused by
the convection can reduce the analyte concentration compared to that in the original sample plug.
With other conditions unchanged, higher hydrodynamic pressure will likely cause more
molecular dispersion due to stronger convection. Therefore, the measured ligand concentration
might not reflect its concentration at equilibrium; then how the pressure-induced convection
affects the measurements in PACE-FA needs to be understood.
If the term C is used to represent the concentration of analyte at any given spot in the
capillary, the concentration being measured by the detector should be the mean value of the
concentration ( Cm ) over the cross section at the detect window. The mean value of the
concentration can be obtained by:
a

Cm =  (2 r )dr  C /  a 2 =
0

2
a2



a

0

Crdr

(Equation 2.6)
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where a is the inner radius of the capillary and r is the distance to the center line for any given
point. According to G. I. Taylor’s paper published in 1953 [61], when a very thin layer of
solution is being hydrodynamically injected, the plug will be distorted into a parabolic shape and
its flow profile can be described by Equation 2.7:
x = v0t (1 − r 2 / a 2 )

(Equation 2.7)

where v0 is the maximum axial velocity of analyte and x is the distance that the analyte has
migrated. While maximum velocity is found at the central line of the capillary, the analyte on the
capillary wall is assumed to have a net axial velocity of zero. From Equation 2.7, the following
can be derived.

rdr
a2
=−
dx
2v0t

(Equation 2.8)

Combining Equation 2.8 with Equation 2.6, the mean concentration is calculated as:
Cm =

C0 Z
v0t

(Equation 2.9)

where the Z is total length of the sample plug. Equation 2.9 indicates that the analyte
concentration has a constant value of

C0 Z
when 0  x  v0t , and a value of 0 when x  0 or
v0t

x  v0t .
In frontal analysis, a pre-equilibrated sample mixture is injected into the capillary, so that
the ligand’s initial concentration distribution is:
C = 0, x  0;
C = C0 , 0  x  Z ;

(Equation 2.10)

C = 0, x  Z ;
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As the analyte begins to migrate, a new distribution of solute is formed in the capillary.
When v0t  Z , it can be described as:
Cm = 0, x  0
Cm = C0 x / v0t , 0  x  v0t
Cm = C0 , v0t  x  Z
x−Z
Cm = C0 (1 −
), Z  x  Z + v0t
v0t

(Equation 2.10a)

Cm = 0, x  Z + v0t

When v0t  Z , the distribution becomes:
Cm = 0, x  0
Cm = C0 x / v0t , 0  x  Z
Cm = C0 Z / v0t , Z  x  v0t
x−Z
Cm = C0 (1 −
), v0t  x  Z + v0t
v0t

(Equation 2.10b)

Cm = 0, x  Z + v0t

Thus, it is clear that the convection will broaden the sample plug. If v0t  Z ,when the
maximum displacement of the solute exceeds the total length of sample plug, the plateau height
of solute is equal to C0 Z / v0t rather than the original concentration C0 .
In order to have the measured concentration equals the original concentration, v0t needs
to be less than the total length of sample plug Z (case 10a). The migration time t can be
calculated by:
t=

Leff
v0 + ( ep , A + eof ) E

(Equation 2.11)

Thus v0t  Z can be written as
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v0

v0 + ( ep , A + eof ) E



Z
Leff

(Equation 2.12)

In Equation 2.12, Leff is the length of capillary from the inlet to the detector. To calculate

v0 , the Hagen - Poiseuille Equation (standard fluid-dynamics notation) is used:
8 Lt Q
(Equation 2.13)
 a4
where P ,  , Lt , Q and a are the pressure difference between ends of the capillary, the
P =

dynamic viscosity of the solution, the total length of the capillary, the volumetric flow rate, and
the capillary inner radius, respectively.
Substitute volumetric flow rate Q with the product of capillary cross section  a 2 and the
average linear velocity v =

1
v0 , Equation 2.13 becomes
2

Pa 2
4 Lt
Combining Equations 2.13 and 2.11,
v0 =

Pa 2
Z

2
Pa +4E Lt ( ep , A + eof ) Leff

(Equation 2.14)

(Equation 2.15)

As mentioned above, the pressure P should always satisfy Equation 2.15. However,
this mathematical equation represents the condition where only convection is considered. In real
situations, diffusion also affects the distribution of solute in the capillary. When convection and
diffusion are both considered, the complete solution of Equation 2.16 is required to determine
solute concentration in the capillary.

D(

 2C C  2C
C
r 2 C
+
+
)
=
+
v
(1
−
)
0
r 2 rr x 2
t
a 2 x

(Equation 2.16)
21

According to Taylor’s paper, the effect of diffusion can be considered separately. Radial
diffusion, compared to the longitudinal diffusion, has a more significant effect on the distribution
of solutes. Under radial diffusion, solute molecules near the wall are able migrate with the bulk
plug. As a result, the dispersion of solute is alleviated by the molecular diffusion [61]. Without
considering the diffusion, Equation 2.15 implied a more aggressive hypothesis. Thus, any value
of P which satisfies Equation 2.15 should be applicable in the practical experiments.

2.3
2.3.1

Materials and methods
Chemicals and sample preparation
In the small molecule and cyclodextrin binding experiments, the 20 mM borate buffer

was made from Borax ( Na2 B4O7 10 H 2O ) (LingFeng Chemical Reagent Co.Ltd, Shanghai,
China) with its pH adjusted to 9.1. Hydroxypropyl β-cyclodextrin (HP-β-CD) was purchased
from J&K Chemical Co.Ltd (Shanghai, China), para-nitrophenol and benzoic acid were
purchased from Tauto Biotech Co.Ltd (Shanghai, China). In the CE-FA experiments, the HP-βCD was diluted to 20 mM with borate buffer. The benzoate and para-nitrophenol were made into
a series of solutions with concentrations of 50 µM, 100 µM, 150 µM, 200 µM, 250 µM, 400 µM
and 500µM.

2.3.2

Instrumentation
All CE-FA experiments were performed on a PA800 PlusTM capillary electrophoresis

system (Sciex, Framingham, MA) equipped with a photodiode array (PDA) detector. A 50 cm
bare fused silica (BFS) capillary (Polymicro Technologies, Phoenix, AZ) with 50 µm ID and 360
µm OD was used. During frontal analysis, hydrodynamic injections were performed at 1 psi for
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90 s, and the injecting volume was estimated to be 100 nL. All CE-FA runs were performed
under a voltage of 15 kV, and hydrodynamic pressure of 1 psi to ensure faster analyses of all
interactions.

2.3.3

Simulation
A series of computational-fluid dynamics (CFD) simulations were carried out with

COMSOL Multiphysics® Version 5.3 (COMSOL, Inc., Palo Alto, CA). A cylindrical tube (50
µm i.d. and 2 cm length) was modeled in the program, and the parameters has been optimized for
better meshing and higher simulation efficiency. In these numerical studies, modules of Laminar
Flow and Transport of Diluted Species were used. The channel was filled with a certain
percentage of the sample solution (whose diffusion coefficient is 10−9 m 2 / s ) initially, and the
rest of channel was filled with the blank solvent. When the simulation started, an incompressible
laminar fluid (blank solvent) was continually pushed into the channel through the channel inlet
with a defined pressure. The boundary conditions of the inside wall were set as no slips. The
concentrations of the solute at the channel outlet were recorded.

2.4
2.4.1

Results and discussion
COMSOL Multiphysics® simulation
Because it is difficult to find a complete analytical solution for Equation 2.16, simulation

with COMSOL Multiphysics® herein is used to estimate the possible effect brought by external
hydrodynamic pressure. In Figure 2.1, the plateaus produced by the simulations with different
external pressure are plotted.
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Figure 2.1 Numerical results of the solute concentration distribution in the channel with different external
pressures applied at the inlet.

Since the solute molecules migrate faster under higher pressure, it takes less time for the
sample plug to pass by the detector. Thus, as shown in Figure 2.1, the time domain plateau
becomes narrower when simulated with higher pressures. Within the tested pressure of 1 - 10 psi
per 50 cm capillary, nearly rectangular shape of the plateaus was observed under lower pressure
(1-2 psi), and the plateaus became peaks when the pressure was higher (over 5 psi). At lower
pressure inputs, no significant decrease of the plateau height was observed, and the original
sample concentration is maintained. If the pressure increases, stronger convection may
eventually outweigh the diffusion effect; then the plateau height is reduced which may cause
inaccurate measurement. This effect becomes significant when the pressure reaches 10 psi,
which makes the detected sample concentration reduces to around 90% of the original
concentration. However, such a high-pressure setting might make the plateau too narrow to be
measured accurately.
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Figure 2.2 Numerical results of the solute concentration in the channel with (A) different solute diffusion
coefficient; (B) different total channel length for particles with a diffusion coefficient of 10-9m2/s; (C) different
sample plug length to channel length ratio with particles used in (B). All simulations were performed under 1
psi per 50 cm capillary length, the same as what was used in the real experiment.

To have a better understanding of factors that could potentially affect the ligand plateau
height in PACE-FA, we also studied a few other parameters in the simulations. In Figure 2.2A,
solutes with different diffusion coefficient (ranging from 10−8 m 2 / s to 10−11 m 2 / s ) were tested.
It was observed that the plateau profile did not change much until the molecular diffusion
coefficient was reduced to 10−11 m 2 / s . Since most ligand molecules have diffusion coefficient
around 10−9 m 2 / s , PACE-FA should still be applicable in most situations. In addition to
diffusion, the effects from the channel length and the sample plug to channel length ratio were
also studied. In simulations with different channel length, the external pressure was adjusted so
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that the maximum axial velocity of solute was kept the same. The plateau height is found to be
almost unchanged with longer channel length (Figure 2.2B), and this can be observed as well
with a different sample/blank solvent ratio in the channel (Figure 2.2C). Inferring from the
simulation results, PACE-FA is adaptable to a wide range of external pressures. In addition, a
small change of the measured ligand concentration is expected when some properties of the
analytes (molecular diffusion coefficients, capillary length, the sample plug to channel length
ratio) are changed in PACE-FA.

2.4.2

Using PACE-FA to achieve faster and equally accurate analysis
In many CE applications, the EOF can be a driven force on all species. The migration

time t for any of the species, is determined by the following equation:
t=

where Leff

Leff

(Equation 2.17)
eof + e
represents the length of capillary from the sample inlet to the detector window, eof

and  e are the EOF mobility, and the electrophoretic mobility of the analyte, respectively. For
molecules migrating in the electric field against the direction of EOF, the term  e in Equation
2.17 may turn to be negative. If the eof and  e have opposite signs and close absolute values,
then the denominator of Equation 2.17 will be very small, and the analyte will take a long time to
migrate.
In Figure 2.3, a comparison of electropherograms from CE-FA with and without a
pressure is depicted. The HP-β-CD, which has no UV absorption, can be seen as the negative
plateau in both traces of the electropherograms. The benzoate carries negative charge in the basic
buffer solution (pH=9.1) and is detected as the positive plateau. The plateau of benzoate has
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twice the width compared to the plateau of HP-β-CD, and it also shows two slightly different
plateau heights. The left half of the plateau represents ligand dissociated from the complex
during the separation, and the right half of the plateau represents the unbound ligand in the initial
equilibrium.

Figure 2.3 CE-FA electropherogram of HP-β-CD and benzoate interaction. (A) Analyzed under 15 kV; (B)
Analyzed under 15 kV with 1psi pressure applied on the inlet side

With 1 psi external pressure applied to the inlet, the migration time of benzoate changed
from 9.4 ~ 11.1 min (Figure 2.3A) to 3.3 ~ 3.9 min (Figure 2.3B). The total analysis time with 1
psi per 50 cm pressure is found to be shortened to around 1/3 compared to when no pressure was
used, while the plateau profile (shape, height etc.) was not significantly changed.
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Figure 2.4 The standard calibration curves of benzoate obtained under 0 psi+15 kV, 1 psi+15 kV and 2 psi+15
kV.

To further investigate if an external pressure in CE-FA affects the measured analyte
concentration, the standard calibration curves of benzoate obtained with and without external
pressure was also compared. As Figure 2.4 has shown, the curves almost completely overlap
with each other. This result has provided an experimental proof to what has shown in the
COMSOL Multiphysics® simulation: a pressure higher than 1 psi per 50 cm can be applied to
the CE-FA system without altering the results. As long as the plateau shape is maintained,
further improvement on the analysis speed can be achieved by involving a higher pressure in
PACE-FA.
In the theoretical section, it has been proved that the determined binding constant will not
be affected with the use of a small pressure. In order to verify it through experiments, two pairs
of interacting molecules were studied with both conventional CE-FA and PACE-FA. The
comparisons of binding isotherm are plotted in Figure 2.5, and the binding results are listed in
Table 2.1.
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Figure 2.5 Comparison of binding isotherms determined with CE-FA and PACE-FA. (A) HP-β-CD with
benzoate; (B) HP-β-CD with para-nitrophenol.

All data points plotted in Figure 2.5 have already been processed with the mobilitycorrection algorithm. The data points obtained without external pressure are depicted with
hollow circles (regressed with dashed line) and those obtained with 1 psi external pressure are
depicted with solid squares (regressed with solid line). Despite a few points showing minor
differences, most of the data points measured with and without pressure are found to be very
close. After analyzing with nonlinear regression, we found no significant upward/downward bias
in the binding constants when an external pressure was used. More details on how the errors on
binding constants can be evaluated can be found in previous publications [62], [63].
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Molecular pair

CE-FA

HP-β-CD/para-nitrophenol 575.6±6.2

HP-β-CD/benzoate

18.3±0.8

PACE-FA

Difference in %

623.7±11.2

7.71%

16.5±0.5

9.84%

Table 2.1 The comparison of binding constants determined from CE-FA/PACE-FA

2.4.3

Using PACE-FA to analyze the interaction between molecular species with opposite

charges in a neutral-coated capillary
While CE-FA is often used to determine the affinity of non-covalent interactions between
neutral and charged compounds or compounds with the same charges, it can also be used to
study molecular interactions between compounds of opposite charges. However, the adsorption
of the interacting species on the capillary wall has been identified as a major concern [64]. To
overcome this problem, CE-FA in capillary with a neutral coating has been developed [65].
Since there is a very weak or none existing EOF in a neutral coated capillary, it is impossible to
let all interacting species migrate with only an electrical potential applied to the capillary. With
conventional CE-FA, only part of the species can be detected and analyzed. With PACE-FA,
however, all analytes can be detected.
The practical applications of PACE-FA in the analysis of interactions between oppositely
charged species has been demonstrated in another work [66]. The B cell lymphoma 2 (Bcl-2)
promoter DNA quadruplex and palmatine hydrochloride interaction was characterized. With the
BGE used (25 mM ammonium acetate, pH = 8), the DNA quadruplex carries multiple negative
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charges while the palmatine is positively charged. All of the species were detected within 6
minutes under 1 psi pressure and 15 kV voltage in a 50 cm capillary. The positively charged
small molecule ligand (palmatine) migrated first, followed by the formed complex, and then the
negatively charged DNA quadruplex. With PACE-FA, a more complete set of information are
provided with the electropherogram. The ligand height can be used for the binding constant
calculation, and other part of the electropherogram also provides the information to conduct
further kinetics and thermodynamics studies [66].

2.5

Conclusion
In this work, an in-depth discussion on the PACE-FA technique is presented. The

computer simulation results showed that this technique is adaptable to a relative wide range of
external pressure (0-5 psi per 50-cm capillary). The experimental verification with HP-β-CD and
benzoate/para-nitrophenol has demonstrated that PACE-FA not only significantly reduces the
analysis time, but also is theoretically sound and maintains the level of accuracy that is
comparable to those obtained by other methods. This technique is applicable to most small
molecules, as well as those larger biological molecules with bioactive conformations that require
the presence of other co-factors. With similar applicability, PACE-FA brings significant
improvements to the conventional CE-FA technique. In the near future, PACE-FA could
potentially become a more common tool for the analysis of bio-molecular interactions.
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Chapter 3: 2D-EFD Design and Simulation Result
3.1

EFD desalination design
EFD devices utilize both electric field (discriminative) and hydrodynamic pressure (non-

discriminative) as driving forces for fluid/analyte flow, providing better control of the analyte
movement for continuous chemical purification. Herein, the objective is to develop a threechannel desalting chip. The schematic model is drawn in Figure 3.1 below.

Figure 3.1 Schematic drawing of the geometry of the EFD desalination design (on the x-y plane). The
electrodes are placed at A1B1, B1C1, D1E1, A2B2, B2C2 and D2E2 respectively.

Regarding the geometry of this 2D-EFD device, there are two geometries of interest
which are used in this study: Type 1 and Type 2, where the only difference is that the main
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channel width (F1F2) equals the injection channel (A1A2) width in the Type 2 design but not in
the Type 1 design.

Figure 3.2 Different geometry of the EFD desalination design: Type 1 (on the left) vs Type 2 (on the right).

3.1.1

2D-EFD working principle and workflow of the simulation
The simplified Navier-Stokes equation in vector form is:



 v particle
t

+  (v particle )v particle =  g − p +  2 v particle

(Equation 3.1)

where p represents the pressure gradient [Pa/m], v particle represents the particle velocity [m2/s],
g represents the gravitational acceleration [m2/s],  represents the viscosity coefficient [m2/s],

 represents the density [kg/ m3].
The flow is considered to be Stokes flow which means that the left side can be considered
negligible. Furthermore, the Reynold’s number in this study is around 4.48 therefore a laminar
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flow can be assumed. Then, if the body force is ignored, then the following equation can be
derived (which is used to solve the fluid field)
−p +  2 v particle = 0

(Equation 3.2)

where v particle can be rewritten as v f , the net fluid velocity [m/s].
The conservation of mass states:

+   vf = 0
(Equation 3.3)
t
Herein, the fluid is incompressible; the density is therefore constant, which can be used to

simplify the equation above to:
 vf = 0

(Equation 3.4)

Together with the simplified Navier-Stokes equation, we can then solve for the fluid field
vf .

The mass balance equation can be written:
c
+   (− Dc) +  v c = r
(Equation 3.5)
t
where r represents the chemical reaction rate for the studied species, D represents the diffusion



coefficient [m2/s], c represents the concentration. The v [m/s] herein represents the sum of the
all direct displacement velocities of the analyte, which includes electrophoretic velocity vep ,
electro-osmotic velocity veo and pressure-induced velocity v p ; v f is the exact net fluid velocity,
which can be determined by Navier-Stokes equation.
v = vep + veo + v p = vep + v f

(Equation 3.6)

Herein, the electrophoretic velocity can be obtained by
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vep = ep E

(Equation 3.7)

where the E = −V represents the applied electrical field [V/m].
Therefore, if we have a system in which no chemical reaction occurs, the mass transport
equation becomes
c
+   (− Dc) + ( ep E + v f ) c = 0
(Equation 3.8)
t
In summary, the mass transport equation has been written in terms of the fluid field v f

and the electrical field E from the equations above. Together with the initial and boundary
conditions, the concentration profile can then be obtained.
The migration behaviors of analytes in 2D-EFD device can be modeled using finiteelement-scheme software (e.g. COMSOL Multiphysics) following the workflow given in Figure
3.3. In this study, all the simulations were done using COMOSL Multiphysics 5.3a and the
results are shown below.
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Solving the electric field:

 2V = 0

V = V0
n V = 0


E = −V

Solving the fluid field:

 −p +  2 v f = 0

  v f = 0

v f = v0

 P = P0
v =  E
eo
 f

vf

Solving mass balance equation:

 c
 t +   (− Dc) + (v f = ep E ) c = 0

c = c0
n  (− Dc) = 0

n  (− Dc + v f c + ep Ec) = 0

c

Figure 3.3 Workflow of the simulation.

3.1.2

Geometry, design, numerical solutions and simulation
As introduced in the previous section, the workflow of the simulation process consists of

three main parts: the electric field ( E = −V ), the fluidic field ( v f ) and the concentration (c)
which are determined by solving the mass balance equation.
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Figure 3.4 EFD device schematic model in COMSOL. The samples flow into the surface defined by zw and
xw and outflow through the three channel arms at the opposite end of the device.

A model of the EFD device geometry (Type 2) studied is shown in Figure 3.4 above; the
actual device dimensions are provided in Table 3.1. The working fluid tested is a net neutral
sample of NaCl in water. There are three component concentrations that need to be studied using
the model: sodium ions (one positive charge), chloride ions (one negative charge) and neutral
component (water). The fluidic flow enters from the bottom port (through the injection channel)
driven by an inlet pressure which provides a mean velocity of 6 cm/min (0.001 m/s) inside the
injection channel (hydraulic diameter is 2 mm); the fluid components exit from the top three
channels (named as “channel 1”, “channel 2”, “channel 3”, respectively). Laminar flow was
assumed. There are six planar electrodes placed at the surfaces of the channel 1, channel 3 and
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the injection channel, which can be used to generate the defined electric field by applying a
suitable voltage to each. This EFD device was modeled as a three-channel chip with a length of 9
mm for the injection channel, a thickness of 2 mm, and a total length of 16 mm. The angle
between the side exit channel (channel 1 or channel 3) and the main exit channel (channel 2) was
modeled as 45 degrees.

Total length (mm)
Angle (degree)
Injection width (mm)
Main width (mm)
Length_AB (mm)
Length_BC (mm)
Height (mm)
Width_branch (mm)

Type 1
16
45
2
1
9
6
2
0.707

AF
theta(<DEF)
A1A2
F1F2
AB
BC
height
C1D1

Type 2
16
45
2
2
9
6
2
1

A1B1
A2B2
B1C1
B2C2
D1E1
D2E2

Pattern 1
Vg
Vp
Vg
Vp
Vg
Vp

A1B1
A2B2
B1C1
B2C2
D1E1
D2E2

Pattern 2
Vn
Vp
Vn
Vp
Vg
Vg

Vp(Volt)
Vg(Volt)

20
0

Vp(Volt)
Vn(Volt)
Vg(Volt)

20
-20
0

Table 3.1 Dimensions and parameter settings for EFD desalination model.

The available mesh options in COMSOL are categorized as different levels which are not
necessarily suitable for these studies. Thus, a customized meshing option was used (set manually
to mesh finer at the boundary and refine the corner) to create the grid. The maximum element
size was 307 µm and the minimum element size was 91.6 µm (based on the default meshing
options ‘Normal’ and ‘Fine’). The equations were solved under steady-state conditions for the
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fluid field and the electric field with a no-slip boundary condition at the device wall and zero
pressure at the outflow (to suppress backflow). The equations were solved in time-dependent
mode for the mass transport part in order to observe and monitor the migration behavior. The
diffusion coefficients for sodium ions (Na+ ), chloride ions (Cl− ) and the neutral component are
set to be 1.330 10 −9 m 2 / s , 2.030  10 −9 m 2 / s , 1.0 10−9 m 2 / s respectively; the diffusion
coefficients for copper ions ( Cu2+ ) and sulfate ions ( SO4 2− ) are 0.733 10 −9 m 2 / s and

1.070 10 −9 m 2 / s ), respectively, based on the ‘Table of Diffusion Coefficients’ in [34]. The
reference temperature is the room temperature (20 °C). The initial concentration was set to 1mM
for all the components. The relative tolerance for the fluidic flow field and the electric field were
all set to be 0.001. Several different models were studied in the following sections, but they are
essentially variations on the specific model described above.

3.1.3

Results and discussion
As described in the previous section, the EFD device was modeled using a net neutral

sample with NaCl in water solution as the working fluid. Figure 3.5 below shows the resulting
electric potential distribution based on the electric field pattern 2 in the Table 3.1 with a bi-polar
input of 20V .
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Figure 3.5 EFD electric potential distribution for the Type 2 geometry.

In addition to the generated electric field, the velocity distribution was modeled. As
shown in Figure 3.6, the working fluid migrates relatively slower in the main exit channel
(channel 2) than the injection channel (where the maximum velocity inside is around 2.5 mm/s.),
but still faster than in the side exit channels (channel 1 and channel 3).

Figure 3.6 Velocity distribution inside the EFD device (front view).
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Figures 3.7-3.9 show the migration behaviors of the different components inside the
device channels as a result of the hydrodynamic pressure and the generated electric field. From
Figure 3.7, the sodium ions migrate towards to the right-side exit channel (channel 3) and do not
outflow through the other channels, which is in good agreement with the expected results.
Therefore, the EFD device ‘purifies’ the Na+ ions in the analyte stream and directs the sodium
ions toward the specific exit channel. Qualitatively similar behavior can also be observed for the
case of the chloride ions as shown in Figure 3.8, except these negatively charged ions exit via
channel 1.

a)

d)

b)

e)

c)

f)
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g)

h)

i)

Figure 3.7 Concentration distribution of the sodium ions inside the EFD device at different times (front view).
a) time=0sec; b) time=60 sec; c) time=120 sec; d) time=180 sec; e) time=240 sec; f) time=360 sec; g) time =600
sec; h) time=1200 sec; i) time=3600 sec. The electrode voltages were V= 20V .

Note that the migration behaviors of the sodium ions (Na+ ) and chloride ions (Cl− ) are
not exactly the same (even though their charge numbers are the same). The reason is that their
diffusion coefficients are different, so their fluxes are different even under otherwise similar
conditions as expected based on Equation 1.4 or Equation 3.8.

a)

d)

b)

e)

c)

f)
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g)

h)

i)

Figure 3.8 Concentration distribution of the chloride ions inside the EFD device at the different times (front
view). a) time=0sec; b) time=60 sec; c) time=120 sec; d) time=180 sec; e) time=240 sec; f) time=360 sec; g) time
=600 sec; h) time=1200 sec; i) time=3600 sec. The electrode voltages were V= 20V .

Since the neutral component was not driven by the electric field, they migrate toward all
of the exit channels indifferently as shown in Figure 3.9.

a)

d)

b)

e)

c)

f)
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g)

h)

i)

Figure 3.9 Concentration distribution of the neutral component inside the EFD device at different times
(front view). a) time=0sec; b) time=60 sec; c) time=120 sec; d) time=180 sec; e) time=240 sec; f) time=360 sec;
g) time =600 sec; h) time=1200 sec; i) time=3600 sec. The electrode voltages were V= 20V .

The average concentrations at the cross-sectional surfaces at the very end of the exit
channels were calculated separately and were plotted in Figure 3.10 and Figure 3.11. Figure 3.10
(a) shows that the chloride ions migrate towards to channel 1 while the sodium ions do not, as
expected. The neutral component reaches a plateau quickly because its movement is not affected
by the electric field. Similar results can be observed for the channel 3.
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a) Left-side exit channel (channel 1)

b) Right-side exit channel (channel 3)

Figure 3.10 Average surface concentration at the very end of the EFD device side exit channels (crosssectional). a) left-side exit channel (channel 1); b) right-side exit channel (channel 3). The electrode
voltages were V= 20V .

From Figure 3.11, it can be seen that the neutral component reaches a plateau quickly
within 100 sec (less than 2 min, which can also be concluded from Figure 3.9 (a-d)); there are
almost no ionic components appearing in the main exit channel, which is consistent with the
expectation that the analytes are desalted. Therefore, this simplified device may be able to be
used for desalination.
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Figure 3.11 Average surface concentration at the very end of the EFD device main exit channel (crosssectional). The electrode voltages were V= 20V .

Based on these results, the following points are worthy of further consideration and
study:
1. Electric field. With different electric potentials applied to the electrodes, the EFD
desalination performance may change a lot.
2. Multi-elements in parallel. Since the ionic components migrate and outflow through the
ion-specific side exit channels, there may be some potential benefit if the EFD chip
device utilizes multiple single elements placed in parallel.
3. Injection channel width. Width is also worthwhile to be investigated as there may be
advantages in terms of the ion trajectories, although the effective electric field within the
channel will be affected.
4. Injection channel length. From Figure 3.7(i), it can be inferred that the side exit channel
may become filled with ionic component after several hours); the amount of the ionic
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component in each of the side exit channels might be reduced by adjusting the injection
channel length.

3.2
3.2.1

EFD desalination design vs electric potential
Geometry, design, numerical solutions and simulation
The model introduced above will be explored in more detail by varying the bi-polar

voltage applied to the electrodes from 10V to 30V ; all of the other parameters and conditions
will be kept unchanged (as listed in Table 3.2). The working fluid tested is still the net neutral
sample with NaCl in water solution.

Total length (mm)
Angle (degree)
Injection width (mm)
Main width (mm)
Length_AB (mm)
Length_BC (mm)
Height (mm)
Width_branch (mm)

Type 2
16
45
2
2
9
6
2
1

A1B1
A2B2
B1C1
B2C2
D1E1
D2E2

Pattern 2
Vn
Vp
Vn
Vp
Vg
Vg

Vp(Volt)
Vn(Volt)
Vg(Volt)

10,15,20,25,30
-10,-15,-20,-25,-30
0

AF
theta(<DEF)
A1A2
F1F2
AB
BC
height
C1D1

Table 3.2 Dimensions and parameter settings for EFD desalination model. The changes compared to Table
3.1 are highlighted in green.

47

3.2.2

Results and discussion
The average component concentrations at the cross-sectional surface at the very end of

the exit channels were plotted separately in Figures 3.12 to 3.14.

Figure 3.12 Average concentrations at the very end of the side exit channel 1 (cross-sectional) based on
different electric potentials applied to the electrodes. The electrode voltages were V= 10V ,

15V , 20V ,

25V and 30V .

Figure 3.12 shows that the chloride ions (solid lines) in all cases migrate towards channel
1 while the sodium ions do not (short dash lines), as expected. The neutral component reaches a
plateau quickly in all cases; the individual lines are overlapped so that only the blue dashed line
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displays. With a stronger generated electric field, the effect due to the non-diffusional (e.g.
electric field) velocities becomes stronger. This can be explained by the minus sign in Equation
3.9 (re-stated from the Equation 1.3) which leads to a smaller time concentration profile. From
Figure 3.12, it can be observed that

c
for the case with electrode voltages 30V is less than
t

the one for 10V .

c
c
 2c
c
 2c
= −(U + v) + D 2 = −W + D 2
t
z
z
z
z

(Equation 3.9)

where W symbolizes the total of all non-diffusional displacement velocities.
Moreover, regarding the intersection with the neutral component plateau, it takes less
time for the chloride ions to migrate to channel 1 for the case where the electrode voltages are

10V than for the case 30V . The stronger electric field strength ( E = −V ) causes the ionic
components to be pulled stronger toward the electrodes along the injection channel and therefore
the intersection point appears later.
For all the cases, in order to satisfy the law of conservation of mass (i.e., for any system
closed to all transfers of matter and energy, the mass of the system must remain constant over
time), the ultimate state would be reached where the ionic component concentration profile will
exhibit saturation. This effect is consistent with the results displayed in the figures except for the
case where the voltage is 10V as the simulation is terminated before the plateau is evident.
Similarly, Figure 3.13 shows the average concentration over the cross-sectional area at
the end of channel 3. The sodium ions in all cases migrate to channel 3, as expected. However,
the concentration profile behaviors of the sodium ions (Na+ ) and chloride ions (Cl− ) are not the
same (even though their charge number are the same). The reason is that their diffusion
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coefficients are different, as noted earlier in section 3.1.3 and as expected based on Equation
(1.4) or Equation (3.8).

Figure 3.13 Average concentrations at the very end of the side exit channel 3 (cross-sectional) based on
different electric potentials applied to the electrodes. The electrode voltages were from V= 10V ,

15V ,

20V , 25V and 30V .

Figure 3.14 shows the migration behaviors of the three components in the main exit
channel (channel 2). All the neutral component lines are overlapped, and all the other component
lines are nearly zero, which means that there are no ionic components that outflow from this
channel. This result agrees with the expectation that the analytes are desalted.
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Figure 3.14 Average concentrations at the very end of the main exit channel 2 (cross-sectional) based on
different electric potentials applied to the electrodes. The electrode voltages were V= 10V ,

15V , 20V ,

25V and 30V .

3.3
3.3.1

Multi-element EFD in parallel vs electric potential
Introduction
It has been shown that the basic desalination process could be achieved using a single

device of the design considered in sections 3.1 and 3.2. Hence, it is reasonable to suppose that
overall performance could be improved if multiple elements are combined in parallel and/or in
series. Herein, three elements placed in parallel are studied. The geometry of the model is shown
in Figure 3.15; the dimension and parameter settings are listed in Table 3.3 below.
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Figure 3.15 Schematic model of three EFD elements connected in parallel as defined for simulation in
COMSOL. The samples inflow at the bottom surface (y = 0) and outflow through the three channels as for the
single device considered above.

Total length (mm)
Angle (degree)
Injection width (mm)
Main width (mm)
Length_AB (mm)
Length_BC (mm)
Height (mm)
Width_branch (mm)
distance between element(mm)

Type 2
16
45
2
2
9
6
2
1
15

A1B1
A2B2
B1C1
B2C2
D1E1
D2E2

Pattern 2
Vn
Vp
Vn
Vp
Vg
Vg

Vp(Volt)
Vn(Volt)
Vg(Volt)

10,15,20
-10,-15,-20
0

AF
theta(<DEF)
A1A2
F1F2
AB
BC
height
C1D1

Table 3.3 Dimensions and parameter settings for the model of three EFD devices in parallel.
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The model will be studied by increasing the bi-polar voltage of the plates from 10V ,

15V to 20V , all of the other parameters and conditions will be kept unchanged (as listed in
Table 3.3). The working fluid tested is again the net neutral sample with NaCl in water solution.

3.3.2

Results and discussion
The average concentration at the cross-sectional surfaces at the very end of the exit

channels were plotted in Figures 3.16 to 3.18. It should be noted that "channel 1" denotes
channel 1 of the element on the very left; "channel 2" denotes the channel 2 of the element on the
very left; "channel 3" denotes the channel 3 of the element on the very right.

Figure 3.16 Average concentrations at the very end of the side exit channel 1 (cross-sectional) based on
different electric potentials applied to the electrodes. The electrode voltages were V= 10V ,

15V and

20V .
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Figure 3.16 shows that the chloride ions (solid lines) in all cases migrate towards channel
1 while the sodium ions do not (short dash lines), as expected. As with the single devices studied
earlier, the neutral component reaches a plateau quickly (within 100 sec) in all cases such that all
of the lines are overlapped (a stronger electric field ( E = −V ) will not affect the migration of
the neutral component). Also as mentioned in the previous section, a stronger electric field
results in a relative stronger effect of the non-diffusional velocities;

c
becomes smaller, which
t

is why the slope in the Figure 3.16 decreases.
Additionally, the intersection point (chloride ion line with the neutral component line)
appears later when the electric potential is higher. The stronger electric field strength ( E = −V )
causes the ionic components to be pulled stronger toward the electrodes causing the chloride ions
longer to migrate toward the side exit channel.
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Figure 3.17 Average concentrations at the very end of the side exit channel 3 (cross-sectional) based on
different electric potential applied to the electrodes. The electrode voltages were V= 10V ,

15V and

20V .

Similarly, Figure 3.17 shows the average concentration over the cross-sectional area at
the very end of channel 3. The sodium ions in all cases migrate to channel 3, as expected. Again,
the migration behaviors of the sodium ions (Na+ ) and chloride ions (Cl− ) are not the same due to
different diffusion coefficients.
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Figure 3.18 Average concentrations at the very end of the main exit channel 2 (cross-sectional) based on
different electric potential applied to the electrodes. The electrode voltages were V= 10V ,

15V and

20V .

Figure 3.18 shows the migration behaviors of the three components in the main exit
channel (channel 2). Again, all the neutral component lines are overlapped, and all the other
component lines are nearly zero, which means that no ionic components outflow from this
channel. This result again agrees with the expectation that the analytes are desalted.
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3.4

Multi-element EFD in parallel with a longer injection channel length vs electric

potential
3.4.1

Introduction
It has been shown that the desalination process can be carried out using three elements

connected in series. In order to investigate effects that may allow optimization of the
performance, it is worthwhile to explore some other geometries of the model by adjusting the
dimensions, for example the injection channel length and width. Here, the same three elements
shown in Figure 3.15 were used; the new dimensions and parameter settings are listed in Table
3.4 below.

Total length (mm)
Angle (degree)
Injection width (mm)
Main width (mm)
Length_AB (mm)
Length_BC (mm)
Height (mm)
Width_branch (mm)
distance between element(mm)

Type 2
21
45
2
2
14
6
2
1
15

A1B1
A2B2
B1C1
B2C2
D1E1
D2E2

Pattern 2
Vn
Vp
Vn
Vp
Vg
Vg

Vp(Volt)
Vn(Volt)
Vg(Volt)

10,15,20
-10,-15,-20
0

AF
theta(<DEF)
A1A2
F1F2
AB
BC
height
C1D1

Table 3.4 Dimensions and parameter settings used to define the model of the three EFD devices in parallel
with a longer injection length. The changes are highlighted in green.

57

This variant of the model will be examined by increasing the bi-polar voltage of the
plates from 10V , 15V to 20V , all other parameters and conditions will be kept unchanged
(as listed in Table 3.4). The working fluid tested is again the net neutral sample with NaCl in
water solution.

3.4.2

Results and discussion
The average component concentration at the cross-sectional surface at the very end of the

exit channels were plotted in Figures 3.19 to 3.21.

Figure 3.19 Average concentrations at the very end of the side exit channel 1 based on different electric
potentials applied to the electrodes for the case of a longer injection channel length. The electrode voltages
were V= 10V ,

15V and 20V .
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Figure 3.19 shows that the model with a longer injection channel length exhibits
qualitatively similar behavior to that shown previously in Figure 3.16. Similarly, Figure 3.20
below shows qualitatively similar behavior to that shown previously in Figure 3.17. Therefore,
the longer injection length does not affect the trends observed previously. The only difference
that could be observed is the intersection point. It is found that the intersection point appears
earlier in the case of shorter injection length than for the case of the longer length (under the
same conditions), which could be explained by the expectation that a longer injection channel
results in a longer time to migrate.

Figure 3.20 Average concentration at the very end of the side exit channel 3 based on different electric
potentials applied to the electrodes for the case of a longer injection channel length). The electrode voltages
were V= 10V ,

15V and 20V .
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Figure 3.21 shows the migration behaviors of the three components in the main exit
channel (channel 2). Again, all the neutral component lines are overlapped, but here the ionic
components (e.g. sodium ions in case 10V ) appear, which is not desirable. Therefore, it
suggests that a longer injection channel might not always yield the best performance. There is
evidently a trade-off between the effects of the different fields. The possible reason why the ionic
components outflow from main exit channel for this geometry is that a relatively weaker electric
field (at the injection channel side) may not be able to retard the ions outflow. The ions in
channel 2 are the overflow from the side channel, which results from the corresponding side of
the channel electrodes being set at ground rather than any non-zero electric potential.

Figure 3.21 Average concentration at the very end of the main exit channel 2 based on different electric
potentials applied to the electrodes for the case of a longer injection channel length. The electrode voltages
were V= 10V ,

15V and 20V .

60

3.5

Multi-element EFD in parallel with injection channel width changed vs electric

potential
3.5.1

Introduction
Here, the same model with three elements connected in parallel (as shown in Figure 3.15)

was used but with a different injection channel width; the new dimensions and parameter settings
are listed in Table 3.5 below.

Total length (mm)
Angle (degree)
Injection width (mm)
Main width (mm)
Length_AB (mm)
Length_BC (mm)
Height (mm)
Width_branch (mm)
distance between element(mm)

Type 2
16
45
4
2
9
6
2
1
15

A1B1
A2B2
B1C1
B2C2
D1E1
D2E2

Pattern 2
Vn
Vp
Vn
Vp
Vg
Vg

Vp(Volt)
Vn(Volt)
Vg(Volt)

10,15,20
-10,-15,-20
0

AF
theta(<DEF)
A1A2
F1F2
AB
BC
height
C1D1

Table 3.5 Dimensions and parameter settings for the model of three EFD devices in parallel with injection
width changed. The changes are highlighted in green.

The model will be investigated by increasing the bi-polar voltage of the plates from

10V , 15V to 20V , all the other parameters and conditions will be kept unchanged (as listed
in Table 3.5). The working fluid tested is again the net neutral sample with NaCl in water
solution.
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3.5.2

Results and discussion
The average concentrations at the cross-sectional surfaces at the very end of the exit

channels (same notation as used in sections 3.3 and 3.4) were plotted separately in the following
figures.

Figure 3.22 Average concentrations at the very end of the side exit channel 1 based on different electric
potentials applied to the electrodes for the case where the injection channel width is larger. The electrode
voltages are V= 10V ,

15V and 20V .
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The profiles plotted in Figure 3.22 exhibit the same qualitative behavior as those shown
in Figure 3.16. Therefore, the wider injection width does not appear to affect the trends that were
observed previously (including the intersection point).

Figure 3.23 Average concentrations at the very end of the main exit channel 2 based on different electric
potentials applied to the electrodes for the case where the injection channel width is larger. The electrode
voltages were V= 10V ,

15V and 20V .

Figure 3.23 shows the migration behaviors of the three components in the main exit
channel (channel 2). Again, all the neutral component lines are overlapped, but here the other
components were not reduced to nearly zero, which means that they all outflow from this
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channel. Evidently, the wider injection channel may lead to an overflow problem on the main
exit channel if the electric field is not strong enough. Thus, when considering the adjustment of
the design geometry for such EFD devices, the injection channel width might be difficult to
optimize.
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Chapter 4: Conclusions and Suggestions for Future Work
4.1

Conclusions
In this study, mass transport of solutes in electro-fluidic-dynamic devices in one

dimension (1D) and two dimensions (2D) for separation were investigated by carrying out device
simulations based on numerical implementation of the theoretical descriptions.
For the 1D-EFD device, a simulation model was built to study the impact due to an
externally applied pressure during the process of capillary electrophoresis (CE). Adding external
pressure during this process usually contributes to band broadening, especially if the pressure
induced flow is significant. The resolution is normally negatively affected in pressure-assisted
capillary electrophoresis (PACE). Frontal analysis (FA), however, can potentially benefit from
using an external pressure while avoiding the drawbacks seen in other modes of CE, because it
doesn’t require peaks to be baseline separated. Under a typical CE-FA set-up, it was found that
the detected concentrations of analyte will not be significantly affected by an external pressure
less than 5 psi, which means that this technique is suitable for some CE applications. Besides, the
measured ligand concentration in PACE-FA was also not affected by common variables like
molecular diffusion coefficient ( 10−8 m 2 / s to 10−11 m 2 / s ) and capillary length. Moreover, to
provide an experimental verification of the simulation results, PACE-FA was used to study the
binding interactions between hydroxypropyl β-cyclodextrin (HP-β-CD) and small ligand
molecules. Taking the HP-β-CD /benzoate pair as an example, the binding constants determined
by CE-FA ( 18.3  0.8 M −1 ) and PACE-FA ( 16.5  0.5 M −1 ) are found to be similar. Based on
these experimental results, it is concluded that PACE-FA can reduce the time of binding analysis
while maintaining the accuracy of the measurements. Since this technique is applicable to most
small molecules as well as those larger biological molecules with bioactive conformations that
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require the presence of other co-factors, PACE-FA could become a more common tool for the
analysis of bio-molecular interactions. With similar applicability, PACE-FA brings significant
improvements to the conventional CE-FA technique. The simulation was based on COMSOL
Multiphysics®, which proved to be a useful numerical analysis tool for this study.
For the 2D-EFD devices, it was found from the simulation studies that such devices
might offer a promising alternative for sample desalination applications such as sample
pretreatment for the mass spectrometry. From the simulation results presented in chapter 3, the
migration of solute components during the process of desalination on a single EFD device and on
multi-element EFD devices can be observed. The ionic components could be separated and
directed into the specific (side-arm) exit channels to yield a desalted outflow stream in the main
exit channel (designated channel 2). Various geometries, as well as the strength and pattern of
the applied electric field were studied, and it can be concluded that the stronger applied electrical
field helps to improve the performance of the desalination and the optimization of the EFD
device depends on the geometric design of the device relatively heavily. But, for now, the
proposed design used in chapter 3 is provides a sufficient basis for a real 2D-EFD to be
fabricated and tested.

4.2

Future work
The migration of solute components during the process of the desalination on EFD device

can be numerically simulated using COMSOL Multiphysics and the design of a real device can
proceed and be tested experimentally. The EFD device chip can be fabricated using
polydimethylsiloxane (PDMS) (Sylard184, Dow Coring, Midland MI) with a 3D-printer. The
positive potentials at the electrodes can be applied by power supplies and the pressure-induced
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velocity can be precisely controlled using a syringe pump to achieve the required conditions. The
charged-particle or inorganic solutions can be visualized by fluorescence microscopy. A
microscope can be used (e.g. Nilon Eclipese 80i) and the fluorescence signals can be recorded by
a high-definition color charge coupled device (CCD) camera. When it is necessary to monitor the
migration behaviors of the analytes in the future, an optical imaging system with dual-view
filters can also be home built. The excitation wavelength would depend on the
fluorophore/analyte combinations studied.
One problem that may be encountered during the measurement is the formation of
bubbles produced in the channel which could cause the channel to become blocked without any
visible signs. This can be addressed by making adjustments to the parameter settings using the
simulation tool COMSOL. Once a working device is available to be tested, the parameter
settings should be re-studied and the tradeoffs between the shorter length of the channel and the
higher electric field strength should be investigated in order to point the way toward an optimal
design.
Similarly, the multi-element EFD experiment can be regarded as an extension of the EFD
desalination device with a different geometry. It is also worthwhile to explore the performance of
such devices with other ions like SO4 2− and Cu2+. In this case, most of the experimental setting
and methodology can be the same as mentioned earlier. The charged-particle or inorganic
solutions can be monitored by conductivity detection, perhaps having several conductivity
meters at the exit channel ends to monitor the concentration.
The simulations studied in chapter 3 are investigated mostly based on Type 2 while they
all can also be based on a Type 1 device as depicted in Figure 3.2. The parameters of the design
(including the experimental settings, like voltage input) value are still worthy to be discussed and
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adjusted before proceeding with the experimental measurements. Specifically, the injection
pressure, flowrate and the electric field strength, as well as the electrode pattern, are to be
optimized, not only before the experiment but also during the measurement. These works can
still be simulated using the existing COMSOL models without needing to change too much.
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