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Review

The apparent hydrodynamic slip of polymer
solutions and its implications in
electrokinetics

The apparent hydrodynamic slip of polymer solutions is a result of polymer depletion at
channel walls, and its fluid dynamic effects are well known. This work reviews the evidences
of apparent slip in electrokinetics, and discusses practical consequences in the following
fields: (i) electrokinetic transport of polymer solutions in microchannels, which is of
interest for the design and operation of microfluidic chips, particularly for electrophoresis;
(ii) electroosmotic pumping, where it has been observed that the employment of polymer
solutions greatly enhances the output pressure; and (iii) electrokinetic energy conversion,
where the apparent slip also contributes to improve the conversion efficiency. In all cases,
critical discussions are taken from basic physical concepts.
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1 Introduction

The necessity to manipulate biofluids and other polymeric
liquids in microfluidic chips leads to a renewed interest on
the dynamics of complex fluids in small confinements. In
addition, the facilities of the new microfluidic technology en-
able the observation of phenomena that take place at the
microscopic level, leading to new discoveries [1]. In fact, the
behaviors exhibited by polymeric fluids in microchannels are
not only due to its non-Newtonian nature, but also to par-
ticular physical effects of the micro/nano scale, notably wall
depletion, which has serious implications in electrokinetics.

The existence of polymer-depleted layers in stagnant so-
lutions in contact with solid boundaries is well documented
[2–5]. This behavior is observed in nonadsorbing polymers,
the concentration of which decreases steeply near the wall.
The thickness � of the depletion layer is in the order of the
radius of gyration of macromolecules [5,6]. In addition, when
polymer solutions are subjected to flow, the shear-induced
migration of macromolecules increases the thickness � up
to values ten times larger than the molecular size [7–9]. The
effect leads to the apparent hydrodynamic slip of the bulk
polymer solution over the interfacial layer of solvent [10–14].
The same phenomenon has been reported in studies of par-
ticle motion in macromolecular media [15].
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Here it is important to differentiate the “apparent” slip
from the “true” slip that eventually takes place at solid–liquid
interfaces. This subject is now at the center of discussions
in fluid mechanics, since the classic assumption of no-slip
appears to be constantly violated in microfluidic experiments
[12, 16, 17]. The phenomenon is rather subtle, involving the
hydrophobic/hydrophilic nature of the surface, the presence
of gas bubbles, surface roughness, etc. [12, 16–21], and has
enormous consequences on electrokinetics as well [22–26].
Nevertheless, the present review restricts itself to the case
of apparent slip exhibited by polymer solutions, the solvent
of which in principle satisfies the no-slip condition at the
solid–liquid interface.

In electrokinetics, the effect of polymer depletion had
been first observed in experiments of electrophoresis of par-
ticles with polymer solutions as the background fluid [27].
More recently, the phenomenon was reported in experiments
of EOF carried out in fused-silica capillaries with solutions
of poly-ethylene glycol [28] and carboxy-methyl cellulose [29],
as well as in glass microchannels with poly-acrylamide solu-
tions [30]. However, few efforts have been made to take this
effect into account in theoretical descriptions [31–33]; the vast
majority of articles dealing with calculations of the electroki-
netic flow of non-Newtonian fluids (for example [34–38], to
mention a few) disregards the fact that fluid properties are
nonuniform in the interfacial region, a feature that is inher-
ent to complex fluids. The topic is revisited in this article,
with emphasis on the positive consequences for the dynam-
ics of electrokinetic flow, electroosmotic pumping (EOP), and
electrokinetic energy conversion.
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More precisely, the present work focuses on the implica-
tions of apparent slip in the EOF of polymer solutions, and
briefly in electrophoresis of colloidal hard spheres through
polymer solutions, which is the reciprocal phenomena
(considering that electrokinetic effects involve the tangen-
tial displacement of a charged solid surface in relation to
the fluid in equilibrium with it [39]). The problem of DNA
electrophoresis by using entangled polymer matrices [40–42]
is not included in this investigation. Another novel and at-
tractive application of polymers in the field of electrophore-
sis uses hydrogel-filled microchannels [43–45], where special
particles can be trapped or immobilized to act as diagnostic
tools and biosensors. The dynamics of these polymer net-
works under the action of time-dependent electric fields is
also out of the scope of the present review. Instead, in order
to analyze the influence of polymer depletion independently
of non-Newtonian phenomena, discussions here are limited
to the case of dilute polymer solutions with viscosity �p = �s(1
+ kcp + · · ·), where �s is the solvent viscosity, cp is the polymer
concentration, and k represents the intrinsic viscosity, which
is a measure of the molecular size [46]. In addition, steady-
state flows in straight microchannels are considered, so that
possible elastic and time-dependent effects are minimized.

The first aspect to be considered is the interaction of poly-
mer molecules with solid surfaces, which leads to nonuni-
form polymer concentration in the proximity of channel walls,
with the consequent variation of the local viscosity in relation
to the bulk fluid. Next section summarizes the two main phe-
nomena that take place at interfaces: polymer adsorption and
polymer depletion. The rest of the work is devoted to the
consequences of wall depletion on the electrokinetic flow of
polymer solutions.

2 Fundamentals

2.1 Polymer adsorption and the hydrodynamic layer

Polymer solutions are normally constituted by a simple fluid,
the solvent, and a certain concentration of dissolved polymers.
If the interaction between polymer chains and the surface is
attractive, polymer molecules adhere to the wall [2–5, 47, 48],
then the polymer segment concentration increases abruptly
near the surface. This behavior is observed for neutral and
charged polymers, and the extent of the adsorption depends
on the pH of the medium, ionic strength, polymer concen-
tration, and temperature.

The consequences of polymer adsorption on electroos-
mosis were described several years ago [49]. It is easy to
infer that the EOF is strongly diminished due to the fact
that the viscosity of the fluid adjacent to the wall increases
significantly [49–51]. Another crucial aspect is that adsorbed
polymers modify both the sign and magnitude of �-potential,
depending on the electrical charge of polymers [39, 52, 53].
Actually, polymer coating is widely used to reduce surface
charge and suppress the EOF in CE [49, 54, 55].

Theoretical descriptions of the EOF of adsorbing poly-
mers solutions are hardly found in the literature. It is worth
noting that the existing models of electrokinetic phenomena
in polymer-coated surfaces involve simple electrolyte solu-
tions [56–59]. An interesting exception is [60], where the EOF
was calculated by considering nonuniform (Newtonian) fluid
viscosities near the capillary wall. A questionable aspect, how-
ever, is the definition of the plane of shear with the associated
�-potential. It is known that determining the surface potential
of polymer-covered surfaces poses several troubles, and the
physical interpretation of measured values is sometimes am-
biguous [39]. Charged polymers also undergo electrophoretic
forces that compete with electroosmosis and make the prob-
lem much more complex (see for instance [45]). Actually, the
characterization of interfaces with adsorbing charged poly-
mers appears to challenge the standard electrokinetic model
[61] and demands additional investigation.

In particular, if the attractive interaction energy between
polymers and the surface is higher than thermal energy [3],
the adhered chains form a compact, nondraining, solid-like
layer. Silica surfaces for example are particularly susceptible
to such a strong adsorption [62]. Under these conditions, the
local viscosity strongly increases near the surface, and the
shear rate virtually vanishes, meaning that the flow devel-
ops out of the adsorbed layer. As a first approximation, it is
thought that the no-slip plane is shifted a distance �H into the
channel, where �H is the so-called hydrodynamic thickness
[63]. Electroosmosis can be certainly induced in these sys-
tems, provided an effective surface potential is present onto
the adsorbed layer. Furthermore, given a compact coating,
the EOF is defined by the chemistry of the adsorbed layer
[64], and does not vary appreciably with the thickness �H [65].
Robust and stable coatings are achieved by using multiple
ionic layers, and the procedure is normally used to control
the EOF direction in CE [65, 66].

2.2 Polymer depletion and the apparent

hydrodynamic slip

If the interaction between polymer molecules and the sur-
face is nonattractive, the polymer segment concentration
decreases steeply near the surface, and yields a polymer-
depleted layer adjacent to the wall [2–6]. In fact, large
molecules found less configurational entropy near solid
boundaries, and hence they are naturally excluded from the
interface. The effect is enhanced when channel walls and
polymers chains have electrical charges of the same sign. In
particular, if the polymer concentration completely vanishes,
the fluid in the depletion layer is simply the solvent of the
polymer solution. Under flow, relatively large shear rates de-
velop in the interfacial region, as the local viscosity is lower
than the bulk viscosity. From the macroscopic point of view,
the effect is considered as an apparent slip at the wall, as
shown schematically in Fig. 1.

The simplified picture described here could be certainly
more complex in practice: hydrodynamic slip and dynamic
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Figure 1. Schematic representations of an elementary mi-
crochannel connected to fluid reservoirs, filled with a solution
of nonadsorbing polymers, and the corresponding fluid velocity
profile, which presents an apparent hydrodynamic slip at the wall
(not to scale).

adsorption/desorption could coexist under shear flow [1];
even if polymer molecules and surfaces have the same elec-
trical charge, a certain degree of adsorption may occur due
to specific interactions [29]; adsorption/depletion transitions
may also occur in the presence of weakly charged chains or
by adding salt [67]. Beyond these particular features, the ap-
parent slip is normally observed in solutions of nonadsorbing
polymers [10–14], as well as in a variety of colloidal systems
(see [11] for a comprehensive review on the subject).

2.2.1 Pressure-driven flows

In flows driven by pressure gradients, the apparent slip yields
flow rates higher than those predicted from the bulk viscos-
ity, i.e. drag reduction is observed [11, 12]. Basically two ap-
proaches are used to describe these flows in the framework
of continuum fluid mechanics: the two-fluid model, and the
single-fluid model. In the first case, the flow on nonadsorb-
ing polymers in cylindrical channels is modeled as the coaxial
flow of two fluids: the central polymer solution and the corti-
cal layer of solvent. Regarding the hydrodynamic resistance,
the system is equivalent to a fluid with effective viscosity [68],

�eff =
[

(1 − �/R)4

�p
+ 1 − (1 − �/R)4

�s

]−1

, (1)

where the first term comes from the bulk polymer fluid with
relatively high viscosity �p, and the second is due to the layer
of solvent adjacent to the wall with viscosity �s (Fig. 1). Equa-
tion (1) indicates that the overall flow resistance of the poly-
mer solution is lower than that of the bulk polymer (drag

reduction). Evidently, this model assumes a step-like func-
tion for the polymer concentration (hence the viscosity) in
the interfacial region. More complete formulations introduce
a linear decrease of polymer concentration in the depletion
layer [69], and non-Newtonian behavior in the central zone
[70].

On the other hand, the single fluid model considers
uniform fluid properties in the flow domain, but replaces
the no-slip boundary condition by an apparent slip veloc-
ity at the wall, as indicated by vas in Fig. 1. This velocity is
normally included in terms of the classic Navier condition,
vas = −b(dv/dr)r= R, where b is the slip length, v is the fluid
velocity, r is the radial coordinate, and R is the channel ra-
dius. Interestingly, it was shown [31] that this approach also
yields Eq. (1) for � << R, provided the slip length is b =
��p/�s, as previously suggested for dilute polymer solutions
[13, 14].

2.2.2 Electrophoresis

In electrophoresis of colloidal particles, experiments carried
out by using solutions of nonadsorbing polymers as the back-
ground fluid usually lead to abnormally high electrophoretic
mobilities. This result is quite reasonable if one takes into
account that, for the ionic strength normally used, the thick-
ness � of the electrical double layer (EDL) is shorter than
10 nm. Therefore, as � < �, the electrophoretic mobility of
particles is determined by the viscosity of the depletion layer
around them, which is lower than the bulk viscosity �p. Ac-
tually, the first explanations given in terms of polymer deple-
tion were reported two decades ago [27]. Mathematical mod-
els were improved later, where the two-fluid approach was
used to include different viscosity profiles in the depletion
layer: linear, exponential, and de Gennes’ hyperbolic function
[71, 72].

Given the paramount importance of the applications in
this field, a better understanding of the phenomena involved
is required. Recent theoretical calculations of electrophoretic
mobility of particles in polymer solutions include the
non-Newtonian character of the fluids, but assume uniform
properties in the interfacial regions [73,74]. Closely related to
electrophoresis is the difussive motion of particles through
polymer solutions [15]; a recent study uses the two-fluid
model to describe the relatively low hydrodynamic resistance
due to polymer depletion around particle surfaces [75]. Addi-
tional complexity to this problem is given by the fact that the
mixtures of colloidal particles and nonadsorbing polymers
may undergo phase separation, precisely due to depletion
interaction [76].

2.2.3 Electroosmosis

In electroosmosis, the effect of polymer depletion also man-
ifests as an abnormally high mobility, or drag reduction, in
relation to the EOF expected for the bulk properties of the
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Figure 2. Drag reduction in the EOF of polymer solutions. Sym-
bols are experimental data from PEG solutions in phosphate
buffer (19.2 mM, pH 7). The lines are to guide the eyes. The insets
schematically show the size of polymer chains in relation to EDL
thickness. Reprinted with permission from [28]. Copyright 2007,
American Institute of Physics.

polymer solution. Drag reduction was actually measured in
EOF experiments carried out with solutions of poly-ethylene
glycol in fused-silica capillaries [28]. Figure 2 shows the
ratio �p�p/�s�s, where � is the EOF mobility, as a func-
tion of polymer concentration cp. It is clearly observed how
drag reduction grows with cp and, for a given cp, drag re-
duction increases with ionic strength (smaller � values). In
fact, if the region where the EOF velocity develops is thinner
than the average molecular size, polymer chains are only par-
tially subjected to shear (� < �; see the insets in Fig. 2). For
the same reason, drag reduction also increases with polymer
molecular weight, for a given � [28]. In the limit of relatively
large molecules, the EOF mobility is governed by �s. This
last result was also reported in [30], where poly-acrylamide
solutions in glass microchannels were used.

The EOF mobility of aqueous solutions of carboxy-methyl
cellulose in fused-silica capillaries was experimentally stud-
ied in [29]. Strong depletion was in principle expected at
pH 7. Nevertheless, the formation of hydrogen bonds be-
tween macromolecules and silica surfaces leads to interfa-
cial viscosities ranging between �p and �s. In addition, the
non-Newtonian behavior of the polymer solution produced
a nonlinear (electric field dependent) EOF mobility, as pre-
viously reported in [50]. When adsorption was inhibited by
adding urea, the EOF mobility coincided to that of the BGE.
Theoretical interpretations of these results were also given
in [29].

The case of full polymer depletion has been described in
[31], where the electrokinetic flow (electro-osmosis, stream-
ing current, pressure-driven flow) of complex fluids in mi-

Figure 3. Enhancement of the maximum output pressure by us-
ing polymer solutions. Symbols are experimental data of poly-
acrylic acid (PAA) solutions (8.33 mM, 42 kD), and the respective
solvent (10 mM Tris and 5 mM acetic acid in water, pH 8.2), from
[89]. Lines are the prediction of the model proposed in [83]; see
text for details.

crochannels was calculated by using the two-fluid approach.
Expressions analogous to Eq. (1) for different non-Newtonian
models (“power law”, Bingham, Eyring) were included, which
are functions of the pressure gradient. The model successfully
describes experimental data of EOF involving backpressure
(see below Fig. 3, and the related text). Later calculations of the
electrokinetic flow of non-Newtonian fluids also considered
the presence of a depletion layer, and the two-fluid scheme
[32,33]. It is also relevant to mention a previous work dealing
with numerical simulations of Carreau fluids in microchan-
nels [77], where it was cleverly assumed that the EOF depends
on the BGE only, considering that the EDL region is free of
polymer molecules.

3 Implications

3.1 Electrokinetic flow

In a variety of microfluidic applications, the fluids are trans-
ported by applying pressure differences �P, and/or elec-
tric potential differences �V, which leads to coupled flows
of matter and electricity. In steady and isothermal condi-
tions, the flow rate Q and electric current I are described
by [78, 79]:

Q = L 11�P + L 12�V, (2)

I = L 21�P + L 22�V, (3)

C© 2013 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim www.electrophoresis-journal.com
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Table 1. Electrokinetic coefficients for cylindrical capillaries filled with Newtonian liquids of relatively thin EDL

Coefficients L11 L12 L21 L22

Solventa) −AR 2/(8�sl ) A��/(�sl ) A��/(�sl ) −A	/ l
Polymer solution Wall depletionb) −AR 2/(8�effl ) ′′ ′′ ′′

Uniform propertiesc) −AR 2/(8�pl ) A��/(�pl ) A��/(�pl ) ′′

a) Simple electrolytes; A and l are the cross-sectional area and length of the channel, respectively, � is the dielectric permittivity, and 	 is
the electrical conductivity of the fluid [81].
b) Fully deplete layers of thickness � > �, where �eff is given by Eq. (1); see [31] for expressions of non-Newtonian fluids.
c) Constant viscosity �p in the region of the EDL; see [83] for expressions of non-Newtonian (power law) fluids.

where the coefficient L11 is the hydrodynamic conductance,
L12 = L21 are electroosmosis, and streaming phenomena, re-
spectively (Onsager reciprocal relation), and L22 is the electric
conductance. These linear force-flux relations allow one to
model microfluidic networks by analogy with electrical cir-
cuits [80]. Table 1 presents the theoretical coefficients for
simple electrolytes, Newtonian polymer solutions with wall
depletion, and Newtonian polymer solutions with virtually
uniform concentration in the interfacial region. These ex-
pressions involve the following considerations: (i) To satisfy
the continuum hypothesis, calculations involve channels with
radius R in the microscale, taking into account the size of
discrete entities in solution (circa 10–100 nm for typical poly-
mers). (ii) The thin EDL approximation applies (R >> �).
(iii) Electrically neutral polymers are considered to avoid both
electrophoretic forces that may compete with electroosmosis,
and the formation of an additional EDL at the solvent-polymer
solution interface.

In Table 1, the hydrodynamic conductance of nonadsorb-
ing polymers includes �eff, which is given by Eq. (1). Hence
L11 depends on the bulk polymer viscosity, but it is a con-
stant coefficient. If the polymer solution is non-Newtonian,
which is generally the case, L11 is a function of �P [31]. Be-
sides, for polymer-depleted layer of thickness � > �, both
electroosmosis and streaming current are governed by the
local viscosity �s, thus the electrokinetic coefficients coincide
with those of the solvent, and Onsager reciprocity is satisfied.
Further details on L12 and L21 for nonadsorbing polymers
are given in [31]; here it is worth to add that these expres-
sions assume that the channel �-potential is not altered by
polymers chains, which in principle remain outside the EDL.
Also in Table 1, the expression of the electric conductance L22

implicitly assumes that ionic mobilities are similar in both
flow regions, which is valid for diluting polymer solutions,
taking into account the variation of the conductivity 	 with
cp [82].

Conductance coefficients for uniform polymer concen-
tration were included in Table 1 for the purposes of compari-
son. These simple expressions are valid for Newtonian fluids
only. In contrast, for non-Newtonian fluids, the EOF velocity
is nonlinear with �V [29, 50], the streaming current is non-
linear with �P, and additional terms containing the product
�V�P arise in both Q and I [36, 83]. Precisely, a notable con-
sequence of wall depletion is the decoupling of electrokinetic
and non-Newtonian effects [31].

3.2 Electroosmotic pumping

EOP is a subject of intense research at present due to the
extensive applications in microfluidics [84–88]. In these sys-
tems, electroosmosis works against a hydrodynamic load, as
sketched in the inset of Fig. 3, thus the maximum output pres-
sure (�Pmax, reached when Q = 0; see Eq. (2) is a measure of
the pump performance. It has been proven that �Pmax can be
substantially increased by using polymer solutions instead of
simple electrolytes [89]. Figure 3 presents experimental data
(symbols) obtained by using aqueous solution of poly-acrylic
acid in silica capillaries. The demonstration that the effect is
due to wall depletion, rather than to the non-Newtonian char-
acter of the fluid, was given later [83]. Precisely, the curves
in Fig. 3 represent the theoretical modeling: the dashed line
is the result for simple fluids, �P (s)

max = −L (s)
12�V/L (s)

11, and
the full line corresponds to a nonlinear relation �P (p)

max(�V )
derived for power law fluids with wall depletion [83]; super-
script (s) and (p) stand for solvent and polymer, respectively.
In what follows, the concept is revisited by using the sim-
ple picture of Newtonian fluids described above, in order to
highlight the effect of wall depletion.

The relationship between Q and �P given by Eq. (2),
the so-called pump curve, is plotted in Fig. 4 for typical pa-
rameter values. It is observed that the maximum flow rate
(at �P = 0) attained with the polymer solution coincides with
that of the solvent, because electroosmosis is determined by
the viscosity of the depletion layer. However, the maximum
output pressure is notably higher than that of the solvent.
The corresponding velocity profiles for a given pressure load
are plotted in the inset of Fig. 4. First, it is worth to remem-
ber that if �P = 0 the fluid velocity is uniform throughout
the cross-sectional area of the channel, and velocity gradients
are limited to a thin region adjacent to the interface. When
a counterpressure is present, the net flow results from the
combination of the forward EOF and the backward pressure-
driven flow. The velocity profiles in Fig. 4 correspond to �P
around 70 Pa. This pressure load yield Q = 0 for the pure
solvent (the backflow compensates electroosmosis), but it is
not sufficient to generate a backflow in the polymer solution,
due to the high hydrodynamic resistance of the bulk polymer.
The electroosmotic forces acting in the interfacial layer drag
the polymeric fluid as a plug, with a slightly indented velocity
profile. Thus the polymeric liquid provides a relatively high
output pressure.

C© 2013 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim www.electrophoresis-journal.com
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Figure 4. Flow rate as a function of the backpressure for the EOP
of a polymer solution, compared to the solvent under the same
experimental conditions. The inset shows the respective veloc-
ity profiles, at the backpressure value that makes Q = 0 for the
solvent. Parameter values used in calculations are �s = 1 mPas;
�p = 5�s; l = 1 cm; R = 10 �m; � = 100 nm; � = 7.1 × 10−10 C2/Nm2;
� = −25 mV; �V = 50 V.

In terms of the conductance coefficients, the bulk poly-
mer yields a diminution of L11 without affecting L12, which
only depends on �s. Therefore, the maximum pressure at-
tained with the polymer solution in relation to the solvent
without polymer is:

�P (p)
max

�P (s)
max

= L (s)
11

L (p)
11

. (4)

By using the expressions reported in Table 1, the above
ratio results,

L (s)
11

L (p)
11

= 1

1 + (�s/�p − 1)(1 − �/R)4 . (5)

The prediction of this equation is shown in Fig. 5. In the
limit �/R � 1, L (s)

11/L (p)
11 ≈ �p/�s, which clearly shows the gain

of output pressure in relation to simple electrolytes. In the
limit �p/�s � 1, the ratio �/R becomes the controlling factor.
In any case, L (s)

11/L (p)
11 > 1, given that �p is always higher than

�s.
The above results are relevant because they also mean an

improvement of the thermodynamic efficiency, which is the
main concern in EOP [90–94]. The efficiency is defined as the
ratio of the useful mechanical power to the electrical power
consumption 
 = �P Q/( −�V I) [95]. By using Eqs. (2) and
(3), the efficiency can be expressed,


 = 1 − �P/�Pmax

L 22�V/(L 21�P) − 1
. (6)

Figure 5. Ratio of the conductance coefficients for solvent and
polymer solution, as a function of relative depletion layer thick-
ness, according to Eq. (5). The ratio represents both the relative
output pressure, Eq. (4), and the relative efficiency, Eq. (9), of
electrokinetic energy converters.

The maximum efficiency 
max is obtained by maximiz-
ing Eq. (6) in relation to the applied pressure (∂
/∂�P = 0),
for a given �V and constant conductance coefficients. If
one further considers that L 21�P�L 22�V , which is valid
for typical parameter values, it is readily found that 
max

is reached at �P = �Pmax/2 [84, 85], and may be written
simply [93],


max = 1

4

L 2
12

L 11 L 22
. (7)

In the case of solutions of nonadsorbing polymers, pro-
vided they are Newtonian, conductance coefficients are con-
stant (�P independent), thus the maximization described
above also leads to,


(p)
max = 1

4

L (p)2

12

L (p)
11 L (p)

22

. (8)

By rationing the above expressions, and taking into ac-
count that electrokinetic coefficients are equal to those of the
solvent (Table 1), the maximum efficiency of the polymer
solution in relation to the solvent results,



(p)
max



(s)
max

= L (s)
11

L (p)
11

. (9)

This ratio coincides with the prediction of Eq. (4), which
is plotted in Fig. 5. Therefore, a notable increase of the EOP
efficiency is predicted when nonadsorbing polymer solutions
are employed as the working fluid.
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3.3 Power generation

Energy harvesting from small flows is a hot topic at present,
motivated by the search for alternative energy sources in mi-
crodevices [96]. In particular, power generation by means
of streaming current has experienced a renascence with the
advent of micro and nanofluidics [97–103], and constant ef-
forts are being made to improve the conversion efficiency
[104–108]. In the framework of Eq. (3), pressure-driven flows
induce the streaming current due to the convective transport
of excess ions in solution. A streaming potential is also in-
duced in the opposite direction, thus the net electric current
that can be supplied to an external load results from the dif-
ference between the forward and backward fluxes of charge.

The efficiency of the process is defined as the ratio of the
useful electrical power to the mechanical power consump-
tion 
 = �V I/( −�P Q) [95]. By using Eqs. (2) and (3), the
efficiency results,


 = 1 − �V/�Vmax

L 11�P/(L 12�V ) + 1
, (10)

where �Vmax = −L 21�P/L 22. By maximizing the efficiency
in relation to the applied voltage (∂
/∂�V = 0), for a given
�P and constant conductance coefficients, and taking into
account that L 12�V�L 11�P (see also [98]), it is found that
the maximum is reached at �V = �Vmax/2, and that 
max

coincides to Eq. (7) ([93]).
In the case of Newtonian solutions of nonadsorbing poly-

mers, the hydrodynamic conductance is a constant (it does
not depend on �V), and electrokinetic coefficients are equal
to those of the solvent (Table 1). Thus the maximization of
the power generation also leads to Eq. (8). Consequently, the
prediction of Eq. (9) applies for power generation as well, and
a remarkable increase of the streaming current efficiency is
expected with nonadsorbing polymers [109]. More recent cal-
culations [110] reinforce these arguments.

It should be noted that, in contrast to the case of EOP,
the generated power is not increased by the polymer solution.
The gain of the efficiency is entirely given by the diminution
of the mechanical power consumption. Again this is a conse-
quence of wall depletion, and can be rationalized as follows.
For relatively small �, the current density due to streaming is
confined to a thin layer adjacent to the interface, and results
j = −��|dv/dr|r = R [111]. The wall shear rate is determined
by the fluid onto the wall, and hence it is equal for both pure
solvent and wall-depleted polymer solution, for a given �P,
as illustrated in Fig. 6. Therefore, under the same experimen-
tal conditions, both systems yield the same generated power.
Nevertheless, the presence of the polymer increases the over-
all hydrodynamic resistance, leading to a relatively lower Q
for a given �P.

From a practical point of view, 

(p)
max/


(s)
max around 103

could be reached with proper formulations of the working
fluid. Considering that 


(s)
max ∼ 10−5 for simple electrolytes in

microchannels, absolute efficiencies 

(p)
max ∼ 1% are in prin-

ciple achievable with polymer solutions. This value is still
lower than the best performances obtained with nanoscale

Figure 6. Shear rate profile for the pressure-driven flow of New-
tonian polymer solutions with wall depletion. The inset shows the
corresponding fluid velocity. The dotted line indicates the shear
rate of the pure solvent. Parameter values used in calculations
are �s = 1 mPas; �p = 5�s; l = 1 cm; R = 10 �m; � = 1 �m; �P =
50 Pa.

channels and extremely low ionic strengths (see, for instance
[99, 101]). One should note, however, that polymer solutions
involve microscale channels and moderate ionic strengths.

Finally, it is worth to point out that the predicted 
max is
equal for generation and pumping modes only if the polymer
solution has a Newtonian viscosity. In the more general case
of non-Newtonian fluids, the efficiency of power generation
is a function of �P [109], and differs from the corresponding
result for EOP, which is a function of �V [83].

4 Concluding remarks

Throughout this work, the evidences of wall depletion and
apparent slip were re-examined, and relevant consequences
of these phenomena on the dynamics of electrokinetic flow
were discussed. The topic is of fundamental interest, and has
many practical motivations.

The first remark to be made is that complex fluids involve
a series of physical effects at solid–liquid interfaces, beyond
its non-Newtonian behavior. A key feature is the presence of
discrete entities with sizes in the range of nano to microme-
ters. The distribution of these entities is unavoidably distorted
in the vicinity of channel walls and, consequently, physical
properties like viscosity are nonuniform in the EDL region.
Therefore, any approach to describe electrokinetic phenom-
ena of non-Newtonian fluids necessarily has to consider these
interfacial effects.

A second remark is the possibility to capitalize the ap-
parent slip phenomenon in practical applications such as mi-
crofluidic pumping and energy harvesting that are research

C© 2013 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim www.electrophoresis-journal.com
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fields of intense activity at present. The evidences that nonad-
sorbing polymer solutions reduce the EOF drag and substan-
tially increase the EOP efficiency are proofs of the concept.
In a broader sense, a better understanding of wall depletion
and slip phenomena would allow one to engineer both fluids
and surfaces with enhanced properties for defined purposes
in electrokinetics.
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