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Abstract
The purpose of this study was to qualitatively and quantitatively study the electroosmotic effect in capillary electrophoresis. By obtaining electroosmotic data, the available electrophoretic data can be corrected, and more reliable ζ-potential data can be obtained. To simulate the electroosmotic effect, the finite element method software COMSOL™ was used. The system was studied as a function of pH and temperature. Experimental electrophoretic data was used for correction using the modeling results. Preliminary results indicate that the data from the simulation is being underestimated by as much as one order of magnitude as compared to the available analytical solution. The problem needs further study. 
1. Literature Review
When materials come in contact with aqueous solutions their surface become electrically charged; this surface charge creates what is called the electrical double layer (EDL). Among the possible reasons for the EDL formation we can mention specific adsorption of charged ionic species and protolysis of dissociable groups on the surface [1]. The EDL is conceptualized as a layer of tightly bounded (immobile) species followed by a layer of loosely bounded (diffused) species [2]. The electric potential at the boundary of the diffused layer and the bulk of the solution (shear plane) is known as the zeta potential (ζ-potential) [3]. Consequently, the EDL (and therefore the ζ-potential) is responsible for many of the properties and interactions of charged species in aqueous solutions. Many techniques have been developed by taking advantage of electrokinetic phenomena such as electrophoresis and electroosmosis. First, electrophoresis is one of the electrokinetic phenomena in which charged particles (e.g., ions, molecules, etc) move under the influence of an applied electric field [4]. Variations of  electrophoretic methods have been created for different applications [5]. Among these applications we find protein separation and DNA migration studies [6], hydraulic studies in soils [7], and contaminant detection in soils and waters [8]. Second, electroosmosis is almost a direct consequence of electrophoresis. At the EDL of the capillary wall, the species in the diffuse layer react to the applied electric field, “dragging” fluid along [3]. Eventually, a fluid velocity profile is established throughout the capillary diameter. Whether to regard the electroosmotic flow as an advantage or disadvantage depends on the application. An application that best exemplifies an advantage of electroosmosis are micro-pumps [9], with pressure gradients up to 20 atm. In studying the mobility of oxide materials, for example, electroosmosis is undesirable since it adds an extra velocity component to the electrophoretic mobility, and, in fact, the measured mobility is a sum of the electrophoretic and electroosmotic velocity components:
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 [10]. Hence, it is of great importance to understand and control the behavior of electroosmosis in a system under specific circumstances. Various ways have been developed to control electroosmosis. First (and probably the most commercialized), is coating the capillary walls. By using non-polar polymers, covalently bonded to the capillary surface, the formation of an EDL is minimized to various degrees depending on the polymer and application [11, 12]. Other methods include adding specific buffers and inorganic solutions to hinder the EDL at the wall [13-15], apply a radial electric field using conducting coatings [14, 16], and trying to model the electroosmotic behavior [17-22]. Of the aforementioned alternatives, the first two do not apply to our system since the experimental conditions require transparent, high temperature materials and no external contaminants. In trying to model electroosmotic behavior, we are concerned not only with the Navier-Stokes, pressure-driven, flow but with the underlying cause of the flow: electrostatic phenomena at the EDL on the wall. It is necessary to provide the link between the EDL and the consequent flow. In addition, we need to provide information when varying the concentration of the solution (i.e., pH spectra). By working in high temperature systems the possibility of thermal convection flows exists, and this is another consideration to take. Finally, in attempting to understand the electrokinetic phenomena we will be calibrating the system for all experimental conditions, thus more reliable results are expected.
2. Governing Equations
Our experiments are conducted in a cylindrical capillary as shown in Figure 1. As mentioned before, the fluid flow is not driven by a pressure gradient but by the “dragging” of fluid by ionic species. Despite this, we can still use the Navier-Stokes equations:
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where ρ is the fluid density, v is the fluid velocity, F is a body force, p is pressure, and η is the fluid viscosity. If we assume steady-state conditions, take the inertial term as negligible (i.e., the velocity change has a small length scale), and knowing that the body force driving the flow is connected to the charge density, ρe, at the capillary wall and the applied electric field, E,  equation 1 becomes:
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The charge density, ρe, is related to the potential at the wall, ψ, by the Boltzmann equation:

[image: image5.wmf]0

exp

i

eii

i

zF

czF

RT

y

r

-

æö

=

ç÷

èø

å

                  (4)
where 
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 are the bulk concentration of the ith species, the species valence, the Faraday constant, the gas constant, and temperature, respectively. Assuming there are no pressure gradients in the y-axis, and no velocity gradients in the x-axis, equation 3 reduces to:
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The term px is the pressure gradient along the x-axis which is dependent on the experimental pressure of the system and the end walls of the capillary (e.g., electrodes), and is taken to be constant. An analysis [21] yields an approximation for ρe in terms of the ζ-potential and the inverse of the double layer thickness, κ, at the wall:
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where I is the ionic strength of the solution. Finally, solving (5) and substituting in (6) and (7), we obtain the electroosmotic velocity profile:
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When the fluid reaches the electrode wall, and assuming no-slip condition at the capillary wall, we have the following boundary conditions:  
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With (9), (10) and (11) we can build an electroosmotic velocity profile for our system. The effect of temperature is absorbed by the viscosity and dielectric constant of the fluid.
3. Solution
In order to simulate our system, the COMSOL Multiphysis™ finite element method software was used. The problem was established by linking the Navier-Stokes and electrostatic modes. Eqn. (6), multiplied by the applied electric field, was utilized as the body force for the Navier-Stokes equation. One complication arose by using eqn. (6); the argument inside of the hyperbolic cosine is a relatively large number thus the result is a very small number that COMSOL cannot handle. To try to solve this problem, the argument inside the cosh was multiplied by a/L0; the ratio of the particle (ion) diameter, a, and the radius of the capillary, L0. This effectively reduces the cosh argument to a number manageable by COMSOL. Using the appropriate boundary conditions, discussed in section 2, we obtain a velocity profile for the fluid as shown in figure 2. The geometry in figure 2 presents half of the capillary. This was done utilizing the symmetry of the problem. Hence, the top represents the center of the capillary and the bottom represents the wall. The values of the velocity need to be multiplied by L0/a to revert the normalization performed earlier. 
According to the solution, the velocity is higher at the center and lower near the wall. In addition, the velocity profile creates a region of zero fluid velocity at approximately (3/5)L0. All these features are consistent with the behavior observed experimentally. The velocity at the center is usually referred as the back-flow velocity. It is established when the fluid moving along the wall (low velocity fluid) hits the electrode wall and it is forced to flow to the center of the capillary. The zero velocity region is known as the “stagnant layer” and, in the absence of any electroosmotic control, it is the region where electrophoretic measurements should be performed to ensure reliable data. This region, though, is not easy to find experimentally. 

The velocity at the center of the capillary has an order of magnitude of micrometers per second. This order of magnitude is consistent with our experimental observations.  The next step is to corroborate these results with experimental data. The magnitude of the electroosmotic velocity is going to be subtracted from the total velocity of the particles in solution and checked with the electrophoretic velocity data of several materials. This is going to serve a validation method.
4. Validation
The goal of this modeling exercise is to be able to correct the experimental electrophoretic measurements for the effect of electroosmosis. For this purpose, the data obtained by Zhou and co-authors [23] is going to be used to correct for electroosmosis. Zhou and co-authors obtained electrophoretic data on the ZrO2/aqueous interface system using a background solution concentration of 1 mM NaCl at pH values between 3 and 9. At pH 7, the electrophoretic velocity of the ZrO2 particles had a total mobility of 1.76x10-8 m2V-1s-1 (this data is not corrected for electroosmosis). This mobility corresponds to a ζ-potential at the surface of 22.7 ± 5.5 mV. The COMSOL™ simulation provided an electroosmotic mobility of 5.05x10-9 m2V-1s-1. To obtain the real electrophoretic mobility of the ZrO2 particles, the electroosmotic mobility needs to be subtracted from the total mobility. With these values, we obtain an electrophoretic mobility of 1.25x10-8 m2V-1s-1, and this corresponds to a ζ-potential of 16.2 mV. This value for the corrected ζ-potential is barely outside of the confidence value of the data obtained by Zhou and co-authors. 
This result gives some confidence on the validity of the simulations. However, without a full parametric study, of this and other systems, the validity of the results is still questionable. For this study, the ZrO2 system will be corrected for the following conditions: temperatures 25°C, 120°C, and pH between 3 and 9. The modeling parameters will be adjusted to take into account the effect of concentration and temperature. 
5.0 Parametric Study
The parametric study for this section was carried out by changing the magnitudes temperature and concentration (in this case pH). The pH was varied from 3 to 9, and the temperature points were 25 °C and 120 °C, and the electroosmotic velocity calculated. Once the electrosmotic velocity for each point was calculated, it was used to correct the experimental electrophoretic data from Zhou and co-authors. All the parameters and data used for the COMSOL simulation are given in Table 1. For each pH point, the following parameters were calculated: ionic strength, inverse of the double layer thickness, the product κa, and the charge density at the wall utilizing experimental data for the ζ-potential at the capillary wall. With these parameters the electroosmotic velocity was calculated. 
The correction to the electrophoretic data was done by subtracting the simulation data from the experimental data; the result being the “true” electrophoretic data. The error for all the corrected data points was 11.7 ± 5.9% at 25 °C, and 2.6 ± 2% at 120 °C. According to these results the electroosmotic mobility does not have a considerable impact on the electrophoretic measurements. On the other hand, vigorous electroosmotic flows are observed experimentally. Moreover, the analytical solution to this problem (eqns. 9, 10, 11) gives electroosmotic values of one order of magnitude higher than those from COMSOL. In many cases, the electroosmotic mobility was higher than the experimental electrophoretic data. Taking that into account, both, the analytical solution and the COMSOL solution are for a fully developed electroosmotic flow, the analytical solution seems to give more realistic values. Therefore, COMSOL could be giving results that are underestimated.

Concluding Remarks
The simulation of the electroosmotic effect in capillary electrophoresis measurements was simulated using the finite element method software COMSOL, and compared to an analytical solution and experimental results. The simulation results seem to underestimate the fully developed electroosmotic flow by as much as one order of magnitude, as compared to the analytical solution results. Maybe the problem needs to be reformulated in a way that better suits COMSOL, or better approximations are needed. However, the simulation results correctly predict the qualitative behavior of the problem. More work needs to be done in order to obtain more realistic quantitative results.
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Figure 1. Schematic of capillary with electrodes.
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Figure 2. Velocity profile of the fluid under the influence of an external electric field. 
	25C

	COMSOL
	Zhou et al
	COMSOL corr.

	pH
	I.S.
	k
	k*a
	k*a/L
	C/m2 wall
	vel. Osm
	mobi. Osm
	mob. Tot.
	mob. Elec.
	Err.(%)

	3.04
	1.9120
	1.442E+08
	4.326E-02
	28.84
	7.181E+04
	5.092E-07
	-8.487E-10
	1.040E-08
	9.551E-09
	8.2

	3.45
	1.3548
	1.214E+08
	3.642E-02
	24.28
	1.018E+05
	5.436E-07
	-9.060E-10
	9.100E-09
	8.194E-09
	10.0

	3.55
	1.2818
	1.181E+08
	3.542E-02
	23.61
	9.628E+04
	4.578E-07
	-7.630E-10
	1.500E-08
	1.424E-08
	5.1

	3.6
	1.2512
	1.167E+08
	3.500E-02
	23.33
	9.398E+04
	4.362E-07
	-7.270E-10
	9.100E-09
	8.373E-09
	8.0

	4.05
	1.0891
	1.088E+08
	3.265E-02
	21.77
	1.636E+05
	6.614E-07
	-1.102E-09
	1.260E-08
	1.150E-08
	8.7

	4.25
	1.0562
	1.072E+08
	3.215E-02
	21.44
	1.587E+05
	6.222E-07
	-1.037E-09
	1.860E-08
	1.756E-08
	5.6

	4.55
	1.0282
	1.057E+08
	3.172E-02
	21.15
	2.703E+05
	1.031E-06
	-1.719E-09
	1.850E-08
	1.678E-08
	9.3

	4.6
	1.0251
	1.056E+08
	3.168E-02
	21.12
	2.695E+05
	1.025E-06
	-1.709E-09
	1.810E-08
	1.639E-08
	9.4

	4.95
	1.0112
	1.049E+08
	3.146E-02
	20.97
	2.658E+05
	9.960E-07
	-1.660E-09
	1.330E-08
	1.164E-08
	12.5

	5
	1.0100
	1.048E+08
	3.144E-02
	20.96
	2.655E+05
	9.950E-07
	-1.658E-09
	1.500E-08
	1.334E-08
	11.1

	6.5
	1.0003
	1.043E+08
	3.129E-02
	20.86
	3.005E+05
	1.115E-06
	-1.859E-09
	-1.640E-08
	-1.454E-08
	11.3

	6.75
	1.0002
	1.043E+08
	3.129E-02
	20.86
	3.005E+05
	1.115E-06
	-1.859E-09
	-1.090E-08
	-9.041E-09
	17.1

	6.75
	1.0002
	1.043E+08
	3.129E-02
	20.86
	3.005E+05
	1.115E-06
	-1.859E-09
	5.700E-09
	3.841E-09
	32.6

	7
	1.0001
	1.043E+08
	3.129E-02
	20.86
	3.380E+05
	1.255E-06
	-2.091E-09
	-1.760E-08
	-1.551E-08
	11.9

	7.32
	1.0002
	1.043E+08
	3.129E-02
	20.86
	3.381E+05
	1.255E-06
	-2.092E-09
	-2.380E-08
	-2.171E-08
	8.8

	7.8
	1.0006
	1.043E+08
	3.130E-02
	20.86
	3.382E+05
	1.255E-06
	-2.092E-09
	-1.360E-08
	-1.151E-08
	15.4

	8
	1.0010
	1.043E+08
	3.130E-02
	20.87
	3.383E+05
	1.257E-06
	-2.095E-09
	-1.850E-08
	-1.641E-08
	11.3

	8.59
	1.0039
	1.045E+08
	3.135E-02
	20.90
	3.393E+05
	1.264E-06
	-2.107E-09
	-2.120E-08
	-1.909E-08
	9.9

	9.25
	1.0178
	1.052E+08
	3.156E-02
	21.04
	3.440E+05
	1.488E-06
	-2.480E-09
	-1.580E-08
	-1.332E-08
	15.7

	120C

	COMSOL
	Zhou et al
	COMSOL corr.

	pH
	I.S.
	k
	k*a
	k*a/L
	C/m2 wall
	vel. Osm.
	mobi. Osm.
	mob. Tot.
	mob. Elec.
	Err.(%)

	3.55
	1.2818
	1.086E+08
	3.257E-02
	21.72
	7.302E+04
	4.754E-07
	-7.923E-10
	6.64E-08
	6.561E-08
	1.2

	3.6
	1.2512
	1.073E+08
	3.218E-02
	21.45
	7.127E+04
	4.526E-07
	-7.543E-10
	1.17E-07
	1.163E-07
	0.6

	4.05
	1.0891
	1.001E+08
	3.003E-02
	20.02
	1.241E+05
	6.866E-07
	-1.144E-09
	4.35E-08
	4.236E-08
	2.6

	4.25
	1.0562
	9.856E+07
	2.957E-02
	19.71
	1.203E+05
	6.452E-07
	-1.075E-09
	6.44E-08
	6.332E-08
	1.7

	4.6
	1.0251
	9.710E+07
	2.913E-02
	19.42
	2.044E+05
	1.064E-06
	-1.773E-09
	6.21E-08
	6.033E-08
	2.9

	4.95
	1.0112
	9.644E+07
	2.893E-02
	19.29
	2.016E+05
	1.036E-06
	-1.726E-09
	-2.17E-08
	-2.343E-08
	8.0

	5
	1.0100
	9.638E+07
	2.891E-02
	19.28
	2.014E+05
	1.033E-06
	-1.722E-09
	-5.11E-08
	-5.282E-08
	3.4

	6.5
	1.0003
	9.592E+07
	2.878E-02
	19.18
	2.279E+05
	1.157E-06
	-1.929E-09
	-9.23E-08
	-9.423E-08
	2.1

	6.75
	1.0002
	9.591E+07
	2.877E-02
	19.18
	2.279E+05
	1.157E-06
	-1.929E-09
	-1.16E-07
	-1.176E-07
	1.7

	7
	1.0001
	9.591E+07
	2.877E-02
	19.18
	2.564E+05
	1.302E-06
	-2.170E-09
	-1.21E-07
	-1.236E-07
	1.8


Table 1. Parameters used for the COMSOL parametric study.
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