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Numerical simulation results are obtained for isotachophoresis (ITP) in two-dimensional
(2-D) straight microchannels. This 2-D ITP model is formulated based on finite-volume
schemes using five ionic components: one leader, one terminator, two samples, and a
counter-ion electrolyte. Distinct mobilities and diffusion coefficients are assigned to all ionic
components, and an electric field is maintained along the channel to carry out the electrophore-
tic separation in the microchannel. The computer model is developed to solve the mass and
charge conservation equations and to satisfy electroneutrality condition in the system. Three
different finite-volume schemes, power-law, hybrid, and upwind, are tested to obtain the best
numerical solution of this nonlinear electrophoretic problem. The normalized standard devi-
ation technique is introduced to evaluate the performance of these three schemes. Numerical
results show that the power-law scheme performs better; grid Peclet numbers up to 23 are
acceptable for this nonlinear isotachophoresis. The effects of the applied electric potential, ionic
mobilities and initial distribution of samples on the separation behavior are also presented.

1. INTRODUCTION

Isotachophoresis (ITP) is a separation and concentration technique used to iso-
late charged molecules or particles under the influence of an electric field. In ITP, a
mixture of sample (target and/or impurities) ions is placed between a leading electro-
lyte and a terminating electrolyte. The electrophoretic mobilities, electrophoretic
velocities per unit electric field, of sample ions are higher than that of a terminating
ion and smaller than that of a leading ion, all with the same charge sizes. Hence,
under the influence of external DC electric field, electrolytes separate and/or concen-
trate based on their net electrophoretic mobilities and form discrete zones. At steady
state, the zone interfaces move at an “isotacho’ or constant velocity. ITP can be
used to boost throughput in preparative electrophoresis, and it can concentrate pro-
teins to more than 10 mg/mL. It has the advantage over isoelectric focusing in that it
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NOMENCLATURE
A sample (electrolyte) A t time
B sample (electrolyte) B T absolute temperature
C concentration of electrolytes TE terminator or terminating electrolyte
D diffusion coefficient TP total number of grid points
E electric field, (= —V¢) U bulk flow velocity
F Faraday constant (= 96,484C/mol) z valence
I electric current density Ax grid size in x direction
LE leader or leading electrolyte Ay grid size in y direction
M total number of ionic species or € relative permittivity of medium
electrolytes € permittivity of free space
N net flux of species (=8.85 x 10712C/Vm)
NSD  normalized standard deviation n electrophoretic mobility
Pe cell Peclet number p charge density
i unit normal c conductivity
R universal gas constant [} electric potential
R; reaction term ® absolute mobility

can be performed at virtually any pH without facing the problem of isoelectric
precipitation [1]. ITP technique can be used to separate both high- and low-molecular-
weight ionic components. Through an experimental study, Kendall and Crittenden
first demonstrated ITP to separate rare earth metals [2]. Since then a number of
experimental and theoretical works on ITP have appeared in the literature [3-8].
General mathematical formulations of ITP were first reported by Kohlrausch
[5]. He analyzed isotachophoresis quantitatively by introducing the concept of a reg-
ulating function which can define the conditions at the interface between two differ-
ent ions with the same counter ion. Bocek et al. [6] described separation capacity of
ITP by developing a relationship between the amount and composition of a binary
mixture and the amount of electricity that has to be passed through the system to
obtain complete separation. In 1979, Mikkers et al. [7] introduced the concept of sep-
aration efficiency and resolution for ITP. The following year, Gebauer et al. [8] pre-
sented an experimental and theoretical work on ITP behavior of anionic complexes.
Until the early 1980s, most of the ITP literature was based on experimental
and/or simplified theoretical models. Due to the complex nature of the ITP phenom-
ena, it was not possible to obtain a complete analytical relationship of ITP even for a
one-dimensional problem. In 1983, Bier et al. [9] proposed a full-scale, unified math-
ematical model for transient electrophoretic separation processes and presented
simulation results for zone electrophoresis, moving-boundary electrophoresis, isota-
chophoresis and isoelectric focusing in a circular tube. Later, Fidler et al. [10]
described a simplified mathematical model for ITP and obtained simulation results
to separate two samples in a capillary tube. In their computer model, diffusion coef-
ficients were ignored to simplify the computational effort. In the meantime, Mosher
et al. described a computer model that takes care of diffusional effects for the exact
prediction of boundary shape for weak electrolytes [11]. They also considered the
pH effects in the computer model by including hydronium and hydroxyl ions in
ITP. Heinrich and Wagner [12] developed an algorithm for robust simulation and
optimization of electrophoretic processes using a one-dimensional transient-state
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dynamic model. The effects of co- and counterflow on ITP transport behavior were
predicted by Deshmukh and Bier [13]. They also verified their predictions with
experimental results obtained from a large-scale recycling ITP apparatus. Slais [14]
presented the principle and theoretical model of ITP in a tapered capillary, and a
relationship among channel shape, electrophoretic mobilities, and selectivity was
proposed. Hirokawa et al. [15] used transient ITP as an on-line preconcentration
method for capillary zone electrophoresis. More recently, a mathematical model
was presented for any number of multivalent electrolytes in free solution [16].

Recently, on-chip isotachophoresis has received significant research attention
due to its speed, cost-effectiveness, and low reagent consumption [17 and refer-
ences therein]. Moreover, microchannel ITP is carried out in free solution rather
than in a gel. Hence, this process can handle molecular weights ranging from pep-
tides to large protein complexes or even organelles and whole cells. However, until
today, there has been no two-dimensional numerical model for microchannel ITP.
In this study, a 2-D (spatial) computer model is developed to simulate ITP in a
microfluidic channel. To our knowledge this is the first 2-D ITP work developed
for microchannels using finite-volume methods. Four different finite-volume
schemes are presented for 2-D transient isotachophoresis. The effectiveness of
different finite-volume schemes is studied to demonstrate the potential usefulness
of these techniques.

2. ISOTACHOPHORESIS: THEORY AND GOVERNING EQUATIONS

Isotachophoresis is one of the four major electrophoretic techniques used to
purify or isolate charged particles or solutes. It provides a more systematic and
advanced separation technique than zone electrophoresis (ZE) or moving-boundary
electrophoresis (MBE). This technique is also known as displacement electrophoresis,
omegaphoresis, or transphoresis [11]. ITP is carried out between two homogeneous
electrolyte solutions, a leader and a terminator, under the action of an electric field.
The samples, which are generally a mixture of ionic components, are placed between
the leader and the terminator. The electrophoretic mobility of the leader is higher,
while the electrophoretic mobility of the terminator is lower. The electrophoretic
mobility of the sample ions should be less than that of a leader and greater than that
of a terminator. In order to have an effective separation, the net mobilities of sample
ions should be distinct. On the other hand, ITP cannot be used to separate samples if
the mobilities of the sample electrolytes are very close to each other.

Figure 1 shows a schematic of a cationic ITP process in a straight channel. In
this case, the system consists of five ionic components: one leading electrolyte (LE),
one terminating electrolyte (TE), two samples (samples A and B), and one counter-
ion for satisfying electroneutrality condition in the system. At the initial time #(, sam-
ple electrolytes (samples A and B) are placed between a leading electrolyte and a
terminating electrolyte. Once the electric field is turned on (¢ > #,), all cations will
start moving toward the cathode, while the counterions (anions) will migrate toward
the anode. Due to the distinct mobilities of electrolytes (|pir| < [Hg| < |14l < [Hz])s
the electrophoretic velocities of the leader, terminator, and sample electrolytes
should be different. This fact will contribute to gradual separation of sample A from
sample B with time. For instance, at time ¢, the overlapping regions of samples A
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Figure 1. The isotachophoresis process with two samples, A and B. TE stands for the terminating electro-
lyte or terminator and LE denotes leading electrolyte or leader.

and B are much longer than that at time #3. At time #4, sample A is almost separated
from sample B. Unlike isoelectric focusing, ITP cannot provide baseline separated
peaks or zones. In other words, in ITP there will be little overlapping region between
two adjacent zones. After reaching steady state (¢ > t4), all three interfaces move
with the same speed (v).

2.1. Mathematical Model

The modeling of ITP is based on migration of a set of ionized electrolytes of
different mobilities toward the opposite electrode. The transport equation of the
charged particles is given as

+V N =R (1)

where C; is the concentration of the ith component of the electrolyte and R; is the
rate of generation of the ith component. The net flux, N;, of the ith component
can be expressed as

Ni=-DVCi+ (WE+ U)C 2)

where D; and y; are the diffusion coefficient and net mobility of the ith charged
component, respectively, U is the applied velocity field in the system, and E is the
electric field. The electrophoretic mobility of a component (y;) can be defined as
the product of the valence (z;) and the absolute mobility (®;). The rate of generation
of ith component is assumed to be negligible, and the mass conservation equation of
the ith species can be rewritten as

oC; L 0G;

a TV Ni=g

+ V- [—D,VCi + (Z,'O),‘E + (7) Cl:| =0 (3)
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The multiplication of Eq. (3) by the Faraday constant (F) and z; and the summation
of all charged species allows us to arrive at the charge conservation equation

op -
— I = 4
o +V 0 4)
where charge density (p) and electric current density (/) are defined as
p= F Z Zl‘C,' (5)
i=all
7 =F Z Z,‘N,‘ (6)

i=all
The charge density is related to the electric potential by the Poisson equation as
p:FZZiCi:880V~E (7)
i=all

where ¢ is the relative permittivity of the medium and &, = 8.85 x 10~'>C/Vm is the
permittivity of free space. In a microfluidic chip, the contribution of (SEOV : E) /F
can be neglected, and Eq. (7) can be rewritten as

ZZiC[ =0 (8)
i=all

Equation (8) represents the electroneutrality in the system. Note that the right-
hand side of Eq. (7) cannot be neglected in nanochannel electrophoresis. Following
Egs. (4)—(8), one can rewrite the modified charge conservation as

}_0 9)

where M is the total number of ionic species. The ionic conductivity can be given as

c=F (ZM: Zizco,»Cl) (10)
i=1

The above governing equations are valid based on the following assumptions and
approximations.

M =
Z D,’Z,’VC,‘ — U,‘(Z,‘Ci)

Vj—V«{GE—F
i=1

1. The ionic association and dissociation effects of each species are neglected.

2. Joule heating is not considered; i.e., temperature is assumed constant throughout
the channel. This can be justified in a microfluidic system due to the large surface-
to-volume ratio.

3. Fluid properties such as the diffusion constant and permittivity are assumed uni-
form throughout the channel. For low-electric-field applications, the variations
of mobilities and diffusion coefficients are negligible.

4. The effects of pH are not considered in this model. The concentrations of hydro-
nium and hydroxyl ions are generally negligible compared to the concentrations
of the species to be separated.
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2.2. Computational Model

In this model, one leader, one terminator, two sample electrolytes, and one
counterelectrolyte are used for isotachophoretic separation. The concentrations of
charged ions (leader, terminator, and samples) are obtained from the species trans-
port (mass conservation) equation. In solving the mass conservation equation, no
electroosmotic flow is taken into account in this model [18]. The diffusion coefficient
(D) of each species is calculated from the absolute mobility (®;) using the Nernst-
Einstein equation as

RTO),'
= 11

where R is the universal gas constant and 7' is the absolute temperature. The concen-
tration of the counterions is calculated from the electroneutrality equation [Eq. (8)].

The electric field (E = —V¢) can be obtained from the modified charge
conservation equation. Hence, in the absence of any bulk flow, the modified charge
conservation equation can be simplified to

D;

i=

i=1

The contribution of the right-hand side is very negligible at all locations, except at
the interfaces of any two components, where electrolyte concentration generally
changes abruptly. In the numerical computation, the electric potential (¢) is calcu-
lated from Eq. (12).

2.3. Initial and Boundary Conditions

ITP simulation is strongly dependent on the initial distribution of all charged
species. In this study it is assumed that the leader, terminator, and the two samples
are initially distributed along the channel in an arbitrary fashion. In solving mass conser-
vation equations, the net flux through the channel walls and end wells (reservoirs) are set
to zero. The electric potential is subject to insulating boundary conditions (V¢ - 7 = 0)
on the walls, and constant potentials are maintained at the electrode (end) wells. In this
study, the electric potential at the anodic (terminator) well is varied from case to case,
while the potential at the cathodic (leader) well is maintained at ground (¢, = 0).

3. NUMERICAL SCHEME

It is difficult or sometimes impossible, even for the one-dimensional case, to
solve analytically the set of ITP differential equations described earlier. In the
past, a variety of numerical schemes or algorithms have been implemented for
one-dimensional ITP problems. Thormann and Mosher have solved the 1-D differ-
ential equations by using DARE-P based software [19]. Fidler et al. have utilized
universal control subroutines (SYMHYB) in Fortran-based language for 1-D simu-
lation [10]. Recently, Hruska et al. solved the nonlinear partial differential equations
using Simul 5, a free dynamic simulator [16]. However, these works addressed only
one-dimensional computational geometries. In this work, 2-D finite-volume methods
are developed to solve the mass and charge conservation given by Egs. (3) and (12).
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Finite-volume methods are popularly used in solving mass, momentum, and
energy equations for electrokinetic microflow [20], natural convection [21], laser sur-
face processing [22], phase-change processes [23], etc. In finite-volume methods,
algebraic equations are obtained for each dependent variable at each grid point by
performing volume integral across the finite computational domain. The primary
advantage of finite-volume methods is that the resulting solutions satisfy the conser-
vation of mass, momentum, and energy at each grid face as well as for the whole
computational domain. Unlike spectral element methods [24], these techniques can
handle sharp boundaries without any major grid refinement. Moreover, they can
easily be adapted for complex and irregular geometry. In this study, finite-volume
techniques are developed for electromigration diffusion-type problems such as
ITP, isoelectric focusing [25], etc.

3.1. Discretized Equations

The mass conservation equation can be written in two-dimensional form as

aC, 6[—D,(6C,/6x) + (HIEA)CI] 0 [—D,(@Cl/ay) + (H,Ey) C,]
—+ +
ot Ox oy

=0 (13)

where E, and E, are the electric field in the x and y directions, respectively. Now,
integration of Eq. (13) over the two-dimensional control volume shown in Figure 2
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O O~ ; 0
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Figure 2. Schematic of a 2-D control volume. Dashed line abcd represents the control surface. Points E,
W, N, and S are the east, west, north, and south neighbors of control point P. The height in the z direction
(perpendicular to the paper) is unit.
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o AXAy
(G =) + [ E) ClAY — [(WEx) G, Ay + [(1Ey) Cil, Ax — (1 Ey) il Ax

LN
oC oC oC oC

= (D, =) Ay— (D) Ay+ (Di=) Ax— (D:==) A 14

(03) - (2r55) 2+ (25 e (5 a9

The superscript o represents the old value (the value at the previous time step). The
concentration of any component (i) at an interface can be found using linear interp-
olation of nodal values, while central differencing technique can be used for the spa-
tial derivatives at the interface. Therefore, Eq. (14) can be expressed as (omitting
subscript i)

Ax Ay AxAy o 1
— —(1Ey),A
At CP AZ CP+2(:LL X)g y(CE+CP)
1

1
(HEx), Ay(Cp + Cyw) + 5 (HEy),Ax(Cy + Cp) — 5 (HEy) Ax(Cp + Cs)

—_—

2

De DW Dn DS
TxAy(CE — Cp) 7A7xAy(Cp — Cw) +EAX(CN — Cp) — EAX(CP — CN)
(15)

Therefore, the 2-D discretized equation becomes

apCp:aECE+aWCW+aNCN+aSCS+aOPCE (16)
where

D 1 1

ag = —Ay — = (REy), Ay = G, — = F, = G,(1 — 0.5|P,]) + [[0, —F,]] (17a)
Ax 2 2
D, 1 1

aw = 1A+ 5 (), Ap = Gut 5 Fu = Gu(1 = 03[P) + [0 R (170)
D 1 1

ay = A—"Ax — = (KE)),Ax = G, — = F, = G,(1 = 0.5|P,|) + [[0, = F,]] (17¢)
y 2 2
D 1 1

as = A—SAx + = (LE)) AXx = Gs + = Fy = Gy(1 — 0.5|Py|) + [[0, F]] (17d)
y 2 2

Ax Ay
0
— 1
dp At ( 76)

ap:aE+aW+aN+aS+a(1),+(Fe—Fw)—i—(Fn—FS) (171)
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Table 1. Coefficients of discretized algebraic equations [Eqs. (17a)—(17¢)] for different finite-volume
schemes [26]

Upwind Hybrid Power law
ag Ge + ([0, —F]] G[[0,1 = 0.5[P[]] + [[0, —F]] G[[0, (1 = 0.5[P[)*)] + ([0, — F.]
an Gy +[0.F] G101 - 0.5[P, ] + [[0,F, ] Go[[0. (1 - 0.5/P, )] + [0, F, ]
ay G + ([0, —Fy]] Gul[0,1 = 0.5[P,[]] +[[0, —F,]] G[[0, (1 = 0.5P,[)°]] + [0, = F]
G, + [0, £ G,[[0,1— 0.5|P,[]] + [[0, £.] G,[10, (1 = 0.5 + [0, £

The electromigration strengths, diffusion strengths, and cell Peclet numbers
can be defined as

F.= (“EX)eAy F, = (HEx)wAy F,= (“Ey)nAx Fy= (HE)/‘)SAX

A A A A
Ge = _yDe Gw = _wa Gn = _an Gs‘ = _xDs
Ax Ax Ay Ay
F. F, F, F
P, =— P,=— P,=— P, =—
¢ G. ! G, " G, ’ G

Using an identical procedure one can find the discretized equations of the mass
conservation equation for other finite-volume schemes such as upwind, hybrid, or
power-law. In finite-volume schemes, the general format of the discretized equations
should be the same as Eq. (16) [26], but the coefficients will be different for different
schemes. Following the method described in [26], the coefficients for different finite-
volume schemes are presented in Table 1.

The discretized algebraic equations are obtained at each grid point for the mass
conservation and modified charge conservation equations. For computational sim-
plicity and stability, structured grids are considered in the simulation. The tridiago-
nal matrix algorithm (TDMA) is used to solve the discretized algebraic equations
along a grid line, and line-by-line iteration is employed until converged results are
obtained throughout the computational domain. The convergence criteria are set
as |(Cy — Cy-1)/Cy| <107% and |(d,, — b,,_1)/d,| < 107> for the mass conservation
and charge conservation equations, respectively. The subscripts #» and n — 1 denote
the current and previous iteration step.

4. RESULTS AND DISCUSSION

ITP simulations are performed in a planar microchannel for five ionic compo-
nents. Potassium ions [K*] and tetrabutylammonium ions [(C4Hy),N*] are used as
leader and terminator, and sodium ions [Na'] and tetraecthylammonium ions
[(C,Hs),N"] are used as samples A and B, respectively. The physicochemical proper-
ties of all electrolytes are presented in Table 2. For effective separation using ITP, the
mobilities of samples A and B are less than that of the leader, but more than that of
the terminator. Though the current model can easily be extended to separate three or
more samples, two samples are considered here for simplicity. In this study, the effec-
tive valences of all components are set as unity throughout the separation process.
However, using this model, it is possible to simulate an ITP case having different
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Table 2. The physicochemical properties of different electrolytes used in the ITP simulation. The diffusion
coefficients are calculated using Eq. (11). The absolute mobility of the leader is the highest, while the absol-
ute mobility of the terminator is the least

Absolute mobility Diffusion coefficient
Component Valence (m?/Vs) [m?/s]
Counter ion [Cl™] -1 7.918E-08 2.047E-09
Leader [K™] 1 7.518E-08 1.943E-09
Terminator [(C4Hy),N¥] 1 1.980E-08 5.118E-09
Sample A [Na™] 1 5.592E-08 1.445E-09
Sample B [(C,Hs),N'] 1 3.420E-08 8.840E-09

valences of electrolytes. Figure 3 shows the computational domain and the initial
concentration distribution for a leader, samples A and B, and terminator. The initial
shape of the sample electrolytes is assumed to be Gaussian-like, while both leader
and terminator are assumed uniformly distributed in the left and right edge of the
microchannel. In this study, the channel length and width are kept constant at
20 cm and 200 pm, respectively. The ITP separation is initiated by applying an elec-
tric field along the channel as shown in Figure 3.

4.1. Finite-Volume Schemes

Four well-known finite-volume schemes, central differencing, upwind, hybrid,
and power-law, are developed and tested for this nonlinear unsteady electromigra-
tion-diffusion problem. An electric potential of 6,000 V is applied in the anodic side,

i
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+ K ettt ¢ 4 8 4§ 8 8 8 o s
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8]
g 0 — T 0
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Figure 3. (a) Schematic view of computational domain for isotachophoresis in planar microchannel. The
channel length is 20 cm and the channel width is 200 pm. In numerical simulation, a constant electric field
is maintained by defining electric potentials at the anode and cathode. () Initial concentrations of system
components for an ITP simulation.
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while the cathodic side is connected to a ground (0 V). Figure 4 shows the predicted
positions of electrolytes based on the upwind, hybrid, and power-law schemes. The
numerical results of the central difference scheme are not presented here due to
stability and convergence issues. Numerical results are extracted along the channel
centerline at 40s after the initiation of electric field. These results reveal that the
power-law scheme (Figure 4a) is more effective in predicting ITP behavior than that
of the hybrid or upwind scheme (Figures 4b and 4c). The power-law and hybrid
schemes are able to create a discontinuous boundary between adjacent electrolytes,
while the upwind scheme predicts significant overlapping regions between samples A
and B. This is due to the fact that the upwind scheme is not able to handle a very
sharp gradient without utilizing finer grid spacing. The effect of grid size is discussed
in the next section.

0 0.05 0.1 0.15 0.2
2 Power law =12
Ve
_ s _ — = Leadgr
1 P 0t
H ——ee—ee — Sample B |}
I
0 A ., — 0
0.1 0.15 0.2
(a)
= 0.1 0.15 0.2
é 1 i i L]
c 2 Hybrid -2
° -
el =~
E 1 \-‘, /"“{ 11
£ .
() K
O 0 —— 7 0
5 0.1 0.15 0.2
© (b)
0 0.05 0.1 0.15 0.2
2 - Upwind - — =2
_ -
,/“\ /
11 o ey 11
n\’/ f
L HERN !
O i 1 - N N ' T 1 0
0 0.05 0.1 0.15 0.2
x (m)

(c)

Figure 4. Isotachophoretic separation obtained at 40 s using (a) power-law scheme, (b) hybrid scheme, and
(¢) upwind scheme. The ITP simulation is carried out at a nominal electric field of 300 V/cm. The grid sizes
are Ax = 10 um and Ay = 10 um. The numerical results for the central difference scheme are not presented
due to the stability problem.
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Numerical results obtained from the power-law scheme agree qualitatively
with the existing 1-D model [10], where initial concentration distribution was differ-
ent from this study and a constant current density was used instead of constant elec-
tric potential. ITP separation is generally performed by maintaining constant
potentials at the end reservoirs. The numerical results of Fidler et al. [10] show very
sharp sample and leader bands, as they did not consider molecular diffusion effects.
In this study the contribution of finite molecular diffusion is taken into consider-
ation, and hence the electrolyte boundaries are not as sharp as predicted by Fidler
et al. [10].

To compare the three different finite-volume schemes quantitatively, it is
assumed that the samples proceed to the cathode with flat or uniform concentrations
after producing discontinuous boundaries during separation process. The effective-
ness of different techniques are determined by introducing a normalized standard
deviation for an electrolyte as

D — 1 IP Com 1 12— 1if Ci #0 (8)
NSD = 72 INTP o o _
k=1 \7 2_k=1 Ckm m=0if C, =0

where Cj is the concentration at any grid point &, J is the total number of grid points
in the x direction having nonzero sample concentration, and TP is the total number
of grid points in the x direction. The normalized standard deviation denotes a unified
separation quality regardless of the initial concentration distribution in the system.
Table 3 presents the normalized standard deviation (NSD) of samples A and B
for three different finite-volume schemes. It is clear that, for samples A and B, the
power-law scheme provides the least error in the band shape, while the upwind
scheme offers the highest deviation from the ideal profile. Thus, the power-law
scheme offers the best result for ITP simulations involving unsteady electromigration
and diffusion terms.

The computational times needed by different finite-volume schemes are also
presented in Table 3. An XP-based desktop computer (Dell, Pentium 4) was used
to perform the ITP simulation in a 2-D channel for 40 s. The power-law scheme took
longer time than the upwind and hybrid techniques. This is due to the fact that the
coefficients of the power-law scheme are more complex than those of other two
finite-volume techniques.

Table 3. The normalized standard deviation (NSD) of samples A and B for three different
finite volume schemes. All conditions are same as Figure 4. The computer time is based on
40s of computation in an XP-based desktop (Dell Pentium 4, 2GB RAM, 3.4 GHz)

Numerical NSD NSD Computational
scheme (sample A) (sample B) time (h)
Power-law 0.0131 0.0671 216.8
Hybrid 0.0162 0.0839 195.4

Upwind 0.0168 0.0997 187.7
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4.2. Grid Independence

To obtain numerically converged results, the effect of grid size is very impor-
tant. For a numerical problem, it is easy to determine the appropriate grid size if
an analytical solution is available for that problem. Since ITP is a nonlinear process,
a closed-form analytical solution is not possible even for a very simple problem.
Hence, we have to determine the appropriate grid size by increasing the number
of grid points in the computational domain. In this study, we have considered a
2-D planar channel. Thus, the number of grid points in the x direction is varied,
while the number of grids in the y direction is kept constant.

Numerical results are presented in Figure 5 for four different grid sizes
(Ax = 80,40,20, and 10 um). The initial concentration distributions for these cases
are shown in Figure 3. The mobilities and diffusion coefficients of different elec-
trolytes are presented in Table 2. The ITP simulations are performed for a nominal
electric field of 300 V/cm, and the power-law scheme is used in this case.

In an electromigration-diffusion problem, the grid size can be related with the
cell Peclet number as

LY Ax (19)

For a particular electric field, the cell Peclet number is directly related to the grid
size. In our study (|z;| = I; F = 96,484 C/mol; R = 8.314J/mol K; T = 303 K), the
cell Peclet numbers for Figures 5a, 5b, 5S¢, and 5d become 92, 46, 23, and 11.5,
respectively. It is clear that at high grid Peclet number the numerical results do
not converge. In all four cases, the discrete boundaries between leader and sample
A and between terminator and sample B take place at the same location, but for
higher grid Peclet numbers (Figures 5a and 5b) the overlapping region between sam-
ples A and B is different. Our numerical results show that converged results can be
obtained for grid Peclet number 23 or less. Thus, for a power-law scheme, the total
number of elements in the x direction is set to 10,000 for the rest of the article. It is
important to note that the critical grid Peclet number for other numerical schemes
such as central difference or upwind should be smaller than that of the power-law
scheme. In other words, finer grids are needed if one would like to use upwind or
central difference scheme for this nonlinear problem.

4.3. Transient Behavior of Electrolytes in ITP Process

Figure 6 illustrates the transient behavior of leader, terminator, and sample
components (A and B) in a 2-D straight channel under a nominal electric field of
300 V/cm. The electrophoretic mobilities and diffusion coefficients of all electrolytes
are presented in Table 2. In this case, the power-law scheme is used to form the dis-
cretized algebraic equations for the mass and charge conservation equations. To
obtain grid-independent results, 10,001 grid points are considered in the x-direction
and 21 grid points are used in the y direction. The initial concentration profiles of
samples A and B are kept identical and Gaussian-like (Figure 6a). Simulation results
show that all electrolytes (except counterions) start moving toward the cathode once
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Figure 5. The effects of grid size on numerical prediction of ITP behavior. The cell Peclet numbers for
cases (@), (b), (¢), and (d) are 92, 46, 23, and 11.5, respectively.

an electric field is applied along the channel. At the beginning of the separation pro-
cess, the leader moves at a faster pace than the samples or terminator, due to the
higher electrophoretic mobility. The relative movement of each electrolyte is evident
from the sample displacement. Due to the higher mobility, sample A starts separating
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Figure 6. The transient behavior of all electrolytes in a planar microchannel. The power-law scheme is
used in this ITP simulation for a nominal electric field of 300 V/cm. Input parameters and initial con-

ditions are presented in Table 2 and Figure 3.

from sample B (Figure 6b). In the separation process (Figures 60 and 6c¢), the peak
concentration of sample A is less than that of sample B. This is caused by the fact
that the diffusion coefficient of sample A is higher than that of sample B due to
the higher mobilities of sample A. Hence, sample A diffuses more in the transient
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process. One would expect to have an identical peak height for sample A and sample B
if the same diffusion coefficients were used for both samples.

As the separation continues, the leader creates a sharp boundary with sample
A, while the terminator forms a steep interface with sample B (Figure 6c¢). In
the meantime, samples A and B also keep on separating from each other, but they
cannot form a distinct boundary like other electrolyte pairs. In other words, at
32 s an overlapping region between samples A and B still exists. This is because both
sample A and sample B are well mixed initially, while other electrolyte pairs are quite
separated at the beginning. Simulation results show that samples A and B create a
steep boundary at 40s, and all electrolytes continue to move toward the cathode.
The discontinuous interfaces shown in the simulation are a hallmark of ITP separ-
ation [6-11]. The overlapping region between samples A and B can be minimized
by running ITP at higher electric fields or by increasing the difference in electro-
phoretic mobilities between samples A and B. It is important to note that the ITP
process presented here has not reached steady state. Steady-state ITP results can
be obtained by running the simulation process for a longer time.

Figure 7 shows the conductivity distribution for the cases presented in Figure 6.
The conductivity remains constant at the anodic and cathodic sides due to the uni-
form distribution of leader and terminator at the edges. The conductivity profile
changes with the concentration distribution in the system. The sharp dips in the con-
ductivity profiles are a signature of ITP boundary. The number of dips increases with
the number of ITP boundary. There are two reasons for having the highest conduc-
tivity at the cathode (x = 20 cm). First, the cathodic side is always filled with leader.
Second, the mobility of the leader is the highest in the ITP system considered here.
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Figure 7. The transient conductivity profiles obtained from the power-law scheme. All conditions remain
the same as for Figure 6.
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4.4. Effects of Electric Potential

The effect of electric potential is very important in any electrokinetic phenom-
ena. Simulations are performed to demonstrate the ITP behavior for three different
electric field conditions. In all three cases, the cathodic side is maintained at ground
(0V), while the potentials at the anodic side is ranged between 4,000 and 6,000 V.
The initial concentration distributions of all electrolytes are shown in Figure 3, and
the mobilities and diffusion coefficients of each electrolyte are listed in Table 2.
Figure 8 illustrates the concentration distribution of electrolytes (leader, sample A,
sample B, and terminator) at 40 s after the initiation of the electric field. Two important
features are immediately apparent in this figure: First, the electrophoretic velocity of
electrolytes increases with the electric field, and the boundaries between neighboring
electrolytes migrate toward the cathode as the electric field is increased. For instance,
the boundaries between leader and sample A forms at x = 12.1 cm (Figure 8c¢) for a

0 0.05 0.1 0.15 0.2
T T T
———————— — 2
e
/ — — — Leader
3 / Terminator | 1
\/ — = =— - = Sample A
)_ m——e—— —~ Sample B ]
— — 0
0.1 0.15 0.2
(@)
= 0.1 0.15 0.2
2 1 L]
E JERRR 1,
& y |
I . 11
g i
8 —— 0
o 0.1 0.15 0.2
© ()
0 0.05 0.1 0.15 0.2
2 P [
Ve
- 7
1 \'.-\ e~ - 41
,“ - ]’
I\ |
0 ———7—— 0
0.1 0.15 0.2
x (m)

(¢)

Figure 8. The effects of anodic voltage on the speed of ITP separation. Anodic voltages are (a) 4,000V, (b)
5,000V, and (c) 6,000 V, while the cathode is fixed to the ground. Numerical results are extracted at the
channel centerline at 40s.
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nominal electric field of 300 V/cm, while this boundary is located at x = 9.41 cm
(Figure 8a) and x = 10.8 cm (Figure 8b) for 200 V/cm and 250 V/cm, respectively.
Second, the discrete boundaries between neighboring electrolytes form faster if the
electric field increases. Figure 8 also demonstrates that the overlapping region between
sample A and B decreases as the electric field increases.
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Figure 9. The transient behavior of all electrolytes in a planar microchannel for a nominal electric field of
300 V/cm. Numerical results are extracted at the channel centerline, and the power-law scheme is used in
this ITP simulation. Input parameters are presented in Table 2.
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4.5. Effects of Initial Concentration on Separation

System properties such as initial concentrations of samples and mobilities of
electrolytes are of great importance to ITP separation, which can affect the move-
ments of proteins or other ionic components in I'TP separation process. The effect
of samples’ initial distribution is presented in this section. Figure 9 illustrates the
transient behavior of an ITP train in a 2-D planar channel. The mobilities and
diffusion coefficients of each electrolyte are presented in Table 2. The initial con-
centrations of the leader, terminator, sample A, and sample B are shown in Fig-
ure 9a. Note that the initial concentrations of all electrolytes are the same as for
the case presented in Figure 6a, except for sample B. In this case the peak con-
centration of sample B is 60% less than that of Figure 6a. It is noteworthy to
mention that the transient movements of sample A and sample B remain identical
in Figure 6 and Figure 9 because the mobilities of sample A and sample B are
assumed equal for both cases. At t =40s, the bandwidth of sample A remains
almost identical in Figures 6 and 9. However, the bandwidth of sample B in
Figure 9 (0.0209 m) is smaller than that in Figure 6 (0.0246 m), due to the mass
differences in those cases. The peak concentration of sample B is significantly
different in Figure 6 (1.28 mM) than that in Figure 9 (0.95mM), also due to
the mismatch in initial concentration.

5. SUMMARY AND CONCLUSIONS

Finite-volume schemes have been developed to simulate isotachophoresis in
planar microchannels. ITP simulations have been performed for five ionic species:
potassium ions (leader), tetrabutylammonium ions (terminator), sodium ions (sam-
ple A), tetracthylammonium ions (sample B), and chlorine ions (counterions).
Upwind, hybrid, and power-law finite-volume schemes have been investigated
for transient electromigration-diffusion problems. A normalized standard deviation
has been introduced to find a suitable scheme for ITP simulation. According
to the normalized standard deviation, the power-law scheme is superior to the
others and the hybrid scheme is better than the upwind scheme. As in advection-
diffusion problems, the power-law scheme is more expensive than any other method
used here.

In order to obtain grid-independent results, ITP simulations have been
carried out at different grid sizes. The numerical results reveal that cell Peclet
number of 23 or less is appropriate for transient electromigration-diffusion pro-
blems using the power-law scheme. The critical cell Peclet number should be smal-
ler for upwind and hybrid schemes. The effects of applied electric potential on the
speed of an ITP separation have also been studied. The separation speed increases
in proportion to the applied electric potential, but the applied potential does not
significantly modify the transient behavior of the solutes in isotachophoresis.
Finally, the samples’ response to the initial input conditions was investigated.
The simulation result, which was carried out using two different initial concentra-
tions, showed that the initial concentration distribution plays a crucial role in the
transient behavior of the samples.
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