
1 23

Microfluidics and Nanofluidics
 
ISSN 1613-4982
Volume 15
Number 3
 
Microfluid Nanofluid (2013) 15:361-376
DOI 10.1007/s10404-013-1153-5

Streaming currents in microfluidics with
integrated polarizable electrodes

D. C. Martins, V. Chu, D. M. F. Prazeres
& J. P. Conde



1 23

Your article is protected by copyright and

all rights are held exclusively by Springer-

Verlag Berlin Heidelberg. This e-offprint is

for personal use only and shall not be self-

archived in electronic repositories. If you wish

to self-archive your article, please use the

accepted manuscript version for posting on

your own website. You may further deposit

the accepted manuscript version in any

repository, provided it is only made publicly

available 12 months after official publication

or later and provided acknowledgement is

given to the original source of publication

and a link is inserted to the published article

on Springer's website. The link must be

accompanied by the following text: "The final

publication is available at link.springer.com”.



RESEARCH PAPER

Streaming currents in microfluidics with integrated polarizable
electrodes

D. C. Martins • V. Chu • D. M. F. Prazeres •

J. P. Conde

Received: 13 September 2012 / Accepted: 11 February 2013 / Published online: 28 February 2013

� Springer-Verlag Berlin Heidelberg 2013

Abstract A surface in contact with an aqueous solution is

electrically characterized by the zeta potential. One way of

determining indirectly the zeta potential of a surface is by

measuring the streaming currents generated by a Poiseuille

flow through a capillary channel with charged walls. We

report measurements of streaming current in individual

rectangular glass/PDMS microchannels with integrated

miniaturized electrodes. Experiments performed using

solutions with different salt concentrations and different

electrode materials showed that the measured electrical

current depends on the electrode material and in general

differs from the real value of the streaming current. To

determine the streaming current from the experimental

data, an equivalent circuit model is proposed. The extracted

value of the streaming current is proportional to the flow

rate of electrolyte and the calculated glass/PDMS zeta

potential scales linearly with the logarithm of the salt

concentration. This work offers a thorough analysis of the

effects that come into play during streaming current mea-

surements and, in particular, it describes potential sources

of error that can affect the streaming current measurements

and suggestions on how to correct the measured values.

Keywords Streaming current � Polarizable electrodes �
Microfluidics � Electrical double layer � Equivalent

electrical circuit model

1 Introduction

In a microfluidic channel, an electrical current resulting from

the convective transport of ionic charges in the electrical

double layer (EDL) is referred to as the streaming current.

Measurement of the streaming current is a sensitive method to

characterize interfacial electrical properties, such as the zeta

potential or the surface charge density, of the microchannel

walls (Delgado et al. 2005). Besides providing information

about the interfaces of bare microfluidic substrates materials,

like glass, silicon (Kirby and Hasselbrink 2004a), and poly-

mers (Kirby and Hasselbrink 2004b), the analysis of the

interfacial electrical properties has also been exploited to

achieve label-free detection of DNA immobilization (Ueda

et al. 2002) and hybridization (Martins et al. 2011). Another

streaming current application worth mentioning, despite the

low efficiencies so far demonstrated, is in the conversion of

mechanical to electrical energy (Duffin and Saykally 2008;

Olthuis et al. 2005; van der Heyden et al. 2007).

Streaming currents, produced by mechanically induced

fluid flow in a microchannel, can be measured via two elec-

trodes placed at each end of the microchannel (Delgado et al.

2005). Ideally, the measured current drawn through this low

resistance external electrical circuit connecting the electrodes

should be equal to the streaming current. Models that describe

the streaming currents in microfluidics have been presented in

literature; however, they focus on the electrokinetic phe-

nomenon while neglecting sensing elements in the external

circuit such as the influence of the electrodes (Chang and Yang

2010; Daiguji et al. 2004; Mansouri et al. 2007; Renaud et al.
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2004). In these models, the chemical reactions at the elec-

trodes and the external electric circuit are not explicitly con-

sidered, and therefore, the polarization at electrodes is

completely neglected. By isolating these two important

elements that come into play during the measurements

(the electrokinetic phenomena and the external circuit), the

hypothesis is that the measured current is independent of the

electrodes. This is, in general, not the case and only under very

particular experimental conditions do the electrodes not limit

the measured current. Many researchers avoid the limiting

effects of electrode polarization using macro-sized Ag/AgCl

electrodes (Chun et al. 2006; Morikawa et al. 2011; Olthuis

et al. 2005; Ueda et al. 2002; van der Heyden et al. 2005).

These electrodes, in the form of large wires, are not desirable

in microfluidic, lab-on-chip applications due to the difficulty

of integrating them into the miniaturized systems. Their

miniaturized counterparts, thin film Ag/AgCl electrodes, are

not easily fabricated (Shinwari et al. 2010) and often exhibit

poor stability and very limited lifetimes, which are attributed

to the rapid dissolution of the thin layer of AgCl (Simonis et al.

2004; Suzuki et al. 1998, 1999). It is thus desirable to have a

general model for the physical system under study comprising

the convective flow of an electrolyte in the microchannel, the

electrodes, and the ammeter used to acquire the current

measurement. Such a model should accommodate all the

phenomena occurring at every component to accurately

explain and predict the divergences between the measured

current and true streaming current under any experimental

conditions, in particular when polarizable and/or miniaturized

electrodes are used.

In this study, we propose an equivalent electrical circuit

model that can describe the experimentally measured cur-

rent under general conditions (electrode material, solution

conductivity and convective flow in microfluidics. The

model was validated by fitting to measured currents when

different electrode materials and solution with different

ionic strengths were used. The value of the streaming cur-

rent determined using the proposed model follows the the-

oretical linear trend with flow rate Q and the extrapolated

microchannel zeta potential (f) varied linearly with the

logarithm of electrolyte KCl concentration. The contribu-

tion of this model is twofold: it explains how each of the

components of the system affects the measurement of the

streaming current; it allows predictions about the system

behavior given a particular set of experimental conditions.

2 Theoretical description

2.1 Origin of glass surface charge

The isoelectric point (pI) of glass is at approximately

pH 3 (Carré et al. 2003). Therefore, a glass surface

acquires an overall negative or positive surface charge

when in contact with aqueous solution of pH [ pI or

pH \ pI, respectively. The formation of this charged

layer on glass is spontaneous and is mainly due to the

protonation and deprotonation of silanol groups, SiOH

(Behrens and Grier 2001). The density of negative SiO-

groups on a glass surface increases with increasing pH

of the solution and decreases with increasing salt con-

centration due to the adsorption of counterions from an

electrolyte onto the solid surface (Kirby and Hasselbrink

2004a).

2.2 Electrical double layer

The electrical double layer (EDL) refers to the two charged

layers present at the solid–liquid interface, consisting of the

surface charge and the excess layer of counterions

(Fig. 1b) (Bockris et al. 2002). The EDL arises naturally

from the requirement that the surface charge needs to be

screened by the counterions in solution to fulfill the prin-

ciple of electroneutrality. Therefore, the net ionic charge in

solution is equal in magnitude to the net surface charge, but

has the opposite polarity. The layer in solution, next to the

charged layer, consists of two layers: the Stern layer and

the diffusive layer. In the Stern layer, the counterions are

tightly bound to the surface by coulomb forces, whereas in

the diffusive layer, which extends much farther away from

the surface, an excess of mobile counterions is under the

combined influence of electrical attraction and thermal

motion. As a result, the ions in the diffuse layer are rela-

tively loose and can move under the influence of tangential

stresses. The electrical potential in the EDL has a maxi-

mum value at the solid interface, decreases linearly

through the Stern layer, and then decays exponentially in

the diffusive layer, asymptotically reaching zero in the

bulk of the electrolyte. The imaginary plane separating the

Stern layer and diffusive layer is called the slipping plane,

and the potential at this plane is referred to as the zeta (f)

potential. The Debye length, kD, is the characteristic

thickness of the EDL and is defined as the distance from

the charged surface to the imaginary plane at which the

electrical potential is equal to f/e, with e being Euler’s

number (Fig. 1b). It is usually considered that the ions

lying inside the volume limited by the Debye length are

under the influence of the surface and those outside are

screened. Nevertheless, one should bear in mind that the

region with an excess of counterions extends to a distance

of approximately 3kD (where the electric potential is 5 %

of f). The EDL theory for a flat surface and a symmetrical

electrolyte is usually referred to as the Gouy–Chapman

theory (Chapman 1913; Gouy 1910). According to that

theory, for a monovalent symmetrical electrolyte, kD is

given by (Butt et al. 2006)
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kD ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

e0erKBT

2000ðNAeÞ2C
;

s

ð1Þ

where e0 is the permittivity of free space, er is the dielectric

constant of the electrolyte, KB is the Boltzmann constant,

T is the absolute temperature, e the elementary charge, NA

is the Avogadro number and C is the bulk molar concen-

tration. Equation (1) shows that kD is dependent inversely

on the square-root of the ionic concentration.

For the practical purpose of estimating the surface

charge density, the surface potential ws is commonly

approximated as the f potential. The Grahame equation is

used to convert f into the surface charge density r (Butt

et al. 2006):

r ¼ 2e0erKBTk�1
D

e
sinh

ef
2KBT

� �

: ð2Þ

2.3 Streaming current

The convective flow of an electrolyte solution in a micro-

channel with charged walls generates streaming currents

(Norde 2003). This electrokinetic phenomenon corresponds

to the hydrodynamically induced flow of ions in the dif-

fusive layer along the flow direction (Fig. 1a).

Mathematically, the streaming current IS is given by the

product of the charge density, q(x, y), and the local velocity

of the fluid, v(x, y), integrated over the cross section of the

channel (Chun et al. 2006):

IS ¼
Z

w

0

Z

h=2

�h=2

qðx; yÞvðx; yÞ dydx; ð3Þ

where w and h are the microchannel width and height,

respectively. If we ignore the sidewall effects (since

w � h), treat the flow and the charge density profiles as

uniform over the width of the channel, then Eq. (3)

simplifies to

IS ¼ w

Z

h=2

�h=2

qðyÞvðyÞ dy: ð4Þ

It is possible to further develop Eq. (4) and to relate IS

with f by considering that the velocity distribution is

described by a Poiseuille flow subjected to a non-slip

boundary condition at the walls and that the charge density

is described by the Boltzmann equation (Levine et al.

1975). From these considerations, one obtains

IS ¼
e0er

l

� �

A

L

� �

fDPð1� GÞ; ð5Þ

where G is the ratio of the mean potential across the

channels to its maximum value f and is defined by

G �
2
R h=2

0
wdy

hf
: ð6Þ

In the above equations, A is the cross-sectional area of

the channel (w 9 h), L the length, l the solution viscosity,

DP the pressure gradient across the channel, and w the

electrostatic potential.

In general, for microchannels h/2kD � 1 (i.e., the

double layer is thin compared to the channel height), hence

G & 0 (Levine et al. 1975), which implies that Eq. (5)

reduces to

IS ¼
e0 er

l

� �

A

L

� �

f DP: ð7Þ

Equation (7) suggests that f can be calculated from the

slope of the pressure–current line. For a Poiseuille flow in a

rectangular microchannel (h \ w), Q is related to DP by

(Bruss 2009)

DP ¼ 12lLQ

h3w
1� 0:63

h

w

� ��1

: ð8Þ

Fig. 1 Streaming current in a microchannel. a Schematic of the flow

of a pressure driven electrolyte through a microchannel (h * 20 lm)

with a negative surface charge. b EDL representation next to the

negative microchannel surface charge. The plots on the right illustrate

the decay of electric potential w and the concentration C of the ionic

species as a function of the distance d from the surface
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Thus, Eq. (7) can be rewritten as

IS ¼ e0er

h2

12
1� 0:63

h

w

� �� ��1

fQ: ð9Þ

2.4 Metal electrode–electrolyte transfer curve

In the absence of an applied potential Vapp, the electrode–

electrolyte interface is at equilibrium and there is a con-

stant flow of charges across this interface, but with zero net

current. The net current density at the electrode is defined

as the difference between the cathodic and anodic contri-

butions (resultant from redox processes at the electrode). In

equilibrium, there is no net current at the electrode, hence

the anodic and cathodic current densities have the same

absolute value j0, usually termed exchange current density

(Bockris et al. 2002). The value of j0 reflects the intrinsic

rates of electron transfer between the analyte and the

electrode. This parameter depends not only on the material

properties of the electrode but also on the nature of the

electroactive species in solution.

The equilibrium current j0 can be unbalanced by the

application of an external voltage that shifts the metal from

its equilibrium potential Veq by g (Vapp : Veq ? g),

known as the overpotential. The dependence of the current

density jF on the electrode overpotential g for redox reac-

tions occurring at the electrode surface is described by the

Butler–Volmer equation (Bard and Faulkner 2001):

jF ¼ j0 exp
ð1� aÞ n F

R T
g

� �

� exp � a n F

R T
g

� �� �

: ð10Þ

In Eq. (10), a is the symmetry factor that reflects the

energy barrier differences between the oxidation and

reduction reactions, n the number of electrons involved

in the electrode reaction, F the Faraday constant, R the

universal gas constant, and T the temperature. The jF–g
curve is shown in Fig. 2. For small overpotentials, Eq. (10)

can be linearized and approximated by

jF ¼
j0nF

RT

� �

g: ð11Þ

This equation states that, for low overpotentials, the

electrode behaves like a resistor (ohmic contact). On the

other hand, for high overpotentials, Eq. (10) can be reduced

to the non-linear Tafel equation:

jF ¼ j0 exp
ð1� aÞnF

RT
g

� �

: ð12Þ

In this regime of high overpotentials, the electrode

displays a non-ohmic diode-like behavior. Both

approximations are shown graphically in Fig. 2.

The exchange current density j0 determines the magnitude

of the overpotential required to obtain appreciable current

densities. Hence care should be taken when choosing the

electrode material because j0 is strongly material dependent.

In non-polarizable electrodes, like Ag/AgCl, the exchange

current density is very high (j0 ? ?) (Bard and Faulkner

2001) and no substantial overpotential develops at the

interface even when a significant current density flows across

the electrode. In contrast, polarizable electrodes made, for

example, of mercury, are characterized by a very small

exchange current density (j0 ? 0) and the electrochemical

reactions are so sluggish that no appreciable current ever

flows through the electrode (Bard and Faulkner 2001).

2.5 Electrodes in streaming current measurements

The basic setup for a streaming current measurement is

the following: a microchannel through which an electro-

lyte flows, electrodes located near the entrance and exit

of the microchannel, and an external electrical circuit

connected to the electrodes to measure the current.

Streaming current measurements are conducted by con-

necting the two electrodes to a very low internal

impedance ammeter. In a streaming current experiment

the counterions are constantly being pumped into the

downstream reservoir and depleted in the upstream res-

ervoir (Fig. 3). During neutralization process of the

charge gradient buildup between the reservoirs, two

phenomena take place in the system: a faradic current

that flows through the electrodes and low impedance

external circuit, originated by electrochemical reactions

(described by the Butler–Volmer equation, Eq. 10) at the

electrode surfaces and an ionic conduction current which

flows along the microchannel in the opposite direction of

the streaming current due to the induced electric field in

solution acting on the ions inside the microchannel

(Fig. 3) (Hasselbrink et al. 2001).

Fig. 2 Butler–Volmer relationship between current density jF and

overpotential g (solid line). This fundamental relationship is approx-

imately linear (dash-dot line) at low g (ohmic regime) and exponen-

tial (dashed line) for high g (Tafel regime). The y-intersection of the

Tafel approximation gives the current exchange density j0
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For charge conservation, the streaming current must be

equal to the sum of these two currents. The value of the

faradic current, measured by the ammeter, is proportional

to j0 (Eq. 10) and the conduction current magnitude is

inversely proportional to the electrical resistance of the

electrolyte inside the microchannel. Ag/AgCl standard

electrodes have a very high j0 (j0 ? ?), hence any

imbalance of charge between the microchannel reservoirs

instantly induces redox reactions at the electrodes, keeping

the solution in the reservoirs neutral (i.e., there will be no

electric field across the microchannel). Consequently, these

electrodes are most desirable since the negligible conduc-

tion current implies, by charge conservation, that the

faradic current balances perfectly the streaming current.

The opposite case occurs when streaming current mea-

surements are affected by electrode polarization. Perfectly

polarizable electrodes have a very low exchange current

density (j0 ? 0). Under these circumstances, the conduc-

tion current dominates over the faradic current and thus

charge conservation requires the faradic current to be much

smaller than the streaming current.

The two extreme cases presented above can be described

with the aid of a simple DC equivalent electrical circuit

model (Fig. 4) (adapted from Hasselbrink et al. 2001;

Kirby and Hasselbrink 2004a). Assuming steady state

conditions, the streaming current IS is modeled by a DC

current source, the electrolyte-filled channel by a resistor

Rch, and each electrode DE, described by Eq. (10), which is

mathematically identical to the non-linear j–g response of

two diodes in parallel with opposite polarities.

The node i represents the inlet and the node o, the outlet

of the microchannel. Charge conservation requires that the

sum of the currents at each node be zero, hence

Iext þ IC ¼ IS: ð13Þ

In Eq. (13), Iext is the current measured by the ammeter

that matches the faradic current IF = jFAE (where AE is the

electrode area) that flows across the electrodes. IC is the

conduction current that flows inside the microchannel.

Non-polarizable electrodes, like Ag/AgCl, are best sui-

ted for streaming current measurements, while highly

polarizable electrodes, like mercury, are undesirable. If the

electrode is non-polarizable, a typical transfer curve is

shown in Fig. 5a (solid line). For any value of DV = Vo - Vi

between the inlet and outlet reservoirs, Iext � IC (Fig. 5a)

which, according to Eq. (13), implies that Iext & IS. For

polarizable electrodes Iext � IC, and thus Eq. (13) results

in Iext � IS (Fig. 5b), and the measured current is not a

good measure of the streaming current.

The discussion above emphasizes the critical relevance

of the electrode characteristics in achieving accurate

streaming current measurements. Therefore, the electrode

behavior should, in general, be taken into account in the

model of the experimental system.

Fig. 3 Schematic explaining the origin of the faradic current IF and

the conduction current IC. The streaming current IS (dotted lines)

injects counterions (plus) into the outlet reservoir, establishing a

voltage gradient between the inlet and outlet of the microchannel.

This voltage gradient is responsible for creating a conduction current

IC (dashed lines) through the microchannel and a faradic current IF

through the electrodes and external circuit

Fig. 4 DC equivalent electrical circuit model describing the

streaming current measurement under steady state conditions. The

electrolyte flow from the inlet (i) to the outlet (o) produces a

streaming current IS. This current, in turn, creates a conduction

current IC passing through Rch and a faradic current IF flowing

through the electrodes DE that matches the current Iext measured by

the ammeter

Fig. 5 Schematic transfer curves of the components making up the

DC equivalent circuit (Fig. 3). a Transfer curves in the case of

measurements made with non-polarizable electrodes. These elec-

trodes do not affect the measurement and hence Iext & IS. b Transfer

curves in the case of measurements made with highly polarized

electrodes. In this case, the measured current Iext differs significantly

from the value of the streaming current IS
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2.6 General equivalent electrical circuit model

of the microfluidic system

An extension of the simple DC equivalent electrical circuit

model described in the previous section is shown in Fig. 6.

This circuit model is divided in two parts depending on

whether the charge carriers are electrons or ions. In the

microchannel, the charge carriers are ions and in the

external electrical circuit, the charge carriers are electrons.

The electrode surfaces are the interfaces between these two

parts.

This equivalent circuit is more complex than that shown

in Fig. 4 because it integrates capacitive elements associ-

ated with polarization effects occurring at the electrodes in

the reservoirs. The streaming current flowing in the

microchannel is modeled by a current source IS as before.

The streaming current creates an accumulation of charge at

the entrance and exit of the microchannel and this charging

process can be described by the addition of a capacitor Cch

in parallel with the current source (Mansouri et al. 2007).

The streaming current charges the capacitor and a potential

difference DV develops across the microchannel. The

conduction current IC resulting from this potential differ-

ence is given by (Hasselbrink et al. 2001)

IC ¼
DV

Rch

: ð14Þ

IC flows inside the microchannel and its ohmic behavior

is added to the model by considering the electrical

resistance of the microchannel Rch in parallel with Cch.

The electrodes placed in the two reservoirs and in contact

with the electrolyte are modeled by two parallel, oppositely

polarized, diodes DE in parallel with a capacitor CE. The

parallel diodes DE are used to model the charge transfer at

the electrodes and thus have a transfer curve that follows

the Butler–Volmer equation (Eq. 10). The capacitor CE

mimics the charge accumulation near the surface of the

electrodes. The two electrodes are connected to an external

load RL. RL represents the impedance of the ammeter

(RL ? 0) used to measure the current that flows in the

external circuit.

3 Experimental procedures

3.1 Electrolyte solutions

The experiments were performed in deionized (DI) water

and for electrolyte concentrations of 10-4, 10-3 and

10-2 M KCl. All KCl solutions were prepared by

sequential dilution of a 1 M KCl stock solution with DI

water (18 MX cm). The electrical conductivity of DI

water, once in contact with the atmosphere, increased to

0.8 lS cm-1 and its pH decreased to approximately 5.5,

which indicates a dominant content of H? and HCO3
-

([H?] = [HCO3
-] & 3 9 10-6 M) from the dissolution

of atmospheric CO2 (Persat et al. 2009). For this ionic

content, a kD & 200 nm is estimated for aerated DI water.

All experiments were conducted at a constant temperature

of 24 �C.

3.2 Microfluidic device fabrication

Polydimethylsiloxane (PDMS) microchannels sealed to a

glass substrate with integrated TiW electrodes were fabri-

cated (Fig. 7). The circular TiW (300 nm thick) electrodes

had a diameter of 1.5 mm. PDMS microchannels with

typical dimensions of height h = 20 lm, width

w = 200 lm, and length L = 4 mm were fabricated by

soft lithography using an SU-8 mold. Inlet and outlet holes

were manually punched through the PDMS at the ends of

the microchannel. The PDMS was then oxidized by UV/

Ozone exposure (UVO cleaner 144AX, Jelight Company

Inc.). Immediately after the oxidation step, the holes in the

PDMS were aligned with the electrodes and the micro-

channel was sealed against the glass applying uniform

pressure. Irreversible bonding between PDMS and glass

was achieved after baking at 80 �C on a hot plate. PTFE

tubes were inserted in both the inlet and outlet holes to

allow injection of the solution using a syringe pump.

3.3 Streaming current measurements

Streaming currents were measured for different flow rates

Q. The flow rate had been previously calibrated with a

nano flow sensor (Upchurch Scientific�). The microfluidic

device was connected by PTFE tubes to a New Era 300

Fig. 6 General equivalent electrical circuit model for the streaming

current measurement. This model is more complex than the DC

model presented in Fig. 4 because it accounts for the charging effects

present in the system. Accumulation of charge at the reservoirs is

captured by the addition of a capacitor Cch in parallel with the

microchannel resistance Rch. The capacitor CE in parallel with DE

mimics the charge accumulation near the surface of the electrodes
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syringe pump. For data acquisition, a picoammeter

(Keithley 237 high-voltage source-measured unit) was

connected to the integrated electrodes and the current

acquired was monitored and recorded in a computer using a

Visual Basic program.

3.4 Microchannel electrical resistance

The electrical resistance of the microchannel Rch could be

estimated using the formula (Bard and Faulkner 2001):

Rch ¼
1

r

� �

L

A

� �

; ð15Þ

where r is the measured electrolyte conductivity, L the

length and A the cross-sectional area of the microchannel.

The conductivity of all solutions was experimentally

measured (conductimeter L17, Bishof messgeräte) and the

Rch calculated.

4 Results and discussion

4.1 Characterization of TiW and Au electrodes

For a macroscale electrical characterization of the charge

transfer between electrolyte and electrodes, the method of

current interruption/injection was applied (Geddes and

Roeder 2001; Mayer et al. 1992; Yuan et al. 2010). A

rectangular PMMA reservoir (w = 2.5 cm, h = 1 cm,

L = 8 cm) with uncovered top was used and the metal

electrode, either Au or TiW, were sputtered onto a 1-in. by

1 in. glass substrate. After fixing the two electrodes to

opposite ends of the reservoir, separated by a distance L,

the reservoir was filled with DI water. Then both electrodes

were connected to a Keithley 224 programmable DC cur-

rent source. A constant current was applied between the

electrodes and the voltage was measured (Fig. 8) with an

Agilent 34405A digital multimeter (in voltmeter mode the

internal resistance is 10 GX). Measurements were per-

formed to obtain the jF–g relationship for electrodes made

of different materials. The setup described is schematically

represented in Fig. 8 together with an equivalent electrical

circuit. RS is the resistance of the solution between the

electrodes; DE is the circuit element modeling the charge

transfer occurring at the electrodes; CEDL is the EDL

capacitance; Iapp is the current applied to the circuit.

To characterize the electrode materials, successive cur-

rent steps, DI, were applied and the voltage between the

electrodes, VM, was simultaneously measured (Fig. 9).

Once the current step DI is applied, VM jumps abruptly

from zero to DIRS (voltage drop across solution) because

initially the current DI only passes through RS. The solution

capacity CS = 2.1 pF given by

Fig. 7 Schematic of the PDMS/glass microchannel with integrated

electrodes. A rectangular cross-section microchannel with dimensions

h = 20 lm, L = 4 mm, w = 200 lm was used in the experiments.

Deposited electrodes are aligned to the microchannel inlet and outlet

Fig. 8 Electrical circuit model used to simulate the overpotential g
as a function of the applied current density japp = Iapp/AE (AE is the

electrode area). A current source is used to impose a current Iapp

between the two planar parallel electrodes immersed in a solution and

the voltage VM is measured. With the help of the model shown, it is

possible to relate VM with g

Fig. 9 Response of the measured voltage VM to an applied current

step DI. When a current step DI is applied, the voltage increases

quickly to DIRS and then continues to increase but at a much slower

rate due to EDL charging. The voltage VM then reaches a plateau

value that can be used to determine the electrode overpotential

g(t = t2). The DI–g(t = t2) curve corresponds to the experimental

transfer curve of the electrodes
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CS ¼ e0er

AE

L

� �

ð16Þ

has not been considered in the model circuit, in parallel

with RS (*1.5 MX), because its effect consists of

extending the initial voltage rise time to RSCS * 3.1 ls,

which is negligible compared to the response time of the

voltmeter of 0.5 s. The voltage then rises as the capacitors

CEDL are charged-up through both DE. As t approaches t2,

the capacitors are fully charged, VM reaches a steady state

value and all the applied current DI flows through DE. At t2,

if the current supply is interrupted, VM drops abruptly by

DIRS and then decays to zero exponentially as the capac-

itors CEDL are discharging.

To obtain the characteristic curve of the electrodes, the

faradic current density jF must be plotted versus the over-

potential g. The easiest way to do this is using the faradic

current density before the interruption jF(t = t2), which is

equal to DI/AE, and the associated overpotential g(t = t2).

g(t = t2) can be easily determined by recognizing, with the

help of the equivalent circuit model (Fig. 8), that

VM ¼ 2gþ IappRS; 8t) gðt ¼ t2Þ ¼
VM t ¼ t2ð Þ � DIRS

2
;

ð17Þ

where VM(t = t2) is the measured voltage immediately

before the current interruption. The values of jF(t = t2) and

g(t = t2) were calculated for different magnitudes of

applied current pulses DI. A fit to the experimental data jF–

g gives the Butler–Volmer equations that characterize the

TiW and Au electrodes.

A graph of log jF versus g is presented in Fig. 10 for

TiW and Au electrodes. Since most of the experimental

points for both electrodes follow the exponential trend,

these were chosen to perform an exponential fit to Eq. (12).

The fit to the data yielded parameters of the Butler–Volmer

equation (Eq. 10): j0 & 2.7 9 10-4 A m-2 and [(1 - a)n

F]/(RT) & 10.67 V-1 for TiW; j0 & 7.89 9 10-5 A m-2

and [(1 - a)nF]/(RT) & 11.1 V-1 for Au. Substituting

these values in Eq. (10), the Butler–Volmer equation for

TiW electrodes is

jF½A m�2� ¼ 2:7� 10�4½A m�2�½exp ð10:67 ½V�1�g½V�Þ
� exp ð�10:67 ½V�1�g½V�Þ�

ð18Þ

and for Au electrodes is

jF½A m�2� ¼ 7:89� 10�5½A m�2� ½exp ð11:1 ½V�1�g½V�Þ
� exp ð�11:1 ½V�1�g½V�Þ�:

ð19Þ
Equations (18) and (19) are plotted as solid lines in

Fig. 10. In both lines, it is possible to identify the linear

(Eq. 11) and exponential (Eq. 12) regime of the Butler–

Volmer equation. For these electrode materials, the tran-

sition from the ohmic to non-ohmic region occurs at

overpotentials of approximately 100 mV. This means that

the TiW and Au electrodes can be modeled by a simple

resistor for overpotentials up to 100 mV. The value of j0
found for Au is similar to the ones obtained by Najafi and

Wise (1986) (j0 = 2 9 10-5 A m-2) and by Wise and

Angell (1975) (j0 = 2.6 9 10-5 A m-2).

Based on the j0 values estimated for the electrodes, the

TiW electrodes are the better candidates for streaming

current measurements since they are less polarizable (i.e., a

smaller g develops for a given jF passing through the

electrodes).

4.2 Experimental circuit parameters

DC electrical components (i.e., resistors and parallel

diodes) of the model in Fig. 6 were determined indepen-

dently of the streaming current measurements. In the pre-

vious section, the nonlinear response of the electrodes

charge transfer was obtained (Eqs. 18, 19). The load

resistance RL corresponds to the input resistance of the

electronic measurement equipment. For streaming current

measurements, the ammeter used has negligible input

impedance (RL ? 0). The measured microchannel elec-

trical resistance for the different concentrations is shown in

Fig. 11.

At very low KCl concentrations, the resistance deviates

from the theoretical formula for KCl ionic solutions (solid

line in Fig. 11) given by (Bard and Faulkner 2001)

Rch ¼
L

1; 000AC
P

i kimi

; ð20Þ

Fig. 10 The current density-overpotential, log jF–g, plot for TiW and

Au electrodes in contact with DI water. For both materials, the

transition from the ohmic (linear regime, Eq. 11) to non-ohmic

(exponential regime, Eq. 12) region occurs at g * 100 mV
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where C is the molar concentration of the electrolyte

solution, ki and mi, are the molar electrical conductivity and

valency, respectively, of K? and Cl-. The decrease in the

resistance relative to the theoretical curve arises from an

increase of ionic concentration in solution due to the

equilibrium of protons from dissociated water with the

dissolved CO2. This phenomenon is only significant at KCl

concentrations lower than about 10-4.5 M KCl.

The microchannel capacitance Cch behaves like a par-

allel plate capacitor (Mansouri et al. 2007) and hence the

capacitance is solely a function of channel geometry and

solution permittivity. The microchannel capacitance Cch is

given by

Cch ¼ 3e0er

A

L

� �

: ð21Þ

For the device described in Fig. 6, Cch = 2.1 fF (water

permittivity er = 78.5 was used).

To obtain an estimate of CE (Fig. 6), one starts by

assuming that the electrodes are operating in the linear

regime (low overpotential). Equation (11), valid in this

regime, implies that DE can be approximated by a simple

resistor RE given by

RE �
g
IF

¼ g
jFAE

¼ RT

j0AEnF
; ð22Þ

where AE is the electrode area. For TiW and Au electrodes

with AE = 1.76 9 10-6 m2, Eq. (22) gives RE = 70 MX
and RE = 300 MX, respectively. For low overpotentials, the

circuit in Fig. 6 can be transformed in the equivalent circuit

shown in Fig. 12a. To calculate CE, one uses the

experimentally decay time constant obtained from a sudden

application of the streaming current step (IS = 0) that causes

all the capacitors in the circuit to charge. To calculate Iext

during the charging of the capacitors, we perform a circuit

analysis in the Laplace transform domain (s-domain). This

method provides an easier way of performing transient circuit

analysis since the equations in the s-domain rely on algebraic

manipulation rather than differential equations as in the time

domain. First, based on the time domain circuit (Fig. 12a) we

create an s-domain equivalent circuit (Fig. 12b) where it has

been assumed that initially all the capacitors were not charged

(i.e., initial condition DV(t = 0) = 0). When there is no

energy stored in any of the circuit components then for any

component LfVg ¼ ZLfIg, where LfVg and LfVg are the

Laplace transforms of voltage V and current I, and Z the

complex impedance of the component. In Fig. 12b, the node A

equation is

LfISg ¼ LfICg þ LfICchg þ LfIextg

¼ LfDVg
Rch

þ sCchLfDVg þ LfIextg; ð23Þ

where s represents the complex variable. The second

equality in Eq. (23) derives from the components

impedance: the resistor impedance ZR = R and the

capacitor impedance ZC = 1/(sC). Solving Eq. (23) for

LfDVg yields

LfDVg ¼ LfISg � LfIextg
sCch þ 1=Rch

: ð24Þ

Fig. 11 Microchannel electrical resistance for different KCl con-

centrations. The triangles represent the measured microchannel

resistance (dashed line connecting the data points is given as guide

to the eye) and the solid line, the theoretical microchannel resistance

that only accounts for the KCl concentration and neglects the impurity

ions resulting from the atmospheric CO2 dissolution in DI water

Fig. 12 Determination of the external current Iext after the sudden

streaming current IS step. a Simplification of the equivalent electrical

circuit in Fig. 6 for low overpotentials (i.e., g\ 100 mV). To

determine the transient response of the electrical equivalent circuit, a

circuit analysis in the Laplace transform domain (s-domain) is used.

b The s-domain equivalent circuit of the time domain circuit in (a).

The created s-domain equivalent circuit considers that the initial

conditions are zero (i.e., current and voltage are zero at every point of

the circuit). Application of Laplace transform to circuit analysis

avoids the need to solve differential equations and simplifies the work

to the algebraic manipulation of equations in the s-domain
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The node B (Fig. 12b) equation is given by

LfIextg ¼ LfIFg þ LfICEg
¼ ½sðCE=2Þ þ 1=ð2REÞ�LfDVg: ð25Þ

Substitution of Eq. (24) in Eq. (25) results in

LfIextg ¼ LfISg
s ðCE=2Þ þ 1=ð2REÞ

sðCch þ CE=2Þ þ ðRch þ 2REÞ=ðRch2REÞ

� �

:

ð26Þ

The function inside the square brackets in Eq. (26) is

the transfer function of the equivalent circuit in Fig. 12a.

The transfer function is defined as the s-domain ratio of

the Laplace transform of the output signal (which for the

present case is Iext) to the Laplace transform of the input

signal (which for the present case is IS). Since we are

looking for the circuit response Iext to the input step

function IS(t) = ISu-1(t) (where IS is the streaming

current magnitude and u-1 (t) the unit step function)

the current source in the s-domain LfISg can be

modeled as

LfISg ¼
IS

s
: ð27Þ

Therefore, for a streaming current step, Eq. (26) can be

rewritten as

LfIextg ¼ IS

s ðCE=2Þ þ 1=ð2REÞ
s s ðCch þ CE=2Þ þ ðRch þ 2REÞ=ðRch2REÞ½ � ;

ð28Þ

when expanded into partial fractions appears as

LfIextg ¼ IS

Rch

Rchþ 2RE

1

s

� �

þ CE=2

CchþCE=2
� Rch

Rchþ 2RE

� ��

� 1

sþðRchþ 2REÞ= Rch2REðCchþCE=2Þ½ �

� ��

:

ð29Þ

The exact expression of the measured current Iext is

found by taking the inverse Laplace transform of Eq. (29):

IextðtÞ ¼ IS

Rch

Rch þ 2RE

þ CE=2

Cch þ CE=2
� Rch

Rch þ 2RE

� ��

� expð�t=sÞg;
ð30Þ

where the time decay constant s is given by

s ¼ 2RERchðCch þ CE=2Þ
Rch þ 2RE

: ð31Þ

Therefore, to calculate CE, one needs to experimentally

determine the time constant s and to apply Eq. (31) (Cch in

Eq. 31 is estimated using Eq. 21). This method should provide

a good estimate of CE when the electrodes are not working very

far away from the linear regime (i.e., g\ 100 mV).

Equation (30) can be greatly simplified for the following

situations: when Rch � 2RE, Rch & 2RE, and Rch � 2RE.

Under the hypothesis that Rch � 2RE we get

IextðtÞ 	 IS

CE=2

Cch þ CE=2

� �

� exp ð�t=sÞ: ð32Þ

Given that the characteristic distance in Cch

(millimeters) and in CE should be of the order of kD (i.e.,

nanometers), it follows that CE � Cch. Thus, Eq. (32) can

be approximated to

IextðtÞ 	 IS � expð�t=sÞ; s 	 RchðCE=2Þ; ð33Þ

which shows that the Iext decays exponentially from IS

(when t = 0) to zero (t ? ?) with time, that is, capacitive

effects are observed. Conversely, if Rch � 2RE, then

Eq. (30) can be approximated by

IextðtÞ ¼ IS 1þ CE=2

Cch þ CE=2
� 1

� �

� expð�t=sÞ
� �

:

ð34Þ

The additional assumption CE � Cch simplifies Eq. (34)

furthermore and Iext is reduced to

IextðtÞ ¼ IS: ð35Þ

This last equation means that the measured current

matches with the streaming current and that the capacitive

effects are negligible. Hence, for this particular case

(Rch � 2RE), the capacitors in Fig. 6 do not need to be

considered and the simplified circuit in Fig. 4 can be used

to model the system. Between the previous two limiting

situations (Rch � 2RE and Rch � 2RE) lies the

intermediate condition of Rch being comparable to 2RE

(i.e., Rch & 2RE). In this case, considering also CE � Cch,

the measured current Iext is

IextðtÞ ¼ ðIS=2Þ þ ðIS=2Þ � exp ð�t=sÞ; s 	 REðCE=2Þ:
ð36Þ

This equation expresses that Iext is equal IS immediately

after the streaming current step is applied and then decays

exponentially to IS/2 with time. Note that for a fixed

microchannel geometry and electrodes as Rch decreases

(i.e., as KCl concentration is increased) with respect to RE

(assumed to be approximately independent of KCl

concentration), the decay time constant becomes shorter.

Figure 13 is a schematic representation of the predicted

measured current Iext for a streaming current step IS under

the three distinct conditions pointed out above: Rch � 2RE,

Rch & 2RE, and Rch � 2RE.

4.3 Model validation

The objective of the model described above was to extract

the value of the streaming current from the measured
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current in a microfluidic device. The circuit elements cal-

culated above were inserted in a LTspice IV simulator (a

SPICE simulator software), and linked according to the

electrical circuit model on which we run the transient

simulation (either circuit in Fig. 4 or 6). The streaming

current itself was the only unknown parameter in the

simulation and was evaluated by making successive gues-

ses of the streaming current, running the simulation and

then comparing the simulated external current with the

experimentally measured current, until a good match

between the two was achieved. This methodology, which is

described in detail in Fig. 14, was applied to determine the

streaming currents for different KCl electrolyte concen-

trations described below.

4.4 Current measurement with DI water and TiW

electrodes

Current measurements were carried out with DI water in

devices with TiW (Fig. 15) and Au electrodes for several

values of Q. The measured current was identical for both

electrode materials. The measured current in Fig. 15 has a

negative sign indicating that the f potential of the micro-

channel walls is negative (Eq. 9). In fact, at pH close to 6,

50 % of the silanol groups of glass are negatively charged

(Carré et al. 2003). An additional feature of the measured

current is that it is proportional to Q (Eq. 9). The periodic

fluctuations of the measured current result from the pul-

satile flow generated by the pumping mechanism of the

syringe pump.

When DI water is used, the exponential capacitive

effects are not evident in the measured current, which

suggests that that the capacitors in the circuit model of

Fig. 6 can be neglected and that the simplified electrical

circuit shown in Fig. 4 can be used. Simulation results,

assuming Rch = 6 GX and using Eq. (18), multiplied by

AE = 1.76 9 10-6 m2, show that the simulated streaming

current (short dashed line) in Fig. 15 and the experimen-

tally measured current (solid line) match closely with the

simulated external current obtained (short dash-dot line).

This shows not only that the electrical circuit used

Fig. 13 Schematic representation of Iext in three distinct regimes:

when Rch � 2RE, Rch & 2RE, and Rch � 2RE. Under the hypothesis

that Rch � 2RE, Iext & IS (dotted line). However, when Rch & 2RE

or Rch � 2RE, the measured current Iext is equal to IS solely at t = 0,

then decays exponentially with time. If Rch & 2RE, the current

asymptotic limit is IS/2 (short dashed line), but if Rch � 2RE (dashed

line), the current decays to zero at a faster rate (smaller s)

Fig. 14 Algorithm used to

extract the streaming current

given the experimentally

measured current Im. We

exemplify the simulation results

based on two different guesses

of the streaming current IS. If

the external current Iext resulting

from the first guess of IS is

different from Im, then, a second

IS guess is required. If the Iext

resulting from the second guess

of IS matches Im, then the

simulation is complete
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accurately describes the system, but also that the measured

current is representative of the streaming current. Since the

simulated overpotentials (not shown) have values lower

than 100 mV for the range of Q used, the diodes DE

(Eq. 10) could be approximated as resistors RE (Eq. 22).

Hence, by Eq. (35), this correspondence between the

measured current and streaming current is only possible

due to the relation between the electrode resistance RE and

the channel resistance Rch in the present case: 2RE

(140 MX for TiW electrodes and 600 MX for Au elec-

trodes) is much smaller than Rch (6 GX).

This observation is very useful for dimensioning the

system and predicting its response since RE and Rch can be

obtained a priori and independently of the streaming cur-

rent measurements. For instance, RE can be determined by

using the current injection/interruption method shown in

Fig. 10 and Rch using conductivity measurements (Fig. 11).

To summarize, the measured current has the same value of

the streaming current if and only if 2RE � Rch (when

g\ 100 mV). Similar results were obtained for 10-5 M

KCl electrolyte solution (data not shown) since in this case

Rch (*2 GX) is still significantly higher than 2RE.

4.5 Current measurement with 10-4 M KCl

and Au electrodes

Unlike the current measured with DI water where the cur-

rent is essentially constant for a fixed Q, when an electrolyte

solution with 10-4 M KCl and Au electrodes are used

(Fig. 16), the current exhibits a transient response. A cur-

rent peak is obtained immediately after pumping starts or

stops, followed by a decay. The exponential transient

behavior affecting the measurements when Q = 0 indi-

cates the presence of significant capacitive effects, hence

the general equivalent circuit model (Fig. 6) must be used

for the analysis. For the simulation results shown in Fig. 16,

Rch = 500 MX, Cch = 2.1 fF, CE = 1.2 lF and Eq. (19)

multiplied by AE = 1.76 9 10-6 m2 were used. The sim-

ulated streaming current represented in Fig. 16 (short

dashed line) and its polarity indicate that the interior sur-

faces of the microchannel are still negatively charged. The

experimental data (solid line) are well replicated by the

simulated external current (short dash-dot line) but do not

coincide with the simulated streaming current. Under these

conditions, the measured external current is not, in general,

representative of the streaming current, otherwise, for a

given fixed value of Q, the measured current should be

constant, according to Eq. (9). Figure 16 shows that the

measured current only corresponds to the streaming current

immediately after the pumping is started. Afterwards the

external current decays and reaches a steady state where

Iext & IS/2. Since the parallel diodes DE in the circuit

(Fig. 6) may again be approximated as resistors RE (because

g\ 100 mV), the Iext observed behavior results from 2RE

(600 MX) being comparable to Rch (500 MX), according to

Eq. (36).

For current measurements in a 10-4 M KCl solution

with TiW electrodes, transient current effects were not

observed (data not shown) because in this case 2RE

Fig. 15 Current measurements using TiW electrodes (solid line)

using DI water. DI water was pumped through the microchannel at

different values of Q. Simulation results show that the simulated

streaming current (short dashed line) closely matches the experimen-

tally measured. This shows that the measured current is representative

of the streaming current and that the contribution of the conduction

current can be neglected

Fig. 16 Current measurement with Au electrodes using a 10-4 M

KCl solution. This solution was pumped through the microchannel at

different flow rates Q. When flow is started, the measured current

(solid line) shows a sharp change which decays with time. After the

flow is stopped, the current reverses and returns to its initial state. The

experimentally acquired current (solid line) is well replicated by the

simulated external current (short dash-dot line). The measured

external current is not, in general, representative of the streaming

current because, for a given Q, the streaming current is constant (short

dashed line)
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(140 MX) for TiW is still smaller than Rch (500 MX).

Consequently, the measurement conditions are still such

that Eq. (35) is valid and the measured current reproduces

closely the streaming current. These observations confirm

that the measured currents can vary solely due to the

electrode material and highlight the importance of taking

into account the electrode material to obtain accurate

streaming current measurements.

4.6 Current measurement with 10-3 M KCl

and TiW electrodes

Only at the higher concentration of 10-3 M KCl does the

current measured in the system using TiW electrodes

present a transient behavior (Fig. 17) similar to that pre-

sented by the current measured with Au electrodes for

10-4 M KCl (Fig. 16). Negative current peaks were mea-

sured when a finite flow is imposed (Q = 0) and positive

current peaks when the flow is stopped (Q = 0). To esti-

mate the streaming current, the model in Fig. 6 and

the following parameters were used: Rch = 87 MX,

Cch = 2.1 fF, CE = 2.0 lF and Eq. (18) multiplied by

AE = 1.76 9 10-6 m2. Like the current measurement with

10-4 M KCl and Au electrodes described above, the neg-

ative current peaks measured match with the streaming

current and Eq. (36) justifies that the deviation observed

between Iext and IS is due to Rch (87 MX) being compa-

rable to 2RE (140 MX). Although the measured current in

steady state cannot be interpreted as a streaming current, its

value is useful to characterize the electrodes because it

allows the determination of RE. RE can be easily calculated

by recognizing that in steady state (Fig. 4)

Iext ¼ IF ¼
DV

2RE

ð37Þ

and that combining Eqs. (13) and (14) implies

DV ¼ ðIS � IextÞRch: ð38Þ
Substituting Eq. (37) into Eq. (38) and rearranging

Iext ¼
ðIS � IextÞRch

2RE

, RE ¼
ðIS � IextÞ Rch

2Iext

; ð39Þ

where IS can be taken from the measured current peak

magnitude (i.e., the streaming current) and Iext the mea-

sured current in steady state. Application of Eq. (39) to the

measured steady state currents in Figs. 16 and 17 yields

values of electrode resistance RE (209 MX) for gold in

10-4 M KCl and RE (68 MX) for TiW in 10-3 M KCl.

Hence the streaming current measurements confirm that Au

is more polarizable than TiW, in good agreement with the

values found independently for both electrode materials in

DI water by the current injection/interruption method

(Fig. 9). These results also suggest that Au and TiW

electrode resistances do not change significantly with KCl

concentration. This could mean that K? and Cl- do not

participate in the charge transfer reactions and the ions

mainly involved are present in DI water (OH- and H?).

Duffin and Saykally (2008) corroborate this hypothesis by

claiming that the unbalanced hydroxide at one of the

electrode–electrolyte interfaces induces the hydroxide ions

to discharge into the metal, while simultaneously at the

other electrode, the unbalanced hydrated protons extract

electrons from the metal.

If the faradic processes (which hinder the EDL forma-

tion) present at the electrodes surfaces are neglected, then

the capacitance CEDL associated to the EDL is expressed by

the equation (Bard and Faulkner 2001)

1

CEDL

¼ 1

CStern

þ 1

Cdiff

¼ dS

e0 eS
r AE

þ kD

e0 er AE coshðe f=KB TÞ ; ð40Þ

where CStern and Cdiff are the Stern layer capacitance and

diffusive layer capacitance, dStern is the distance from the

electrode to the slip plane, and es
r the relative permittivity

of the Stern layer. An estimate value of the CStern capaci-

tance is 1.2 lF (making dStern = 2 Å and es
r ¼ 15) (Butt

et al. 2006). Equation (40) shows that Cdiff varies with the

electrode f potential (drops across the diffusive layer near

the electrode) and is inversely proportional to kD. CStern is

close to the electrode capacitance CE (in the order of 1 lF)

obtained from the experimental results (Figs. 16, 17).

Approximating f to g & 75 mV (typical overpotential

value for this microfluidic system), from Eq. (40), one

Fig. 17 Current measurement with TiW electrodes (black line) in

10-3 M KCl electrolyte solution. The solution was pumped through

the microchannel at different flow rates Q. A transient capacitive

behavior is observed. The simulated external current that best fits the

measured current (solid line) is shown as dash-dot line. Similar to

Fig. 16, the external current (short dash-dot line) is not, in general,

representative of the streaming current (short dashed line). The

measured current (solid line) only corresponds to streaming current

immediately after the pumping is started
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obtains that kD & 10 nm, in order to have CEDL & -

CE & 1 lF. The EDL thickness estimate in the order of

10 nm from the electrode capacitance agrees well with

kD & 30 nm for 10-4 M and kD & 10 nm for 10-3 M

KCl, calculated using Eq. (1).

4.7 Current measurement with 10-2 M and higher KCl

concentrations

For higher KCl concentrations (Rch � 2RE), the transient

behavior continues to occur (Eq. 33) and the previous

discussion still applies to the discussion of the streaming

current. Thus, ideally, the streaming currents could be

measured independently of the electrodes used provided

that the initial current peak can be reliably measured. An

experimental difficulty is the time resolution of the mea-

surement equipment needed to fully detect the transient

peak. In our case, the equipment proved to be inadequate to

reproducibly capture the current peak required to assess the

streaming current for KCl concentrations higher than

10-3 M. Figure 18 shows the current measured (solid line)

for 10-2 M KCl. The peaks obtained for the same Q start to

present significant changes on the peak magnitude and

shape. In addition, Fig. 18 points out the differences

between the measured current and simulated external cur-

rent (short dash-dot line).The time constant for high KCl

concentrations (Rch � 2RE) is given by Eq. (33) and so it

decreases linearly with increasing electrolyte concentra-

tion. For 10-2 M KCl, the time constant is 4 s, and for a

current resolution of 10 pA, the response time of the pi-

coammeter was approximately 2 s. Since the time response

was slightly lower than the time constant, the current peaks

could be obtained but were not reproducible. This situation

is aggravated for higher electrolyte concentrations (for

10-1 M KCl, s & 0.3 s). Another distinct feature at high

KCl concentrations is the vanishingly small magnitudes of

the measured current at steady state (Fig. 18), which is

predicted by Eq. (33).

4.8 Dependence of PDMS/glass f potential

on counterion concentration

In Fig. 19, the streaming currents simulated with the

electric circuit models (Figs. 4, 6) for different KCl con-

centrations are plotted against the flow rate Q. IS shows a

linear dependence of Q as predicted by theory (Eq. 9). The

slope of linear fits to the experimental streaming currents

gives the average f potential of oxidized PDMS/glass for

different KCl concentrations. It has been assumed that,

after oxidative treatment of glass and PDMS (the treatment

UV/Ozone adds –OH groups to the PDMS surface), the

hybrid microchannel was well approximated to whole glass

microchannel with a uniform f potential. Indeed, the f
potential values obtained (using water permittivity

er = 78.5) are in agreement with those reported in the lit-

erature for a silica surface (Kirby and Hasselbrink 2004a;

Choi and Kim 2009; Jensen et al. 2011; Lu et al. 2004).

The inset of Fig. 19 shows the evolution of f potential with

the KCl concentration. As the counterion concentration

increases, the f potential decreases, probably due to an

Fig. 18 Current measurement with TiW electrodes (solid line) in

10-2 M KCl electrolyte solution. To estimate streaming current (short

dashed line), the model in Fig. 6 and the following parameters were

used: Rch = 8.5 MX, Cch = 2.1 fF, CE = 2.0 lF and Eq. (18) mul-

tiplied by AE = 1.76 9 10-6 m2. For 10-2 M KCl, the decay time

constant is about 4 s, and the response time of the ammeter was

approximately 2 s. An equipment time response similar to or higher

than the decay time constant causes non-reproducible current peaks

and a weak correspondence between the simulated external current

(short dash-dot line) and measured current

Fig. 19 Streaming currents IS determined for different KCl concen-

trations are plotted for different flow rates Q. IS shows a linear

dependence with Q. The f potential of glass can be calculated from

the slope of the linear fits to the streaming current. The inset shows

that f potential of PDMS/glass is sensitive to counterion concentra-

tion, probably due to an increase of the counterion adsorption to the

surface

374 Microfluid Nanofluid (2013) 15:361–376

123

Author's personal copy



increase of the counterion adsorption to the surface. The f
exhibits a dependence on the counterion (H? in DI water

and K? in the rest of the KCl solutions) concentration of

the type f = a ? b log(C) that has been reported in the

literature (Kirby and Hasselbrink 2004a).

5 Conclusions

Streaming currents in microfluidic devices can potentially

be used as a label-free biosensing method. However, care

must be taken in the interpretation of the measured results

and a number of important factors that influence the

accurate measurement of the streaming current. This study

gives a complete analysis of the main factors that affect

streaming current measurements.

The model presented in this work provided an accurate

description of the streaming current measurements in a

microchannel with integrated polarizable electrodes of

TiW and Au for solutions with different KCl concentra-

tions. As the concentration of KCl increased, the measured

current showed a transition from a steady state to a tran-

sient behavior upon the establishment of a given flow rate.

The threshold concentration for this to happen is about

10-4 M with Au electrodes and 10-3 M with TiW elec-

trodes. Applying the simulation results to the analysis of

the experimental data allowed us to conclude that the

measured current is a function of microchannel and elec-

trode resistance. By relating these two parameters, we were

able to explain the behavior of the measured current for

different KCl concentrations and electrode materials. Only

when the Rch � 2RE will the measured current be equal to

the streaming current. If Rch & 2RE or Rch � 2RE, then

the measured current is equal to the streaming current only

at the peak of the transient current immediately after

applying the flow; over time the system relaxes to a steady

state flow condition where Iext & IS/2 or Iext � IS,

respectively. This means that only through careful design

of the microchannel (dimensions), solution (ionic strength),

electrodes (material and area), and measuring equipment

(current sensitivity and response time) would it be possible

to make accurate steady state streaming current measure-

ments. Ideally, the condition Rch � 2RE should be met for

a straightforward interpretation of the experimental results

because in this case, the measured current is equal to the

streaming current. However, whenever that condition is not

met due to physical constrains (electrode material and area,

channel dimensions and electrolyte concentration, and so

forth), and the system falls into one of the other two con-

ditions, specifically Rch & 2RE or Rch � 2RE, where the

measured current shows a transient behavior, then it is

important to guarantee that the electronics used for the

current measurement has a fast enough time response and

sensitivity to allow the acquisition of the current peak

(whose value is equal to the streaming current value).

The streaming current extracted from the model varied

linearly with Q and was used to determine the f potential of

glass in contact with solutions of different KCl concentrations.

The results showed that PDMS/glass zeta potential scales

logarithmically with the molar counterion concentration due

to increased counterion adsorption. The procedures developed

in this paper can be applied to the study of the f potential of

surface functionalized microchannels under physiological

conditions for application in biosensing and also in the engi-

neering of microenvironments in lab-on-chips.
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