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ABSTRACT: Flow through nanopores has received a great
deal of attention during the past decade due to its versatile
areas of application in biology and engineering. The asymmet-
rical geometry of conical nanopores has made these devices
advantageous in rectification of ionic current for counting and
detection of biofluidic entities such as proteins and DNAs.
Protein solutions exhibit non-Newtonian rheological behavior
which mathematically alludes to a nonlinear relation between shear stress and shear rate. In this study, the electroosmotic flow
(EOF) of non-Newtonian solutions through a conical nanopore with a constant charge density on the wall is investigated
numerically. Using the assumption of continuity, the ionic transport in the EO flow is modeled by combining the Poisson,
Nernst−Plank, and Navier−Stokes equations for potential field, ionic concentration, and velocity distributions, respectively. The
biofluid is assumed to behave as a non-Newtonian power-law fluid with constant physical properties. For both overlapping and
nonoverlapping electric double layers, the effects of biofluid rheological behavior, surface charge density, applied voltage, and the
ratio of the pore radius to the Debye length on the ionic current rectification and the EOF are studied.

1. INTRODUCTION

During the past decade prosperities in fabrication of nano-
structured devices has made a considerable contribution to the
development of such devices. Nanostructured fluidic devices
including nanopores, nanochannels, and nanotubes have many
practical applications in biology and engineering. Studying
nanopores provides a window to uncharted areas of the coupling
of physiochemical phenomena and engineering aspects. Nano-
pores with asymmetric geometry are more advantageous in
practical applications compared with symmetric nanopores.
Conical nanopores can act as membranes,1−4 diodes, and
transistors,5−8 on account of their two major characteristics,
i.e., ion selectivity9−11 and ionic current rectification (ICR).12−14

By changing the polarity of the applied voltage, the ionic current
can be manipulated so that there is a preferential direction for
ionic flow. This diode-like behavior of a conical nanopore was the
main idea of using it as a diode to better regulate the ionic current
rectification. It is experimentally and theoretically acknowledged
that the assumption of continuum model for ionic transport
through nanopores is justifiable when the electric double layer
(EDL) thickness is smaller than about 10 times the pore dia-
meter.15−17 Some of studies on nanopores neglected the electro-
osmotic flow in simulating ionic current and calculated ICR
just based on the Poisson−Nernst−Planck model.18−21 They
obtained acceptable outcomes in some limited cases and cir-
cumstances; however, there will definitely be substantial dis-
crepancies and deviations in predicting the ionic current when
neglecting the ionic convection transport which is resultant of
electroosmotic flow (EOF). There is evidence that show the
necessity of considering the EOF effect in modeling of the ionic
transport through nanopores. Daiguji et al.22 showed that at high

values of surface charge density, the EOF has to be taken into
account. Also Ai et al.23 pointed out that EOF effects become
noticeable at intermediate surface charge density and Debye
length comparable to the nanopore radius. Acknowledging the
effect of EOF on ionic current, Lin et al.24 concluded that when
solution pH is far away from the isoelectric point, the EOF has
more significant contribution to the ionic current. They observed
an approximately 100% deviation in ICR when the EOF was
ignored. The effect of length and the nonuniform surface charge
density on the ICR in conical nanopores was investigated by
Singh.25 He realized that the presence of neutral zone in the
vicinity of the base of the nanopore enhances ICR and the
presence of the charged zone near the base enhances reverse
rectification.
Many biological fluids such as protein antibody solutions,

blood, and serum albumins,26−28 to name a few, exhibit non-
Newtonian rheological behavior which mathematically alludes to
a nonlinear relation between shear stress and shear rate. Model-
ing of the non-Newtonian fluids in microfluidics is examined
by some researchers, but the existing research for nanofluidics
is rare. A theoretical study on electroosmotic flow of non-
Newtonian biofluids in microcapillary was conducted by
Chakraborty.29 Hadigol et al.30 numerically examined the
influence of rheologiocal behavior of non-Newtonian fluids in
EOF-PD flow through microchannels. They found out that for
shear thinning fluids an augmentation in the flow rate appears in
comparison to the shear thickening fluids. For flow analysis in
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micro/nanochannels,31−35 the Poisson−Boltzmann equation is
often assumed for the potential of an electric double layer. This is
valid when the electric double layers of the two adjacent walls are
not overlapped. For overlapping double layers, the Poisson−
Nernst−Planck (PNP) equations are used to calculate the ionic
current in nanofluidic channels.
In the present article, we focus on the impact of the non-

Newtonian rheological behavior of biofluids on the ionic trans-
port through a conical nanopore which is supplied from two large
connected reservoirs. The dynamic viscosity of the electrolyte
solution is assumed to follow the Ostwald−de Waele power law
model which is divided into two categories as shear thinning and
shear thickening fluids depending on their strain rate with shear
forces. Based on the continuum model, a set of coupled Poisson,
Nernst−Planck, and Navier−Stokes equations are used to
simulate the ionic current and the liquid flow. The effects of influ-
ential parameters such as the power-law index, surface charge of
the nanopore, applied voltage, and the ratio of the tip radius to
the Debye length on ICR and EOF are investigated.

2. MATHEMATICAL MODEL
2.1. Assumptions and Equations. A conical nanopore

with the tip radius Rt, base radius Rb, and length L is considered
as shown in Figure 1. Since the electric, flow, and concentra-

tion fields are all symmetric around the pore axis, just a half of
the pore is analyzed. The pore is filled with a binary electrolyte
which is assumed to have similar properties to KCl aqueous
solution and rheologically behaves as a power-law Ostwald−de
Waele fluid. The pore wall has a constant surface charge den-
sity σ, neglecting surface charge regulation.36,37 The dimensions
of reservoirs are large enough so that the ionic concentration
in the reservoirs remains constant. An electric field which is
characterized by the electric potential difference between the
right and the left ends of the system is applied. The voltage is
positive when the electric field direction is from the tip toward
the base, and vice versa. Considering the two-dimensional,
steady state flow for an incompressible fluid and neglecting
the convective term due to the low Reynolds number, the
continuity and Navier−Stokes equations, respectively, are as
follows

∇· =u 0 (1)

μ ϕ−∇ + ∇· ∇ + ∇ − + ∇ =p F z c z cu u[ ( ( ) )] ( ) 0T
1 1 2 2

(2)

where u denotes the velocity vector which has two components
in r and z directions and p is hydrodynamic pressure distribution
in the solution. F is the Faraday constant, c1 and c2 respectively
stand for ionic number densities (concentrations) of cations and
anions, z1 and z2 are the valence number of cations and anions,
respectively, and ϕ represents the electric potential. μ is the

dynamic viscosity of the solution that follows the power-law
Ostwald−de Waele model that can be written as

μ γ= ̇ −m( )n 1/2
(3)

γ ̇ denotes shear strain rate. This representation involves two
material parameters, i.e., m the consistency coefficient and n the
power-law index. With n = 1, eq 3 represents a Newtonian fluid
with dynamic coefficient of viscosity m. Therefore, the deviation
of n from unity indicates the degree of deviation fromNewtonian
behavior. With n ≠ 1, the constitutive eq 3 represents a pseu-
doplastic fluid (n < 1) or a dilatant fluid (n > 1). Pseudoplastic
fluids are characterized by an apparent viscosity which decreases
with increasing the shear rate; however, in dilatant fluids the
apparent viscosity increases with increasing the shear rate.
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In the above relation vr and vz are the radial and the axial velocity
components, respectively. The Nernst−Plank and Poisson equa-
tions used to describe the ionic number densities and potential
distribution are given as

ϕ∇· − ∇ − ∇ = =⎜ ⎟⎛
⎝

⎞
⎠c D c

z D
RT

Fc iu 0, 1, 2i i i
i i

i
(5)
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ε ε

∇ = − +F
z c z c( )

r

2

0
1 1 2 2

(6)

R is the universal gas constant, and T is the average tempera-
ture of the solution in Kelvin. ε0, εr, and Di are the permittivity of
the vacuum, the dielectric constant, and the ionic diffusivity
of the ith species. The eqs 1, 2, and 6 have to be solved simul-
taneously to yield fluid velocity, potential, and concentration
distributions. The first term in the bracket in eq 5 stands for the
convective mass flux, and the second and the third terms express
the conductive and electromigrative mass fluxes, respectively.

2.2. Boundary Conditions. Equations 1, 2, 5, and 6 are
subject to the following boundary conditions.

At Nanopore Wall. The wall of the pore is nonslip, imper-
meable with a constant surface charge density σ, and then

=u 0 (7a)

ϕ· − ∇ − ∇ = =⎜ ⎟⎛
⎝

⎞
⎠c D c

z D F
RT

c in u 0, 1, 2i i i
i i

i
(7b)

ϕ σ
ε ε

·∇ = −n
r0 (7c)

n is the unit vector normal to the surface.
At Electrodes. The ionic concentrations at the two ends of

the reservoirs are assumed to remain constant at the bulk value,
c0. The external electric field is characterized by the potential
difference, V, between the two ends of the reservoirs. Since
the external source of the fluid motion is just electoosmosis,
hydrodynamic pressure at the ends of the reservoirs is equal to
zero.

ϕ ϕ+ − =r L a r V( , 2 ) ( , 0) (8a)

+ = = =c r L a c c r c i( , 2 ) , ( , 0) , 1, 2i i0 0 (8b)

= + =p r p r L a( , 0) ( , 2 ) 0 (8c)

At Reservoir Walls. Since the side boundaries of the reservoirs
are far away from the nanopore and are in the bulk fluid, no slip

Figure 1. Schematic of the conical nanopore along with the geometric
details.
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boundary condition, zero potential gradient, and zero ionic flux
are used.

=u 0 (9a)

ϕ·∇ =n 0 (9b)

ϕ· − ∇ − ∇ = =⎜ ⎟⎛
⎝

⎞
⎠c D c

z D F
RT

c in u 0, 1, 2i i i
i i

i
(9c)

The ionic current that implies the summation of current den-
sity carried by the ionic species in cathode or anode can be
calculated using the following integral.

∫= + ·I F z J z J sn( ) d
S

1 1 2 2 (9-a)

Here ϕ= − ∇ − ∇J c D c Fcui i i i
z D
RT i

i i is the ionic flux density of

ith species which consists of convective flux, mass diffusive flux,
and electromigrative flux, respectively, from the first term to the
third one. Here, S is the surface of the electrode (cathode or
anode).

By introducing the following dimensionless parameters,
the governing equations are normalized in dimensionless
forms.
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The reference velocity here is considered to be the Helmholtz−
Smoluchowski electroosmotic velocity, uHS, that for power-law
fluids is given as38
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The dimensionless forms of eqs 2, 5, and 6 are obtained using
the defined parameters in eq 10..

Figure 2. Comparison between the present results and the results obtained by Ai et al.24 when (a) V = 40, κRt = 6, σ̅ = −13.66; (b) V = 0, κRt = 1, σ̅ =
−13.66.
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In eq 12 κ is the inverse Debye length that is κ = 1/λ. The
uncharged pores act as an ohmic resistor, and the presence of
charges on the pore boundary brings about a bias in the ohmic
behavior of the pore toward a diode-like behavior. The ionic
current rectification (ICR) is a parameter that evaluates the

diode-like behavior of a nanopore which is defined as ICR =
I(−V)/I(V). Moreover, the dimensionless volume flow rate is
defined as the integration of the dimensionless velocity field over
the cross section of the pore as

∫* = *·Q u Snd
(15)

For all cases considered here, the following parametric
values have been used unless otherwise stated: εr = 78.5, ε0 =
8.854× 10−12 C/Vm, e = 1.602× 10−19 C,D1 = 1.95× 10−9 m2/s,
D2 = 2.03 × 10−9 m2/s, T = 300 K, ρ = 1000 kg/m3, and m = 4 ×
10−3 Pa·sn.

Figure 3. (a) Cross-sectional average of the dimensionless ionic concentration and (b) the dimensionless electric potential in the axial direction at V* =
40, σ* = −3.2.
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3. RESULTS AND DISCUSSION

A conical nanopore with the tip radius Rt = 30 nm, the base radius
Rb = 60 nm, and the length L = 1.2 μm is considered. Reservoirs
0.3 μm in size are connected to either side of the pore. The sur-
face charge density on the wall of the pore and the imposed axial
voltage range from −5.86 × 10−3 to −17.58 × 10−3 C/m2 and
from 0 to 1.034 V, respectively. The dimensionless eqs 12−14 are
discretized using a uniform grid and solved based on finite
element scheme. The code was performed on a high-perform-
ance desktop computer (Intel Core i7 CPU with 16 GB RAM).

The grid is produced throughout the computational domain,
and the meshes are exponentially refined within the tip and the
base of the channel since the electric double layer overlaps
within the tip and also the gradients of physical variables
are expected to be sharper in these regions. In the numerical
simulations, the grid spacing in the reservoirs is 3 nm, whereas
the minimum grid spacing of 0.6 nm is assumed in the
z direction near the tip and the base of the pore. The minimum
grid spacing in the r direction is inside the channel, and the
value is 0.5 nm across the tip.

Figure 4. (a) Cross-sectional average of the dimensionless ionic concentration and (b) the dimensionless electric potential in the axial direction at
V* = 40, σ* = −3.2.
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For the grid independence check three different grids are
examined, and eventually a grid with 4 × 104 elements is imple-
mented for obtaining the results. The accuracy of the results is
evaluated with the maximum tolerance of 0.05% for the rela-
tive difference of * − * *Q Q Q( )/in out out and * − * *I I I( )/in out out as the
subscripts in and out denote the inlet (anode) and outlet (cath-
ode) of the nanopore, respectively. A comparison between the

present results and the numerical data represented by Ai et al.23 is
made to ensure the validity of the assumptions and the solution
in this study. The dimensionless cross-sectional averaged ionic
concentrations and the dimensionless electric potential along the
pore and the reservoirs for a pore with the same geometry as in
ref 23 is presented in Figure 2. The plots reveal that the present
results coincide with the numerical results reported by Ai et al.23

Figure 5. Dimensionless velocity (contours and vectors) for different values of the power law index and κRt at σ* = −3.2 and V* = 40.
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3.1. Ionic Concentration and Electric Potential. The
cross-sectional average of the dimensionless ionic concentrations
for both cations and anions along with the dimensionless electric
potential distribution along the channel axis are depicted in
Figure 3, when the EDLs are overlapped in the tip (κRt = 1), and
for electrolyte solutions with shear thinning (n < 1), shear
thickening (n > 1), and Newtonian (n = 1) behaviors. It is
obvious that regardless of the type of the fluid, the electric
potential sharply falls in the tip of the nanopore. This drop in
the electric potential triggers a downstream (positive) induced
electric field that drags cations from the left reservoir toward
the tip. This is why the concentration of cations dramatically
increases in the entrance region of the nanopore. Based on the
spatial distribution of the ionic concentration of the cations and
the electric potential, a diffusive current dominantly carried by
the cations is induced in the positive direction (downward). In
contrast to both the Newtonian (n = 1) and dilatant (n > 1)
electrolytes, for the pseudoplastic electrolyte (n < 1), the electric
potential increases along the nanopore, bringing about an
upstream electric field, resulting in flowing cations toward the tip.
It is the reason that the ionic concentration of cations inside the

pore for the pseudoplastic electrolyte is fairly higher than that of
the Newtonian and dilatant ones. The ionic concentration of
anions inside the pore is absolutely negligible compared to that of
cations. It can be attributed to the two factors. First is that since
the nanopore is negatively charged the EDLs contain much more
cations than anions, and for the overlapping EDLs the ionic
concentration of anions is almost zero. Second, the positive
induced electric field (from the tip toward the base) leads to the
ion depletion of anions and enrichment of cations in the tip. It is
worth mentioning that for the overlapping EDLs the use of the
shear thinning electrolyte solutions leads to a higher electro-
migrative current in comparison to the Newtonian and dilatant
electrolytes.
Figure 4 represents the dimensionless averaged concentration

and the dimensionless electric potential along the nanopore for
different rheological behaviors of the electrolyte solution when
κRt = 5. For κRt = 5, the Debye length is smaller than the tip
radius, and the EDL is not overlapped. Thus, the nanopore is
filled with both cations and anions. In contrast to the case with
overlapping EDLs, for nonoverlapping EDL there is no drastic

Figure 6. Dimensionless ionic current versus the dimensionless applied
voltage for various values of the power-law index at σ* = −1.6, (a) κRt =
1 and (b) κRt = 5.

Figure 7. Dimensionless volumetric flow rate versus the dimensionless
applied voltage for various values of the power-law index at σ* = −1.6,
(a) κRt = 1 and (b) κRt = 5.
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drop in the electric potential in the inlet (tip) of the nanopore.
Therefore, the intensity of the induced electric field is relatively
low and can pull a smaller number of cations inside the nanopore,
leading to a lower density of the ionic concentration within the
pore compared with the case of overlapping EDLs. On the other
side, the electric field generated along the nanopore, from the tip
to the base, drags the cations to be depleted from the nanopore
and the anions to be accumulated within the nanopore; hence,
the concentration of anions is increased in comparison to the
case with overlapping EDLs (see Figure 3). It should also be
noted that for pesudoplastic fluids, the ionic concentration of
both cations and anions within the entire pore is slightly larger
than that of the Newtonian or dilatant fluids. Also, the potential
drop in the left side of the tip for pseudoplastic is more pro-
nounced than that for the Newtonian and dilatant fluids.

Physically speaking, for the pseudoplastic (shear thinning) fluids,
the fluid, which includes ionic species, can move more rapidly
from the left reservoir toward the nanopore, producing a higher
potential difference in the entrance region of the nanopore.

3.2. Velocity Distribution. The dimensionless velocity
distribution in forms of contours and vectors in the entrance
region of the conical nanopore and the right side of the left
reservoir is illustrated in Figure 5 for various types of fluid
and some values of κRt. For κRt = 1 the velocity magnitude is
increased by increasing the power law index, while for κRt = 10
the trend is reversed. It implies that as the EDL thickness grows
(κRt reduces) the dominantmechanism in fluid transport becomes
the ionic diffusion and electromigration; however, for small EDLs
the shear driven mechanism makes a predominant contribution
to fluid flow. The interesting point is that regardless of the

Figure 8. Dimensionless ionic current versus κRt for various values of the dimensionless surface charge density at V* = 40, (a) n = 0.9, (b) n = 1.0, and
(c) n = 1.1.
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rheological behavior of the electrolyte solution, for a thin EDL
which corresponds to the high κRt, the velocity profile across the
channel becomes flatter. It is justifiable if we attribute this
phenomenon to the interactions between the ionic species in the
EDL that acts as a resistance against fluid flow through the nano-
pore. When the electrolyte is a shear thinning fluid, overlapping
the EDLs in the entrance region of the nanopore (κRt = 1) shapes
a rotational flow in this region, generating eddies of the elec-
trolyte solution which triggers a pressure loss in the nanopore to
reduce the electrolyte transport.
3.3. Ionic Current and Volumetric Flow Rate. Figure 6a, b

illustrates the variation of the dimensionless ionic current as a
function of the dimensionless applied voltage for various types of
fluids at κRt = 1 and κRt = 5, respectively. As is seen, the diode-like
pattern of I*−V* curves, which is revealed for all types of the
fluid and for both values of κRt, implies that the electrolyte
solution does not behave as an ohmic resistor. It is noteworthy to

point out that by increasing the power law index, n, the ionic
current through the nanopore is remarkably increased as either a
negative or positive polarity of the bias is applied. For over-
lapping EDLs, at high applied bias, this increase in the ionic
current, which arises from the fluids rheological distinctions,
becomes less pronounced, while for nonoverlapping EDLs this
increase is revealed to be more considerable. For example, for
κRt = 1 using the dilatant fluid as the base liquid of the electrolyte
solution produces an ionic current with at most (when V* = 40
and −40) 2.38 times magnitude for the case of the pseudoplastic
fluid; however, this ratio is about 7.7 when the EDL covers just
20% of the tip of the nanopore (κRt = 5). It would be of utmost
importance from the viewpoint of design since there is a
preferential type of fluid which can enhance the performance of
such conical nanopores significantly.
The volumetric flow rate of the solution through the nanopore

as a function of the applied voltage for various values of the power

Figure 9.Dimensionless volumetric flow rate versus κRt for various values of the dimensionless surface charge density at V* = 40, (a) n = 0.9, (b) n = 1.0,
and (c) n = 1.1.
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law index and for κRt = 1 and κRt = 10 is depicted in Figure 7a, b.
It is observed that the volumetric flow rate increases with the
magnitude of the applied voltage independent of the rheological
behavior of the electrolyte solution and the EDL thickness. It
is because the applied voltage is the only driving force which
stimulates the solution along the pore. For κRt = 10 the pseu-
doplastic fluid produces a higher volumetric flow rate than the
other two types of fluids. It is expected since the low interlayer
shear stress that is associated with the shear thinning effects aids
the fluid layers to have more convenient relative movement.
However, when κRt = 1, the flow rate for the pseudoplastic fluid is
less than that for the Newtonian and dilatant fluids. It seems that
in this case, the contribution of the ionic current, which is much
larger for the Newtonian and shear thickening fluids than shear
thinning fluid (see Figure 6a), to the flow rate is more dominant
than the convective transport of the fluid. As is seen, the polarity
of the applied voltage has no significant impact on the volumetric
flow rate.
The ionic current is plotted versus κRt at various values of the

dimensionless surface charge density for n = 0.9, n = 1.0, and n =
1.1 in Figures 8a−c, respectively. For electrolyte solutions with
shear thinning (Figure 8a) and Newtonian (Figure 8b) behav-
iors, variation of the ionic current with respect to the surface
charge density strongly depends on the EDL thickness. It is to say
that for κRt < 1.5, the increase in the surface charge density leads
to decrease in the ionic current, while for κRt > 1.5 the trend is
reversed. It might be due to the interactions of the ions present
in the interface of overlapped EDLs which prevent ions’ free
movement along the pore.
. In addition, for pseudoplastic and Newtonian fluids a maxi-

mum point in I* curves appears as the surface charge density
increases, and this maximum current takes place approximately in
the range 3 < κRt < 4, depending on the surface charge density. In
this range of EDL thickness, the magnitude of the surface charge
density becomes a more influential parameter in designing
such conical nanopores on account of the significant difference
between the magnitude of the ionic current predicted for dif-
ferent values of the surface charge density. Furthermore, as the
EDL thickness decreases, regardless of the fluid rheological
behavior, the influence of the surface charge density on the ionic
current diminishes, which is just to be expected since at thin
EDLs the electromigration and electroosmosis have almost no
contribution to the transport of the ions. For dilatant fluids the
ionic current declines with κRt to reach a minimum point and
then gradually increases. Also, as the surface charge density
increases the ionic current increases at kRt < 6, while for kRt > 6
the ionic current for σ̅ =−1.6 almost exceeds the ionic current for
σ̅ = −3.2
Figure 9 represents the variation of the volumetric flow rate

with κRt in the presence of some values of the dimensionless
surface charge density for all different rheological behaviors of
the fluid. For all types of the fluid, when κRt exceeds a certain
value, the pore with the higher charge density allows higher
volumetric flow rate to pass, while for κRt smaller than that
threshold value, the influence of the surface charge density on the
volumetric flow rate strongly depends on the EDL thickness. For
example, for fluids with shear thinning behavior (Figure 9a) at
κRt = 1 a higher volumetric flow rate is allowed through the
nanopore with the lower surface charge density, and increasing
the surface charge density from σ* = −3.2 to σ* = −4.8 does not
have a tangible effect on the volumetric flow rate. Also for the
Newtonian and dilatant fluids the trend is similar. Therefore, it is
important to know that conical nanopores can be used as a flow

restrictor instrument by setting the designing parameters as well.
For all the fluids with different rheological behaviors and for each
surface charge density, there is an EDL thickness in which the
volumetric flow rate through the nanopore is maximized. As is
shown, this maximum point takes place at lower EDL thickness
(higher κRt) as the surface charge density increases or the power
law index decreases. It brings us to the conclusion that nanopores
can be used as a flow booster in biological and engineering
applications.

3.4. Ionic Current Rectification (ICR). The ionic current
rectification as a function of κRt for different rheological behav-
iors is depicted in Figure 10. As is clear, for small κRt the

preferential current direction is from the base toward the tip of
the nanopore. It is due to the dominance of the cations within the
conical nanopores. This prediction shows a similarity to the local
charge inversion with polyvalent cations, which strongly pertains
to the EDL thickness. Figure 10 also demonstrates that the shear
thinning rheological behavior leads to an increase in the ionic
current rectification. As κRt increases the influence of rheological
behavior on the ICR lessens. Higher κRt corresponds to the
thinner EDL which means the broad region in the nanopore
turns to a bulk concentration. In the bulk region the convective
contribution, in terms of uci, is negligible and electroosmotic flow
weakens, making an inconsequential contribution to the ionic
current through the nanopore, resulting in the unimportant effect
of fluid rheological behavior on the ionic current.
The effect of dimensionless surface charge density on the ICR

for different types of fluids and at κRt = 1 and κRt = 5 is depicted
in Figure 11a, b. At κRt = 5, for fluids with Newtonian or shear
thickening rheological behaviors, the increase the magnitude of
the surface charge density makes a gradual increase in ICR, while
for the shear thinning fluids a substantial increase in the ICR is
observed. Thus, for relatively thin EDLs, raising the surface
charge of the nanopore is more effective when the electrolyte
solution is a shear thinning fluid compared to the other types of
fluids. When κRt is equal to unity, for all types of the fluid, ICR
increases almost linearly with the increase of the surface charge
density. It should be mentioned that at relatively low surface

Figure 10. Ionic current rectification versus κRt for various values of the
power law index at σ* = −3.2 and V* = 40, −40.
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charge densities (|σ*| < 3.2) the dilatant fluid is a better choice for
rectifying the ionic current in a preferential direction which is
from the base toward the tip of the nanopore. As the surface
charge density increases, the distinction between Newtonian and
dilatant fluids in rectifying the ionic current vanishes. Therefore,
regarding the ICR plots for Newtonian and dilatant fluids, |σ*| =
3.2 acts as a threshold value for surface charge density.

4. CONCLUSIONS
The main objective of this study is to assess the impact of the
non-Newtonian rheological behavior of biofluids on the elec-
troosmotic flow and the ionic transport through a conical nano-
pore which is supplied from two large connected reservoirs. The
dynamic viscosity of the electrolyte solution is assumed to follow
the Ostwald−de Waele power law model which is divided into
two categories as shear thinning and shear thickening fluids
depending on their strain rate with shear forces. Themost impor-
tant outcomes of this study are listed below:
•For all the fluids with different rheological behaviors and for

each surface charge density, there is an EDL thickness in which

the volumetric flow rate through the nanopore is maximized.
This maximum point takes place at lower EDL thickness (higher
κRt) as the surface charge density increases or the power law
index decreases. Therefore, conical nanopores can be used as a
flow booster in biological and engineering applications.
•Regardless of the other parameters, the shear thinning rheol-

ogical behavior leads to an increase in the ionic current rec-
tification.
•By increasing the power law index, n, the ionic current

through the nanopore is remarkably increased as either a negative
or positive polarity of the bias is applied. For overlapping EDLs,
at high applied bias, this increase in the ionic current, which arises
from the fluids rheological distinctions, becomes less pro-
nounced, while for nonoverlapping EDLs this increase is revealed
to be more considerable.
•For thin EDLs the pseudoplastic fluid produces a higher

volumetric flow rate than the other two types of fluids, while for
overlapping EDLs, the flow rate for the pseudoplastic fluid is less
than that for the Newtonian and dilatant fluids.
•As the EDL thickness decreases, regardless of the fluid rheol-

ogical behavior, the influence of the surface charge density on the
ionic current diminishes. Also, as the surface charge density
increases the ionic current increases for κRt < 6.
•For relatively thin EDLs, as the surface charge of the nan-

opore raises the increase in ICR for shear thinning solutions is
more pronounced compared to the other types of fluids.
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