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Abstract

We present experimental investigations of electroosmotic pumping using porous borosilicate glass and various low ion density liquids. The
working liquids were deionized water, deuterium oxide (heavy water), methanol, acetone, acetonitrile and a 1 mM sodium borate buffer as a
control. We measured ionic conductivity and, as a useful comparative reference, the zeta potential generated by these liquids in borosilicate
microfluidic chips. We evaluated the electroosmotic pump performance of porous borosilicate glass structures in terms of flow rate, pressure and
total ionic current. We compared experimental data to an analytical model based on numerical solutions of nonlinear Poisson—Boltzmann equation.
In particular, we extend the model to the pumping of pure solvents and found a reasonable agreement with experimental results. For negligible
pressure loads, pump flow rate per applied electric power can be more than ten times higher with acetone than with the 1 mM sodium borate buffer.
For finite pressure loads, methanol typically yields the highest flow rate per applied electric power due to its higher pressure capacity compared
to acetone. Low ion density liquids also showed strong current transients. At present, we do not have a clear understanding of the physics behind

these transients, but we present measurements of current startup and discuss possible explanations for the data.

© 2007 Elsevier B.V. All rights reserved.
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1. Introduction

Electroosmotic (EO) pumps can generate significant flow
rate and pressure differentials in a compact structure with no
moving parts. The history of their development was recently
reviewed by Yao and Santiago [1]. EO pumps have several poten-
tial applications including liquid chromatographic separations
[2], miniature drug delivery devices [3], flow injection analy-
sis [4], micromechanical actuators [5], microelectronics cooling
[6] and water management in fuel cells [7]. The key figures of
merit depend on the specific application and include a pressure,
flow rate per unit (device) volume, hydraulic pump work and
thermodynamic efficiency. To improve these parameters, var-
ious pumping liquids and pumping structures have been used.
For example, Reichmuth et al. demonstrated relatively high ther-
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modynamic efficiency using zwitterionic additives [8] and Yao
et al. experimentally investigated the use of porous silicon to
achieve high flow rate per applied potential [9]. Detailed dis-
cussions on these figures of merit can be found in Yao et al.
[10], Min et al. [11] and Griffiths and Nilson [12]. One figure of
merit of significant interest is the flow rate per applied power,
which is particularly important for applications with relatively
low pump pressure demands or cases where there is little benefit
to increasing working pressure past a minimum required level
(e.g., as in drug delivery applications). Another relevant appli-
cation is water management in fuel cells [7] and the design of
methanol pumps for fuel cells [13].

High flow rate per power can be obtained by using low
ion density working liquids such as deionized (DI) water or
organic solvents. Organic solvents are compatible with EO
pumping. They have been used as working electrolytes in
various electrokinetic device applications including capillary
electrophoresis [14] and electrochromatography [15]. The pur-
poses of using organic solvents (often mixed with water) include
(1) the increase in the solubility and stability of analytes (such
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Nomenclature

pore radius (m)

cross-sectional area (m?)

distance between an electrode position and a near
porous glass surface (m)

diffusivity of ions (m?/s)

elementary charge (1.602E—19 C)
Faraday’s constant (9.649E5 C/mol)
current (A)

Boltzmann constant (1.380E—23 J/K)
length (m)

distance between electrodes (m)
number density (m~>)

Avogadro’s number (6.022E23 mol 1)
electric power (W)

flow rate (ml/min)

radius of solvated ions (m)
temperature (K)

voltage (V)

molal volume (cm?/ ‘g mol)

mole fraction

valence of ions
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Greek symbols

Ap pressure (Pa)

A molar conductivity of ions (S m2/mol)
8 length scale for EDL capacity (m)

€ permittivity of liquid (F/m)

¢ electric potential (V)

n thermodynamic efficiency

A

7

Debye length (m)
viscosity (Pas)
0o ionic conductivity (S/m)
T tortuosity
v porosity
e zeta potential (V)
Subscripts
app applied value
eff effective value
i ions

lig liquids
max maximum value

as lipophilic compounds), (2) the improvement of separation
selectivity and efficiency and (3) reduction in analysis time and
electric current [ 16]. Reduction in the electromigration current is
especially important in development of high flow rate per power
pumps, provided that sufficient flow rate per electric field can
be achieved. Wright et al. [17] and Valko et al. [18] measured
EO mobility of several pure organic solvents. According to their
data, a few organic solvents exhibit EO mobilities comparable
to or greater than water.

EO pumping (distinguished from EO flows where no signifi-
cant pressure is generated) of organic solvents has been reported

recently. Chen et al. [19] pumped distilled water, pure methanol
and 1:1 methanol/water mixture with silica-based packed cap-
illary columns for high performance liquid chromatography
(HPLC). Chang and co-workers [20,21] pumped several aque-
ous buffers, acetonitrile and methanol using monolithic silica
columns for flow injection analyses (FIA) and electrosprays.

In this work, we investigate porous glass EO pumps with
high flow rate per power performance using low ion density
aqueous solutions and organic solvents. As a comparison, we
report zeta potential measurements obtained in glass microchips
using the same solvents. We also present selected transient
pump performance results. We tested deionized water, deuterium
oxide (heavy water), methanol, acetone, acetonitrile and sodium
borate buffer (1 mM sodium). We chose these due to their fre-
quent use in various electrokinetic devices and their low ion
density.

2. Chemistry of organic solvents

In this section we briefly summarize physical and chemical
properties of organic solvents and their effects on electrokinetic
phenomena. Organic solvents can be classified by their polar-
ity into nonelectrolytic (associating) and electrolytic (ionic)
solvents [22]. Electrolytic solvents can be further classified
as protogenic or nonprotogenic solvents. Protogenic solvents
donate protons by ionization. Usually, these (protophilic) pro-
tons are accepted by another solvent molecule, so that nearly
all protogenic solvents are amphiprotic, meaning they donate
and accept protons. The self-ionization or autoprotolysis can
be expressed as 2HS = H,S™ + S™, where S~ represents the
deprotonated solvent molecule. Nonprotogenic solvents, also
called as aprotic solvents, do not donate protons but sometimes
accept protons. Depending on the tendency to accept protons,
they can be classified into protophilic, inert or protophobic sol-
vents.

Riekkola et al. [14,18] studied electroosmosis for 16
organic solvents and found that all the solvents that exhib-
ited a measurable zeta potential in a fused silica capillary
were either amphiprotic or protophilic. The organic solvents
which generated EO flows in their studies are acetoni-
trile (ACN), acetone, 2-butanone, N,N-dimethylformamide,
N-methylformamide, methanol, dimethyl sulfoxide (DMSO),
ethanol, formamide, ethyl acetate, tetrahydrofuran, 1-propanol
and morpholine in the order of increasing EO mobility. Among
these solvents, we chose acetonitrile (electrolytic and pro-
tophilic), acetone (electrolytic and protophilic) and methanol
(electrolytic and amphiprotic). Table 1 shows the properties of
these solvents along with the aqueous solutions we tested. The
viscosity and dielectric constant are from Marcus [23] and the
remaining values are based on our measurements and model
predictions.

3. Theory
In this section, we present an analytical model for porous

glass EO pumps and describe how we applied this model to
pumping of pure solvents. The model is useful for identifying the
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Table 1
Physical and chemical properties of working electrolytes in this study

1 (mPas) &r O (S/m) EO mobility (m3/V's) ¢ (mV) A (nm)
Inject. Pump

Buffer 0.890 78.4 6.2E-3 5.69E—8 + 1E—10 =73 —-96 11
Heavy water 1.12 78.1 1.2E-3 4.5E—8+3E-9 —71 =77 42
DI water 0.890 78.4 24E—4 477TE—-8 £ 1E—10 —61 —64 120
Methanol 0.551 327 8.9E-5 3.7JE—8 £ 6E—9 —69 —74 180, 85
Acetone 0.303 20.6 9.4E—6 4.62E—8 +9E—10 —76 —50 580, 260
Acetonitrile 0.341 359 1.8E-5 6.7TE—8 = 8E—9 -72 360, 210

Note: Viscosity and dielectric constant from [23]. We assumed the same viscosity and dielectric constant for buffer and DI water. As explained in Section 3, we
estimated organic solvent pumping, using two approaches: Nernst-Einstein equation, combined with Scheibel’s empirical relation (left-hand column) and Stokes’s

law with estimated ion size (right-hand column).

optimal high flow rate per power solvent for a given pump/load
application.

3.1. Analytical model for porous glass EO pumps

Yao and Santiago presented an analytical model for EO
pumping in porous materials by treating the media as an array of
cylindrical microchannels of uniform pore radius, a, with tortu-
osity, T and porosity, ¥ [1]. This model was based on the solution
of Poisson-Boltzmann equation with assumptions of uniform
and constant zeta potential, viscosity and dielectric constant.
For both symmetric and general electrolytes, the flow rate, Q,
depends on the applied potential, Vypp and pressure, Ap, as

0— U [ ApAa®>  eCAVeg
1 SuL uL

fls ey

where ¢ and p are the permittivity and viscosity of liquids,
respectively, A and L the cross-sectional area and thickness of
porous materials, respectively, and ¢ is the zeta potential. The
effective potential, Ve, is ¢ the effective potential applied across
the pumping material. To estimate Vg, we subtract from Vi,
the external potential required to initiate electrolytic reactions
and the estimated potential associated with ohmic loss between
electrodes and the substrate.! The function fis defined as

a 2
f=/0 (1_‘é’>a§dr, @

where ¢ is the electric potential, which can be obtained by
solving the Poisson—Boltzmann equation.

! The external potential required to initiate electrolytic reactions is the the-
oretical potential for electrolysis plus an empirically determined overpotential
which depends on surface chemistry, electrolyte and current density, among
other factors [24,25]. We estimate this potential as that associated with extrapo-
lating the linear (ohmic) regime of the measured current versus potential curve
to the zero current axis. The (empirical) zero current extrapolations for deion-
ized water, deuterium oxide (heavy water), methanol, acetone, acetonitrile and
sodium borate buffer (1 mM sodium) are 7.3, 6.1, 2.9, 6.1 and 5.4V, respec-
tively. These values may have a slight (consistent) bias due to the measurement
procedure but this should not affect our estimate of electric field and Vegr in the
fully ohmic region. We also note that the relatively small value for methanol
is consistent with the data of Narayanan et al. [26], who present measurements
of the electrolysis of methanol. See Kim et al. [27] for a similar discussion on
aqueous solutions.

Key figures of merit for EO pumps are the maximum flow
rate, current and pressure, respectively, given as,

eCA Vgt
O = — EEAYet] 3)
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For electroosmotic pumping of a solution containing N ionic
species, g can be defined as

_ f
T N oA/ + (1SN Ay
x SN xi A exp(—zieg/ kT)|(2r/a?) dr

This relation includes the contributions to total current from
advective charge transport (first term) and electromigration (sec-
ond term) and neglects contributions from diffusive fluxes (very
reasonable for electroosmotic pumps) [1]. 0 is the ionic con-
ductivity of liquids and z;, x; and A;, respectively, the valence
number, mole fraction and molar conductivity of ion i. k is the
Boltzmann constant, 7 the temperature of liquids and e is the
elementary charge. f and g both vary between zero and one (see
inset of Fig. 6) and take into account the effects of finite electric
double layers (EDLs). They strongly depend on the ratio of pore
radius a and the Debye length given by,

1/2

; )
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where n; is the bulk electrolyte ion number density of species i.
By “bulk,” we here refer to the ion densities outside of the double
layer. f and g of unity imply thin EDLs, where the EO veloc-
ity can be expressed by the Helmholtz—Smoluchowski relation
upo = —&¢Ver/L. A detailed explanation of f and g is given
in Yao and Santiago [1]; these parameters are determined by
numerically solving the nonlinear Poisson—-Boltzmann equation.
(In the special case of the Debye—Hiickel limit of low zeta poten-
tial and for monovalent, symmetric electrolytes, their analytical
forms are given in Egs. (6) and (25) in Yao and Santiago [1].)
Combining these equations results in several relations use-
ful for various EO pump applications. The maximum flow rate
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per current (the key parameter of this work) and the ratio of
maximum flow rate to maximum pressure can be, respectively,
expressed as,

Omax __ eLg 8)
Inax /'LO—oo’
Omax _ IﬂAaz 9)
Apmax - 8tulL’

The latter is useful in estimating the pore radius of porous mate-
rials since porosity is easily measured with wet/dry weighing
(and tortuosity does not, in our experience, vary much from 1.45
for these frits). Note that Eq. (9) is only a function of viscosity
when all the geometric parameters of porous materials are fixed.
Another key parameter is the thermodynamic efficiency, defined

as =0 Ap/(Vappl), given by

~ l Omax APmax
2 Imax Vett
We again stress the importance of appropriate figures of merit

for different applications. 1 is a fundamental parameter, but not
always of primary interest.

=8/ (10)

3.2. Estimating EO pumping performance of pure solvents

Ion density and valence information is required to evaluate
Eq. (6). In some simple cases (e.g., where ion mobili-
ties in a binary electrolyte are known), ion density can be
determined from ionic conductivity measurements and oo, =
Z{ilniAi/NA (where Np is the Avogadro’s number). (The
molar conductivity A;, of common ions in water is tabulated in,
for example, the CRC Handbook [28].) However, this approach
is typically not possible in the case of organic solvents as the
mobility and valence of all ions are not easily identified. Below,
we propose two ways to estimate a relation between ion den-
sity and (measured) conductivity for such solutions. We used
these estimates of molar conductivities to estimate ion densities
and, in turn, to estimate Debye length and compute the values
of fand g. These molar conductivities were not used to predict
Joule-type ion conductivity (the major source of current trans-
port and power loss) as total ionic conductivity was a quantity
we measured directly.

In modeling EO pumping of DI water, we assume that car-
bonic acid dominates the ionic conductivity. Water becomes
saturated with carbon dioxide, when exposed to the atmo-
sphere [29]. Dissolved carbon dioxide reacts with water, forming
carbonic acid: CO;(aq) + H,0 = H>CO3(aq) = H (aq) +
HCO37 (aq). (The typical measured pH of our DI water is ~5.2.)
We estimated the ion density of DI water by assuming that its
conductivity is due solely to carbonate, HCO3™ and hydronium
ions (i.e., we relate the mobility of these two ions to the mea-
sured conductivity, and thereby deduce total ion density). Table 1
shows the resulting estimate of Debye length as well as the
measured ionic conductivity.

We performed pump experiments with heavy water. We took
care not to overly expose this electrolyte to the atmosphere (e.g.,
we used Nj purged reservoirs as described in Section 4), but the

relatively high value of conductivity of our heavy water samples
indicates significant concentrations of impurity ions.> For the
purpose of estimating Debye length and the parameters f'and g,
we therefore again assumed the mobility of carbonic acid ions.
We estimated the molar conductivity of carbonic acid ions in
heavy water from that in water using Walden’s rule [30],

el
A = Zi

= = constant, (11)
67Tri

where F'is the Faraday’s constant and r; is the radius of a solvated
ion. Walden’s rule assumes a uniform radius r; of ion i solvated
in water and heavy water in this case. This assumption may not
be appropriate for organic solvents [30] but we believe that this
is a reasonable assumption for heavy water due to its chemical
similarity to water [23].

For estimating the Debye lengths (and functions f and g)
of the organic solvents used here, we propose the use of mass
spectrometry data to identify likely solvated ions and thereby
establish the relation between (measurable) conductivity and
ion density (required to predict fand g). Mass spectrometry data
are available for numerous organic solvents [31-33], and can be
classified into two types: for cations and anions. Typically, mass
spectrometry data present the abundance of each ion relative
to the most abundant ion which is assigned an abundance of
100% [34]. The number of ion types reported is often fairly
large (e.g., 27 cations for acetone mass spectrometry) and many
of the ions are present in only trace quantities that contribute
negligibly to conductivity estimates. For simplicity, we include
here only major ions defined as follows: We start with the most
abundant ion, we then progressively include the next abundant
ion species until our estimates of f and g change by less than
5%. This process yields the relatively brief list of relevant ions
summarized in Table 2. We categorize these as major cations
and anions for each solvent and we have re-scaled the relative
abundance of each ion such that their sum is again normalized
to 100%.

After estimating ion type and relative abundance from mass
spectrometry, we estimated the molar conductivity of each ion
using two approaches suggested by work in the electrochemical
field. For each of these, we are forced to make a few assumptions,
and the respective molar conductivity and Debye length value
of each should therefore be interpreted as an order of magnitude
estimate.

In the first approach, we used Scheibel’s empirical formula
to estimate diffusivity [35],

15Z 1+ (?""lliq/"’Li)z/3
PRV TER

1

D; =82x 10" (12)

where ¥; is the molal volume of ions and ¥7;q is the molal vol-
ume of liquids, both in cm3/g mol. For ¥;, we used Le Bas’s

2 D* and OD~ ions alone are unlikely to explain the measured value of con-
ductivity. We expect the dissociation of heavy water, expressed as D,O &
DT + OD™ to yield ion densities on the order of 0.1 M (as in the case of
water). Assuming this theoretical minimum ion density and molar conductivi-
ties of D* and OD™, the ionic conductivity would be roughly 10 times lower
than measured.
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Table 2

Assumed ion contents in each solvent and estimated molar conductivities for major cations and anions
Cations A; (m? S/mol) Anions A; (m? S/mol)

Buffer Na* 5.0E—3 1/2B407%~ 2.5B-3

Heavy water D* 2.0E-2 DCO3~ 3.5E-3

DI water H* 3.5E-2 HCO3™ 44E-3

Methanol 47% CH,OH* 1.7TE-2, 6.4E-3 71% O~ 6.1IE-2, 1.1E-2
34% CHO™* 2.0E-2,7.0E-3 15% OH™ 42E-2,9.3E-3
19% CH3* 2.0E-2, 7.0E-3 14% CH30~ 1.7TE-2, 6.4E-3

Acetone 75% CH3CO™* 3.1E-2, 1.0E-2 41% O~ 1.7E—1, 1.9E-2
17% CH3* 5.3E-2,1.3E-2 26% CHC™ 43E-2,12E-2
8% CH,CO* 34E-2, 1.1E-2 21% CHCO™ 3.6E-2, 1.1IE-2

12% Co~ 4.7E-2, 1.2E-2

Acetonitrile 73% CH,CN* 2.3E-2,8.9E-3 77% CN~ 3.6E-2, 1.1E-2

27% CHCN* 24E-2,9.1E-3 23% CHCN™ 24E-2,9.1E-3

Note: We present two different values of A; for organic solvents: Nernst—Einstein equation, combined with Scheibel’s empirical relation (left-hand column) and

Stokes’s law with estimated ion size (right-hand column).

additive method [36].> Given information of the diffusivity,
we then estimate the molar conductivity of each ion using the
Nernst—Einstein equation [30],

zieF

A;
kT

D;. (13)
Table 2 summarizes the molar conductivities of all the individual
ions. In order to apply these values to Eq. (6), we approximate
x; as the ion abundance fraction from mass spectrometry data.

The second approach of estimating the molar conductivity
of each ion is to estimate the characteristic ion radius using the
empirical relation [37],

ri = 0.72 x 107103173, (14)

This relation was originally developed for (typically uncharged)
liquid molecules but we hypothesize that it should yield an
appropriate order of magnitude for ion length scales. Substi-
tuting r into Stokes’s law [37], we obtain

zi F?

= —. 15
! (AN S as)

Table 2 shows a summary of the results from these two methods;
both yield similar estimates for fand g.

We can now estimate the flow rate per power pumping of var-
ious solvents, using the parameters listed in Tables 1 and 2. For
negligible pressure loads, flow rate per power scales with applied
voltage as follows: Q/P = Omax/Imax Vapp = — €48/ 140 00 Vapp (€.2.,
see the experimental data in Fig. 5). In the more general case

Here, we explicitly retain pressure load Ap and flow rate as
these are often design parameters of interest. Fig. 1 shows Q/P
from Eq. (16) for sodium borate buffer (I mM sodium con-
centration), DI water, methanol and acetone. For these plots,
we calculate the molar conductivity of methanol and acetone
using the first approach (Nernst-Einstein equation combined
with Scheibel’s empirical formula). We used measured values
of conductivity to predict the electromigration component of
current (i.e., we measure 0, directly) [1]. We here show a plot
of dimensional Q/P versus (dimensional) pressure load, with
flow rate and solvent type as parameters. This plot is most use-
ful in the practical design of an EO pump with a finite pressure
load; and in particular in choosing a solvent given a dimen-
sional pressure and flow rate requirement. The plot shows data
sets for two example design flow rates of 0.002 and 2 ml/min.
(Note Q is the expected flow rate for a coupled pump and load
system and not the maximum achievable pump flow rate.) For
each set of curves, applied voltage is varied so as to hold the
flow rate constant. For O =0.002 ml/min, the voltage ranges for
buffer, DI water, methanol and acetone are, respectively, 24-36,

CD
.
!
'

2 ml/min

|
o

== Buffer

@/P[ml/min/mW] — Pump

DI water .
with finite pressure loads, flow rate per power can be expressed - - =Methanol e
as follows: 107 Acetone 0.002 ml/mi N
0 0 1072 107! 10° 10
-~ . (16) Ap[kPa] - Load

P ooo(t/Y)L/ A/ f)(n/e)
x(Q + Ap(1/8)(¥/T)(1/)(A/ L))

3 Scheibel’s empirical formula was originally proposed for nonelectrolytes
and Le Bas’s additive method for pure liquids.

Fig. 1. Model prediction of EO pump performance for different solvents and
varying pump loads and flow rate. Geometry of porous glass materials is given
in Section 4 and the solvent properties are given in Tables 1 and 2. There are
two flow rate ranges fixed at 0.002 and 2 ml/min. The flow rate per power at
the minimal load is in the order of buffer, DI water, methanol and acetone. This
order changes as the voltage required for the flow rate constraint changes.
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39-62,55-110, 120-330 V. For Q =2 ml/min, the voltage ranges
for buffer, DI water, methanol and acetone are, respectively,
4.2-17,4.2-26, 4.2-56, 4.3-220 V. Fig. 1 highlights the impor-
tance of correctly matching a working liquid for a given load
and flow rate. At very low pump loads, 1 mM borate buffer,
DI water, methanol and acetone have increasingly higher flow
rate per power performance at either flow rate. However, the
optimal value of flow rate per pump power is a function of
pump load and flow rate. For example, pump loads of approx-
imately 0.1 kPa favor methanol over acetone for both of the
design flow rates. These Q/P crossovers by different working
electrolyte curves are a weak function of design flow rate (e.g.,
0.06 kPa for Q =0.002 ml/min and 0.07 kPa for Q =2 ml/min).
For greater than ~0.07 kPa loads, about three times higher volt-
age is required for acetone versus methanol in order to achieve
the required flow rate, resulting in higher power demands for
an acetone system. The curves for Q =0.002 ml/min condition
show the crossover favoring DI over methanol for loads greater
than 5 kPa. In the next section, we present an experimental val-
idation of this model, with an emphasis on high flow rate per
power pumping at minimal loads.

4. Experimental

In this section, we investigated the effects of the working
liquid chemistry on flow rate per power. We describe the experi-
mental setup used to measure the ionic conductivity and the zeta
potential as well as the structure of EO pumps and the exper-
imental setup used to characterize the pump performance. The
working liquids were DI water, heavy water (deuterium oxide),
methanol, acetone, acetonitrile and sodium borate buffer (1 mM
sodium concentration) as a reference. We did not use acetoni-
trile in our EO pump experiments as we were concerned with the
possible production of cyanide during electrolysis of acetonitrile
(CH3CN, methyl cyanide). Note that our ionic current values
and associated molar rates of acetonitrile electrolysis would
be orders of magnitude larger than in typical capillary-based
electrokinetic experiments.

4.1. Solvent chemistry

We purchased DI water (W2-20 deionized ultra-filtered
water) from Fisher Scientific (Hampton, NH, USA) and pre-
pared 1 mM buffer solution by dissolving sodium borate powder
(NapB4O7, J.T. Baker, Phillipsburg, NJ, USA) in DI water. We
used heavy water (99.96% atom D) from Sigma-Aldrich (St.
Louis, MO, USA). All of the organic solvents are of HPLC
grade also from Sigma—Aldrich with reported purity greater than
99.9%. In all the experiments, we use the solvents as delivered
to us without further purification.

Ionic conductivity for borate buffer, DI water and heavy
water was easily measured with a conductivity meter (Corn-
ing Pinnacle 542 pH/conductivity meter, Corning, NY, USA).
For the low conductivity solvents, such as methanol, acetone
and acetonitrile, we measured conductivity by measuring cur-
rentin a 100 wm diameter round capillary (VitroCom, Mountain
Lakes, NJ, USA). For the latter work, we begin each exper-

iment by flushing the solvent of interest for 30 min using a
vacuum pump. We then apply an electric potential to two plat-
inum electrodes immersed in the two channel end reservoirs.
We apply voltages of order 100V (for order 10 V/cm fields)
and measure the sourced current using a sourcemeter (Keithley
2410 1100 V Sourcemeter, Cleveland, OH, USA). We calculate
ionic conductivity from the current per applied voltage slope,
1/Vypp; measurements are well into the ohmic conduction regime
but with current densities such that Joule heating was negligi-
ble. Conductivity is then oo = (I/Vypp)(L/A), Where Vapp is the
applied potential, / the measured current and L and A are the
length and the cross-sectional area of the capillary, respectively.

As a basis of comparison, we performed microchip-based
electrokinetic injection experiments to measure the zeta poten-
tial. We used a cross-pattern borosilicate microchip with
isotropically etched microchannels (Micralyne PC-SC microflu-
idic chip, Edmonton, Alta., Canada). The chip material has a
similar glass composition as the porous glass frit (see below)
although such measurements should be interpreted as an approx-
imate predictor of zeta potential in the porous glass frit systems.
For zeta potential measurements, we initially evaluated the appli-
cability of the current monitoring technique described by Huang
etal. [38]. However, we found two major difficulties with apply-
ing this technique to pure solvents. First, the ionic current of pure
solvents was often prohibitively low (order of 1 nA at 1 kV with
acetone in a 10 cm long, 100 wm diameter capillary), giving a
low signal-to-noise ratio for the measurement. Secondly, this
method requires precise (small percentage) adjustments of elec-
trolyte conductivity but in a manner which is not expected to
change wall charge (and this issue is not well understood for
low conductivity solvents). We chose electrokinetic injection
experiments with a microfluidic chip and tracking of neutral
fluorescent dyes as a basis for electroosmotic mobility mea-
surements. This experimental procedure is described in, for
example, Jacobson and Ramsey [39]. The overall experimen-
tal setup for these experiments is the same as in Posner and
Santiago [40], except that we implemented some changes to the
voltage scheme. We visualized the EO flow in the chip using
an epifluorescent microscopy with a Rhodamine B, a neutral
fluorescent dye (Acros Orgaincs, Geel, Belgium).

4.2. EO pump experimental setup

We use borosilicate porous glass frits as the EO pumping
(Ultrafine, ROBU Glasfilter-Geraete GmbH, Hattert, Germany).
These frits have been characterized in Yao et al. [10]. The frit
used in this work was 4 cm in diameter and had an area-average
thickness of 4.78 mm. We measured the porosity as 0.20 by
weighing dry and wet samples using a microbalance (ACCU-
LAB, Newtown, PA, USA). We assume the tortuosity was 1.45,
a typical value for these ROBU ultrafine porous glass frits [10].
We estimated the pore radius a to be 0.68 wm using Eq. (9)
and experimentally determined maximum flow rate and maxi-
mum pressure with the buffer. There are other ways to estimate
a pore radius: These include measurement using a porosimeter,
analyses of scanning electron microscope (SEM) images, and
measurements of hydraulic resistance (using Darcy’s law). Brask
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Fig. 2. Schematic of the EO pump device. Pump housing is machined from
Teflon to allow flexibility in working liquids and fitted with a glass window. All
the components touching liquids are inert to strong solvents, such as acetone.
DC or AC voltages can be applied.

et al. compared the latter two with our method and recommended
the use of Eq. (9) for EO pump modeling [41].

Fig. 2 shows the schematic of the EO pump. The basic func-
tionality of this pump is similar to others used for aqueous
solutions [10], but we here used housing and sealing materials
compatible with strong solvents such as acetone. We fabri-
cated pump housings using poly-tetra-fluoro-thylene (PTFE)
and sealed these with ethylene propylene O-rings and a spe-
cial adhesive (3M 2216, St. Paul, MN, USA). To achieve a good
seal, the pump is compressed using machined aluminum sup-
ports with glass windows. All the components in contact with
working liquids were inert to strong solvents. The electrodes
were spiral wound platinum wires (approximately 10 cm), posi-
tioned about 1 mm from the frit. The 1.42 mm inner diameter
outlet tubes were PTFE.

Fig. 3 shows the experimental setup for flow rate and cur-
rent measurements. We drive the EO pump with low frequency
square wave voltage signals (0.02-0.1 Hz) that are generated
with a data acquisition (DAQ) card (National Instruments PCI-
6220, Austin, TX, USA) and amplified with a voltage amplifier
(Trek PZD350, Medina, NY, USA). This low frequency (near-
DC) forcing functions are convenient for long-term experiments
and allow us to incorporate, for example, controlled atmosphere

EO pump  Glass window

Teflon tubes
K|/ I

Liquid -
. . Nitrogen gas
( i 3 menisci ;
[ reservoir
Pressure transducer (for D,O only)

Fig. 3. Experimental setup for flow rate and current measurements. Liquid is
pumped using an AC field of low frequency. In the case of heavy water mea-
surements, outlet tubes were connected to a 250 cm> reservoir with a nitrogen
gas cap. For pressure measurements, one of the outlet tubes was connected to a
pressure transducer.

reservoir experiments (e.g., see Fig. 3). We connected the pump
outlet tubes to a 250 cm? reservoir filled with inert nitrogen gas
to prevent solvent evaporation and, more importantly, to prevent
long-term absorption of atmospheric gases (e.g., heavy water
is very hygroscopic). Since the frequency was quite low, we
expect roughly DC mode pumping after short-term transient
operation. We further discuss current transients and long-term
stability below.

We measured the flow rate by determining the time required
for the leading edge of an air bubble to travel a set distance along
one of the outlet tubes. We measured the current with the DAQ
card by measuring the voltage drop across a known resistor con-
nected to the pump in series. To measure the maximum pressure,
we sealed one end of tube with a pressure transducer (Omega
PX303-015G5V, Stamford, CT, USA), and collected the signal
with the DAQ card. New frits often show higher-than-expected
conductance values (we assume this is due to impurity ions des-
orbing from the material). To mitigate this, we first cleaned the
frits with DI water using combined pressure-driven and EO flows
for 24 h or more. In addition to this initial cleaning process, we
ran the EO pump with the solvent of interest for at least 4 min a
minimum of five times, before each set of experiments.

5. Results and discussion

In this section, we present measurements of ionic conductiv-
ity and zeta potential for all our working liquids, followed by
measurements of maximum flow rate, maximum pressure gen-
eration and maximum current for pure solvents. We compare
the experimental results with the analytical model and present
current transients data for low ion density liquids.

5.1. Measured solvent properties

The measured working electrolyte ionic conductivity values
are shown in Table 1.* Table 1 also shows Debye length estima-
tions based on the mass spectroscopy model described earlier
and zeta potential measurements for the borofloat microchan-
nels. As described in Section 3, we used two methods to estimate
the representative molar conductivity for cations and anions for
organic solvents and, accordingly, present two values for the
Debye length for methanol, acetone and acetonitrile. Again,
these pure solvent Debye length estimations should be taken as a
rough approximation. The Debye length estimation for DI water
is reasonably accurate as the measured pH of 5.2 is consistent
with the proton concentration estimated by the ionic conductiv-
ity measurement. The increasing order of the zeta potential in
our measurements coincides with that reported by Valko et al.
[18] as follows: acetone, acetonitrile, heavy water, methanol and

4 We included heavy water here as a test working liquid as the ion mobilities
of D* and OD~ are smaller than H* and OH~ [28]. However, we found that,
for both water and heavy water, conductivity is dominated by impurities and not
these inherent ions. As such, conductivity and EO performance is dominated by
purification and treatments such as deionization, distillation and their exposure
to atmospheric gases. We conclude that there is therefore no practical advantage
in using heavy water given the figures of merit explored here.
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water. However, the absolute values we measured are roughly
half of those in Valko et al. for all the pure solvents. We attribute
this discrepancy to the fact that our surface material is differ-
ent: we used borofloat microchips, while Valko et al. used fused
silica capillaries (all of which had different pre-experiment sur-
face treatments). Valko et al. also used a DI water injection plug
as a marker with an ultraviolet (UV) detection, while we used
a Rhodamine B dye of 1 uM concentration, an approximately
neutral marker. Further, although Valko et al. and our experi-
ments both used HPLC grade organic solvents, impurity ions in
these solvents may be different due to supplier variations and
experimental procedures.

5.2. EO pumping experiments

Fig. 4 summarizes our measurements of flow rate, current
and pressure for an applied voltage range from 10 to 100 V. For
acetone we applied larger voltages of 50-350V to obtain flow
rates commensurate with the other solvents. The flow rate, pres-
sure and current are a linear function of the applied voltage, as
expected. The error bars denote 95% confidence limits as per
the #-distribution. For flow rate and current, these were based on
the ensemble average of data in four realizations, while those
for pressure were based on the time average of data in a sin-
gle realization. Fig. 5 shows the flow rate normalized by pump
power. As a validation of the trend predicted by the model,
we show, with the measured data, predictions of plotted flow
rate per power, Omax/(VappImax) (solid curves). For this, we use
the maximum flow rate per current expression from Eq. (8),
with the product ¢g as a fitting parameter. The fit values for
¢g are —0.10, —0.042, —0.0067, —0.018 and —0.0042V for
buffer, heavy water, DI water, methanol and acetone, respec-
tively. These can be compared to the respective values of —0.060,
—0.040, —0.017, —0.030 and —0.0061 V determined from the
on-chip measurements of ¢ (a similar but clearly different sur-
face) and the model predictions of g. The curve shape closely
follows the expected Vagllj dependence and the independently
determined ¢g values are fairly close to the observed values.

Fig. 5 shows that acetone shows the best (negligible pres-
sure load) performance with more than ten times higher flow
rate per power than the buffer. The flow rate per power in the
increasing order is given as acetone, methanol, DI water, heavy
water and the buffer. This order is the same as for the model
prediction of flow rate per power with zero pump load, shown
in Fig. 1. Although not shown here, the pressure normalized by
power shows the same order as well. We estimated thermody-
namic efficiency using the measured Qmax, Imax and Appmax in
Eq. (10); the resulting values are 0.24,0.30,0.21,0.41 and 0.22%
for buffer, heavy water, DI water, methanol and acetone systems,
respectively. The increasing order of thermodynamic efficiency
for different solvents does not coincide with the order for flow
rate per power. That is, although low conductivity can lead to
significantly high values of flow rate per power, low ion density
also leads to relatively low values of hydraulic power output due
to finite EDL effects. Eq. (10) shows that the thermodynamic
efficiency depends linearly on the product of f and g, meaning
that finite EDL effects are more important on thermodynamic
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Fig. 4. Flow rate, current and pressure vs. applied voltage for all the working
liquids. Inset shows extended voltage range for acetone. The error bars for flow
rate and current were estimated from multiple realizations and those for pressure
were from time-averaging of single realizations.

efficiency than on flow rate per power. (Absolute optimization of
thermodynamic efficiency, a problem not explored here, would
entail variation of pore diameter.) Another point on thermody-
namic efficiency estimates is that these values are relatively low,
e.g., compared to 0.3% for buffer and 1.3% for DI water, max-
imum values reported by Yao et al. [10] and Zeng et al. [42],
respectively. This is most likely due to the relatively large pore
radius used here (efficiency scales as a2in Eq. (10)).

In Fig. 6, we compare the model predictions and experimen-
tal values for fand g, to validate our model as well as to confirm
finite EDL effects. We obtained empirical estimates of f and g
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Fig. 5. Flow rate per power for all the working liquids. Inset shows extended
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tions. The solid curves are trend predictions obtained using Eq. (8) with g as a
fitting parameter.

from f= —Omax TUL/W LAV etr and g = —(Omax/Imax) L0 oo/ (£0),
which are rearranged forms of Egs. (3) and (8), respectively.
For these estimates of fand g, we used the zeta potential values
from the on-chip injection experiment (as a completely inde-
pendent estimate), along with other solvent properties listed in
Table 1. The two approaches for fand g estimation described ear-
lier result in the data shown in Fig. 6a and b. Note that a” = a/
for pure solvents is different for the two approaches since the
Debye length estimates are different. The inset in Fig. 6a shows
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Fig. 6. Finite electric double effects expressed as fand g for all the working lig-
uids from the analytical model (open symbols) and the experiments (closed
symbols). (a) We used Nernst—Einstein equation, combined with Scheibel’s
empirical relation. (b) We applied Stokes’s law with estimated ion size. Inset
shows dimensionless numbers, f and g, against the pore radius relative to Debye
length. For this calculation we assumed parameters only for the buffer, so fand
g predictions for other liquids should be different, although trends are similar.

the trend for f and g in the buffer versus a". In Fig. 6, we con-
firm that the finite EDL effects become greater (fand g approach
zero) as the ion strength decreases (a* decreases). Both of the
experimental and model values show a trend similar to the plot
in the inset and agree reasonably well. However, the approxi-
mations used here do show some important discrepancies. Most
importantly, estimated fand g values for the borate buffer exceed
unity (which is unphysical). This discrepancy is mostly due to
the fact that zeta potential in the porous glass EO pumps is
most likely different than that of the borofloat microchips. Yao
et al. [10] reported approximately —100 mV zeta potential for
the same buffer and with similar frit materials. This value is
27% higher than the value from our on-chip experiments. This
difference in zeta potential values is shown in Table 1, where
we present zeta potential estimates from on-chip data and from
the frit experiments (and Egs. (2) and (3)). (We estimate these
values in a self-consistent fashion, i.e., satisfying Eq. (2) for f
and Eq. (3) for experimental Qnax, simultaneously.) As shown
in Table 1, the zeta potential from two methods can be different
(up to ~50% for acetone).

Despite the discrepancies, the model is useful in explaining
trends in applied voltage and differences across working liquids.
For example, Omax/Vapp values (e.g., slopes of curves in Fig. 4a)
for each solvent are roughly in increasing order of their EO
mobility as predicted from the borosilicate chip system mea-
surements (see Table 1), except for acetone. For acetone, EO
mobility is similar to that of the buffer but the maximum flow
rate with acetone is significantly smaller than with the buffer.
This large deficit of flow rate is qualitatively captured by model
through the factor £ (0.97 for the buffer and 0.23 for acetone).

5.3. Transient effects

We found that pumps with low ion density working lig-
uids demonstrate strong current start-up transients. Fig. 7 shows
current transients for all the liquids we used with an applied volt-
age of 50 V. Fig. 8 shows the normalized results for DI water,
methanol and acetone. Current is normalized simply using the
minimum, Ipi,, maximum, I,x, and measured current levels.
Upon application of a potential, pump current quickly rises to a
maximum value and gradually decreases to a steady state. Each
curve is labeled with its best-fit first order exponential relaxation
time constants.’

We hypothesize that the (short-term) current transients can
be represented as a simple equivalent RC circuit. The resistance
value R is dominated by the ohmic character of these liquids.
We attribute the capacitance C to polarization of at least a subset
of ions in the system. We hypothesize that there are ion species
that participate in electrode reactions and ion species that do not.
Upon application of electric potential across an EO pump (or an

5 In separate sets of 30 min experiments using buffer and DI water (not shown
here), we also observed up to ~20% “long-term” decreases in flow rate, and this
percent decrease was largest for the low ion density solvents. Although we did
not investigate long-term stability in this work, this is an important issue in EO
pump development and has been discussed in several recent papers [20,21,41].
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Fig. 7. Time evolution of pump currents with an applied voltage of 50V for all
the working liquids.

electrolytic cell, in general), the latter migrate and polarize the
system. The former (reacting species) account for the eventual
observed DC current and electroosmotic flow. Presumably, the
passive ion species accumulate near electrodes, forming capac-
itive layers of some thickness §. We can express the capacitance
(per unit area) as C=¢/§ and an RC circuit time scale as,

Tc = €Le/80c0, 7)

where 0 is the conductivity of the solution and L. is the dis-
tance between electrodes.

A recent paper by Bazant et al. [43] fairly generally treats the
problem of charge polarization in the absence of electrode reac-
tions. They studied the dynamics of diffuse charges in EDLs
by solving nonlinear Poisson—Nernst—Planck equations. Their
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Fig. 8. Time evolution of normalized pump currents with an applied voltage
of 50V for DI water, methanol and acetone. The error bars for flow rate and

current were estimated from multiple realizations. The characteristic exponential
relaxation time constants also are shown.

Table 3
Time scales for current transients: RC circuit time scale and first-order exponen-
tial relaxation time scale

Tc=¢6Le/A0 (8) T(Exp) (8)
Buffer 0.080 0.091
DI water 0.19 0.46
Methanol 0.14,0.19 1.6
Acetone 0.26, 0.58 2.3

Note: We estimate A and thus t¢ for methanol and acetone, using two approaches:
Scheibel’s empirical relation (left-hand column) and Stokes’s law with estimated
ion size (right-hand column).

model is for a two-component (one positive and one negative
ions) electrolyte system. For these systems, & coincides with
Debye length A, so that 7¢ = eLe/A0 (for nonreacting systems).
In our problem (which includes electrode reactions), we do not
know if § scales as A; however, we can use the ideas presented
by Bazant et al. in evaluating the observed trends in the start-
up current transients. Table 3 summarizes evaluations of the
ele/Ao time scale, and these are compared to the observed
ion current time scales. We use measured values of o4, and the
estimates of A described earlier. We approximate the distance
between electrodes for the EO pump as Le = L/7 + 2d, where
Lis the porous glass thickness, t the tortuosity (to account for the
effective path length of ions) and d is the distance between each
electrode and the surfaces of the pump. For buffer and water,
we see that the observed timescales are on the same order as
eLe/Ao~. For methanol and acetone, the observed timescales
are about an order of magnitude higher than eL¢/Ao . This dis-
parity between the aqueous solutions and the organic solvents
may contain information regarding the relative content of react-
ing and nonreacting ions in the system; but it is difficult to make
any conclusions. Clearly, a quantitative model for charge polar-
ization in the presence of strong electrolytic reactions is needed
to evaluate this issue. As Bazant et al. [43] and Norton et al. [44]
point out, however, this complex process is an open problem
in electrochemistry. The physics behind these current transients
remains an open problem and the role of polarization layers (e.g.,
by passive ionic species) is an interesting topic for future work.

6. Conclusions

We present an analytical model for EO pumping of low ion
density solvents, including organic solvents. The model requires
a number of assumptions to estimate ion identity and electrical
double layer structure. The model is useful in predicting trends
across low conductivity working electrolytes and serves as a
basis for system designer optimization. For significant pump
loads, the model shows that the optimum value of flow rate
per power depends on the specific pump flow rate and pressure
load. For example, at Q =2 ml/min, methanol provides higher
flow rate per power than acetone for pump loads greater than
0.07 kPa (and lower flow rate per power for smaller loads).

We perform a set of experiments that confirm predicted trends
of key figures of merit with varying voltage and also highlight
the importance of key parameters including conductivity and
double layer thickness relative to pump pore diameter. For neg-
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ligible pump loads, we found that flow rate per power is in the
decreasing order of acetone, methanol, heavy water, DI water
and borate buffer (1 mM sodium concentration), in accordance
with the model. Measured flow rate, current and pressure clearly
demonstrate finite EDL effects, especially for low ion density
liquids. For example, acetone shows about the same EO mobility
as buffer, but significantly lower maximum flow rate due to its
thick EDL. The finite EDL effects are captured by the predicted
values of fand g.

We found strong (short-term) current transients with low ion
density liquids. We hypothesize that these may be due to capac-
itive charge layers near electrodes. Interesting future work in
the area of electroosmotic pump development includes develop-
ing models for these current transients and practical studies of
long-term pump performance.
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