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ABSTRACT: A theoretical model of electroosmosis through a
circular pore of radius a that traverses a membrane of thickness # is
investigated. Both the cylindrical surface of the pore and the outer
surfaces of the membrane are charged. When h > g, end effects are
negligible, and the results of full numerical computations of
electroosmosis in an infinite pore agree with theory. When h = 0,
end effects dominate, and computations again agree with analysis.
For intermediate values of h/a, an approximate analysis that
combines these two limiting cases captures the main features of
computational results when the Debye length k™' is small compared
with the pore radius a. However, the approximate analysis fails when
k' > a, when the charge cloud due to the charged cylindrical walls

+

+ 2a + +

overspilling
charge cloud

of the pore spills out of the ends of the pore, and the electroosmotic flow is reduced. When this spilling out is included in the

analysis, agreement with computation is restored.

1. INTRODUCTION

Electroosmosis in a circular cylindrical pore of finite length h
differs from that in an infinitely long pore due to end eftects. If the
cylinder length h = 0, then the pore consists of a hole in a charged
membrane of zero thickness, and electroosmosis can be
considered to be entirely due to end effects. This case was
considered by us previously.' When the cylindrical pore is
infinitely long, end effects are negligible, and the computation of
the electroosmotic volumetric flow rate Q, for arbitrary Debye
lengths and surface charge densities, is standard™® (with similar
results available for infinitely long planar channels*~”). Here, we
are interested in intermediate values of h.

Full numerical computation of the Poisson—Nernst—Planck
(PNP) equations for ionic motion is, of course, possible, and
some typical results were reported by Mao et al.' Such numerical
computations, however, do not identify the mechanisms
underlying the qualitative features of the physical system. Here,
we discuss how simple models, based on continuity of electric
current and volumetric flow rate, can be combined in order to
estimate end effects for pore lengths i > 0. We assume that the
zeta potential on the surface of the membrane is small, so that the
Poisson—Boltzmann equation governing the equilibrium charge
cloud can be linearized, and the electroosmotic velocity can be
determined by an analysis equivalent to that of Henry® for
electrophoresis, i.e., fluid motion is generated by the effect of the
applied electric field acting on the equilibrium charge cloud
(which is not deformed either by the applied electric field or by
fluid motion). In this limit, the electroosmotic volumetric flow
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rate Q through the hole in the membrane can be determined by
means of the reciprocal theorem."

Figure 1 shows the axisymmetric geometry that we are
considering. The cylindrical pore CD has radius 4 and length h.
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Figure 1. Cylindrical pore CD, of length h and radius a with surface
charge density o,, passing through the membrane with surface charge
density o, on the two surfaces BC and DE. The reservoirs on either side
of the membrane are large (b > a). The pore and reservoirs are
axisymmetric about the z axis.

The cylindrical surface CD of the pore has surface charge density
0., and the membrane surfaces BC and DE have surface charge
density o,;. An electrical potential difference is applied between
the fluid reservoirs at either side of the membrane, and
electroosmotic flow is generated by the resulting electric field
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acting on the charge cloud adjacent to the charged surfaces. The
analysis of Mao et al." assumed that the external reservoirs on
either side of the pore were unbounded, with radius b = co. For
the numerical computations presented in section 3, the external
reservoirs were bounded by uncharged cylinders of radius b >> a,
sufficiently large that numerical results when h = 0 differed little
from the analytic results for & = 0 and b infinite. There have been
many studies in which flow is generated in cylinders of different
dimensions, connected either in series’ or in networks intended
to represent porous media."® Here, however, we are interested in
the effect of the surfaces BC and DE of the membrane on
electroosmotic flow within the cylindrical pore, and any
boundaries, AB and EF, of the external reservoirs are so far
away that they can be neglected.

We shall allow the surface charge density o, on the membrane
to differ from the charge density o, on the wall of the cylindrical
pore. There have been previous detailed studies of the effect of a
discontinuity in surface charge density on electroosmosis.'""*
The fine details of the charge cloud and fluid motion around such
a discontinuity will be lost by the simple models presented here.
They are, of course, fully taken into account in the numerical
computations discussed in section 3.

In section 2.2, we set up the approximate analysis of end effects
and compare results to those obtained from full numerical
computations. The analysis is presented from first principles, but
it can alternatively be set within the framework of the reciprocal
theorem, as explained in section 2.6. The agreement between the
approximate analysis and full computation is, in general, good,
except for large Debye lengths k' >> a. In section 4, we consider
this case in more detail in order to evaluate how much of the
charge cloud due to the charged walls of the cylindrical pore lies
within the pore and how much spills out beyond the ends of the
pore. When this overspill is taken into account, the agreement
between the computations and the approximate model is
improved.

2. COMPOSITE ELECTROOSMOTIC COEFFICIENT

2.1. Pore Geometry. The axisymmetric geometry that we
are considering is shown in Figure 1. We use cylindrical polar
coordinates (r,z), with the z axis along the axis of symmetry and
z =0 at the midpoint of the cylindrical pore, the ends of which are
at z = +h/2. When h = 0, we shall also use oblate spherical
coordinates (£,7), with

z=asinh&cosn, r=acoshfsiny (1)
where —00 < £ < o0 and 0 <7 < 7/2.

The cylindrical pore and the reservoirs at either end are filled
with liquid with electrical conductivity X and viscosity y. The wall
CD of the cylindrical pore is charged, with uniform surface
charge density 0., and the surface charge density over the
membrane surfaces, BC and DE, is 6,,. The electrical permittivity
€, of the membrane will be typically much smaller than the
permittivity € of the liquid, and we assume €, = 0. We assume that
the reservoir boundaries AB and EF are uncharged and at infinity.
We shall occasionally refer to the surface potential ¢, which will
not, in general, be uniform, but which is required to be small, with
{ < kT/e, where e is the elementary charge and kT the
Boltzmann temperature. The electrical potential ¢, within the
equilibrium charge cloud therefore satisfies the linearized
Poisson—Boltzmann equation so that

VZ‘i’o =K 2¢0 ()
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where k' is the Debye length, and the charge density in the
equilibrium charge cloud is

Py = €K 2¢0 (3)

2.2. The Applied Electric Field. The applied electric field is
E = —Vy, where the potential y satisfies the Laplace equation

Viy=0 4)
with gradient
n Vy=0 (%)

normal to the walls of the membrane and of the cylindrical pore.
In z > 0, the electric potential far from the membrane is y = ¢,/2,
and the potential far from the membrane in z < 0is y = —¢p,/2.

When the membrane thickness & = 0, the potential can be
expressed explicitly as"?

X = ﬂ[l — E tan_l( ):| = )?m (1’, Z)¢1
2 b4

On the plane of the membrane, within the circular opening,

sinh & (6)

7, =0, z=0,r<a,h=0

)

The liquid within the pore has electrical conductivity X; we have
assumed that surface charge density (and hence the density of
charge in the cloud of counterions) is small, so that surface
conductivity may be neglected. Indeed, if the mobilities of the
various ionic species are identical, then the surface conductivity
due to the mobile charge cloud given by the linearized model (2)
at O(e{/kT) is zero. The total electric current I, flowing through
the hole in the membrane is therefore

1
I

h 2aX

: (8)

If h > 0, then we assume that the potential within the
cylindrical pore varies linearly and approximate the potential
within the pore as

_ z
X :){c¢2 = Z(]ﬁz, r<a, Izl < h/2 (9)
as would be expected in the absence of any end effects. The
potential in z > h/2 is approximated by that outside a membrane

(with a hole) of zero thickness

¢ g

x= 72 + (P, — 97, (r,z—h/2) (10)
with y(r,z) = —y(r,—z). This approximation (9) and (10) is
continuous at z = +h/2 where the potential is assumed to be
+¢,/2 across the entire width of the opening (by eq 7). The as
yet unspecified potential ¢, is determined by requiring
continuity of the electrical current at z = +h/2. The current I,
through the cylindrical pore is

% h

L=—-2
7a*y

c R c =

C

(11)

and the electrical current through the reservoir in z > h/2 is, by
eq §,

(12)
Equating I. (11) and I, (12), we find
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Figure 2. (a) Nondimensional Ohmic resisistance R/(aX) of a hole of radius a in a membrane of thickness A, as a function of h/a. Solid line, R,/ (aX)
computed numerically; dashed line, the approximation R,/ (aZ) (14). (b) The difference (R, — Rmmp) /(aX).

b= D
> R, +R,

(13)

This computation suggests that the system can be treated as two
resistors in series, with composite resistance
Reowp = Ry + R,

comp

(14)

However, this estimate assumes a uniform potential over the
ends of the pore at z = +h/2, and we have effectively inserted
thin, perfectly conducting sheets over the pore ends. Removal of
these sheets can only increase the resistance and hence R, is an
underestimate for the true total resistance R, Figure 2a shows
R, /(aZ) computed numerically by means of the Freefem++
finite element package,'* together with Reomp/(aZ). The
difference is small and is shown in Figure 2b.

2.3. Electroosmosis through an Infinite Cylindrical
Pore. We assume throughout this article that the perturbation of
the equilibrium charge cloud by the applied electric field and by
fluid motion is negligibly small. The force acting on the ions in
the charge cloud due to the applied electric field —Vy is therefore
—pPoVx.

The equilibrium potential within an infinite cylindrical pore is

¢ Iy(xr) _ a Iy(xr)
‘I(ka)  ex L(xa)

= (15)

In the absence of any end effects, if the electric field Ey = —¢,/h is
applied along the length of the cylindrical pore, then the fluid

velocity is

e
U= ﬂ—hz(Cc )

(16)
and the total electroosmotic volumetric flow rate is*
2nga’| 1 Iy(ka) 1
ch = — - 2 ¢2 = HC¢2
uh | 2ka L(ka)  (xa) (17)
where the electroosmotic coefficient
rea®  ma’l
H=Q,/ /¢~ ——=—=, a>1
uhk uhe (18a)
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noa’
~— <L

4uh

The total current through the cylindrical pore is I, (11), so the
ratio between volume flux and current is

(18b)

c
K.=-Q /L=HR . ~—=—"-, ak>1
L. R UkE  peX
(19a)
ca
~— k1
4ux (19b)

2.4. Electroosmosis through a Membrane (h = 0). It was
shown by Mao et al." that if the equilibrium charge density is po,
the imposed electric field is E = —Vy and the fluid velocity
generated by a pressure difference p, across a pore (of arbitrary
geometry) is

u=pG (20)

then the reciprocal theorem'® for Stokes flows can be used to
show that electroosmotically generated volumetric flow rate
through the pore is

Q= —prOG. Vy dv (21)
where the integral is over all the fluid.

The fluid velocity generated by the pressure difference p,
across a circular hole in a membrane of zero thickness is

u=pG" (22)
An explicit expression for G™(rz) is available,"'® and the
potential y is given by eq 6. The charge density in the e(iluilibrium
charge cloud around a membrane of zero thickness is

(23)

which consists of the charge density adjacent to a uniform
charged surface, from which has been subtracted the charge
density around a uniformly charged disk. The integral (21) can
be evaluated numerically,' and the electroosmotic flow rate

e—KZ
ds —

Ka

Py =

m

2 & ]1(‘15)]0(”5) NN
il

Ok 4 (KZ + 52)1/2
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Figure 3. Electroosmotic coefficient H,,,, scaled by H, (26), for a membrane of thickness & = 0, as a function of ax. Solid line, analytic result (21); dashed
line, asymptote (25) for ak < 1; triangles, full PNP numerical computation (i = 0). The dot—dashed line shows H,,/H, = 6/(ax) with the expected
slope for large ak. Squares and circles show electroosmotic coeflicients H/H, for nonzero membrane thickness 4 > 0, computed by numerical integration
of the full PNP equations: solid circles, hi/a = 0.06; open squares, h/a = 0.1.

through a hole in a membrane of zero thickness can be expressed
in the form

Qe = Hudhy (24)
where
H_ ~axH, ax<1 (25)
with
azam
H,=
3u (26)

The ratio of the electroosmotic volume flux Q,,. to the electrical
current I is

Qne/In = K, (27)
where
ak
K,=HR, A~ —K ak < 1
m m S m 2 0’ (28)
with
ao
0 = —
32u (29)

Figure 3 shows alog—log plot of results for H,,,/H,, obtained by
Mao et al.' The continuous line shows the analytic result (21)
obtained via the reciprocal theorem, and the asymptote (25) for
ak < 1 is indicated.

The membrane has zero thickness, so there is always a region
near the edge of the pore where the Debye length k! cannot be
considered small compared with h; Smoluchowski’s analysis for
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thin charge clouds, which would predict H = 6H,/(ax) if {,, took
the uniform value eko,, therefore, cannot automatically be
invoked when ak >> 1. However, if we set up a local coordinate s
indicating distance from the edge of the pore, then both the
electric potential ¥ (6) and the fluid velocity G™ (22) vary as s'/>
when s < a (i.e., near the pore edge). The charge cloud density
po decays over a length scale ™', and only counterions of
membrane surface charge within a distance k' from the edge
contribute to p, within the hole. The contribution of the edge to
the integral (21) is therefore O((ax)™"), as was similarly found
for the electrophoretic velocity of a charged disk.'” We therefore
expect H,, ~ Hy/(ax) when akx > 1. The data in Figure 3 do not
extend to sufficiently high values of ak to allow us to estimate the
asymptote with any accuracy, and for the figure, we simply
indicate the line H,/H, = 6/(ax) suggested by the
Smoluchowski analysis. A similar reduction in the broadside
electrophoretic velocity of a disk below the value predicted by
Smoluchowski was noted by Sherwood and Stone.'” Individual
points in Figure 3 indicate results obtained from full numerical
solutions of the Poisson—Nernst—Planck equations in a
symmetric electrolyte at low applied potential and low surface
charge. In the computations, the length of the reservoirs in the z
direction was equal to their radius b, with b = max(10a,10x™").
Other details of the computations are reported in section 3.
2.5. Composite Electroosmotic Coefficient H g p,p. When
h > 0, it is natural to suppose that the electric field outside the
membrane pumps fluid toward the cylindrical pore at a rate

Qme ~ Hm(¢1 - ¢2) (30)

dx.doi.org/10.1021/1a502349g | Langmuir 2014, 30, 9261-9272
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and the electric field within the cylindrical pore pumps fluid
through the pore at a rate

Q—ce ~ HC¢2 (31)

However, in general, Q... (30) and Q. (31) differ, and a pressure
+p,/2 builds up at z = +h/2 (i.e., at the entrance and exit to the
cylindrical pore) in order to ensure that the volumetric flow rate
is continuous. We now determine this pressure p,.

Consider a membrane of zero thickness (h = 0), with pressure
p =p1/2 (above the reference ambient pressure) at infinity on the
side z > 0 and with p = —p,/2 at infinity on the other side. The
pressure within the hole in the membrane is

p=0, z=0,r<a,h=0 (32)

The fluid velocity generated by the pressure difference p, across
the membrane is u = p;G™ (22), and the corresponding
volumetric flow rate is'®

3
a

3u

G. =

m

th Gm-pl’ (33)

If h > 0, then we approximate the pressure field in the fluid in
much the same way as we approximated the electrical potential
within the fluid: we patch a linearly varying pressure p(z) within
the cylindrical pore to the pressure field outside a membrane of
zero thickness, and we take the pressure over the two ends z =
+h/2 of the cylindrical pore to be +p,/2. Thus, the pressure
within the pore is approximated as

P
==z, r<alzd<h/2
=0 (34)
the fluid velocity within the pore is
u=p6 (35)
and the volumetric flow rate within the pore is
4
ma
=Gp, G =-—
Qo = by Shu (36)

Outside the cylindrical pore, the fluid velocity is now assumed to

be

u=(p —p)G"(r,z=h/2), z>h/2 (37)
with u,(r,z) = —u,(r,—z) and u,(r,z) = u,(r,—z). The volumetric
flow rate outside the membrane is now

5, - 1) 2
=G.(p —p), G, =-——
th m pl p2 3/l (38)

We have ensured that the pressure (but not the fluid velocity or
the volumetric flow rate) is continuous across the ends z = +h/2
of the cylindrical pore.

When an electric field generates an electroosmotic velocity, the
volumetric flow rates within the cylindrical pore and outside the
membrane are identical if p, is such that Q. + Qme = Qi + Qe

ie., if
Gm(pl - pz) + Hm(¢1 - ¢2) = ch2 + Hc¢2
But the pressure at infinity is zero in the electroosmotic problem,
so p; = 0, and ¢, is given by eq 13. Hence
(G + G)R, +R)

(39)

& (40)
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and the total electroosmotic flow is
Q _ (GchHc + GchRm)

QE = Qme + ¢1 = Hcomp¢1

(41)
An alternative derivation of this approximate composite Hy,
(41) is given in the next section.
Inserting into eq 41 the various estimates for G,, (38), G. (36),
R, (8), and R, (11), we obtain

161>
(Hm + 37t2a2HC>
Hco P =
my 2h 8h
@+ﬁ@+%) (#2)

For small /a, the approximate composite H,,, is larger than

comp
H, if
H, 7ra
—_— > —_—
H,  8h (43)

Experimental arrangements sometimes involve measurements at
fixed current, and a coefficient Ky, that gives the electroosmotic
flux per unit current is therefore useful. This quantity may be
obtained readily from egs 11, 13, and 41

5y )

3ra
8h
(1 + 37)

which changes from K, when h = 0 to K. when h > a.

2.6. Composite Electroosmotic Coefficient H
Derived via the Reciprocal Theorem. We now show that
approximations to the electric potential y and pressure-driven
velocity G within a pore of nonzero length h > 0, when inserted
into the integral expression (21) for the electroosmotic volume
flux, lead to an approximate electroosmotic coefficient identical
t0 Heomp (42) obtained in the previous section.

We have already shown that we may approximate the electric
potential by a composite potential (9) and (10) of the form

_ QE _ (Gch + GcKm) _ (Km +
L (Gu+G)

[

(44)

R
- (i)i 2 < h/2
h)R, + R, (45a)
Rc¢1 Rm¢1
- 7 (r,z—h h
2k, +R) TR, 4 RY DT 2k
(45b)
=—x(r, =2),2<0 (45¢)

We now create a similar approximation for the fluid velocity for
flow through a membrane of thickness & subjected only to a
pressure drop p; but no applied potential drop. We suppose that
in z > h/2 the fluid velocity is given by eq 37, corresponding to
flow outside a membrane of zero thickness, and that within the
cylindrical pore the fluid velocity is given by eq 35. Continuity of
the volumetric flow rates (36) and (38) at the entrance to the
cylindrical pore requires that the pressure +p,/2 at the two ends
of the pore satisfies

G.p, = Gm(pl - pz) (46)
so that
Gmpl
hT% v, 47)
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Langmuir

0 5 10 15 20 25 30 35 40 45 50

0.7 T T

0.6 B

H/Hy

0 5 10 15 20 25 30 35 40 45 50

H/H,

H/H0

Figure 4. Electroosmotic coefficient H scaled by H (26) for 6,, = 6, , as a function of h/a, for (a) ak = 10, (b) ak =2, (c) ak = 1, and (d) ax = 0.1. Solid

line, Heqypmp (42); solid circles, full PNP numerical computation.

Hence, our approximation to the fluid velocity is u = Gp,, with

G
G=—2—-G(r,z), lzl<h/2
Gc + Gm (48&)
GC m
= — _G"(r,z—h/2), z>h/2
G. + G, (48b)

The (small) errors involved in this approximation are discussed
by Dagan et al.'®
We now use approximations (45) and (48) in integral (21) in
order to compute the electroosmotic volumetric flow rate. But
the integration splits naturally into an integral over the cylindrical
pore and an integral over the regions outside the membrane. The
integral over the cylindrical pore is exactly the integral required to
determine the electroosmotic flow rate H, (17) in a cylinder, and
the integral outside the membrane is exactly that required to
determine H,, (24). Hence, the integral yields the composite
electroosmotic flow rate
GR_H

Hcom = . = =
" (G.+G)R,+R)

GR,H,, + G,R.H,

G, RH,

(49)

identical to (41), obtained in section 2.5 by elementary methods.
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2.7. Predictions of the Composite Electroosmotic
Coefficient. Figure 4 shows H,,, (42) as a function of h/a
for four different values of ak, with o,, = 6. Also shown are the
results of full numerical computations based on the Poisson—
Nernst—Planck equations' and described in section 3. The
coefficient H_ (17) is proportional to h~" and is very large when
the pore length h is small, leading to a large electroosmotic
coefficient H,,- The action of the electric field acting on charge
confined within the cylindrical pore is much more efficient at
creating fluid motion than is the weaker electric field acting on
charge outside the pore. We see that for ak > 1 the approximate
analysis captures the main features of the full numerical results,
and it is clear from (42) that it also has the correct limits as h/a —
0 and h/a — co. However, it is also evident from Figure 4d that
the theory is unsatisfactory when ax < 1.

The results of Figure 4 are presented in terms of the coefficient
Keomp (44) in Figure S. Both Ky, and the full numerical results
now increase monotonically with 4, with a final end point K, =
K. that is independent of &1 when h >> a. Figure 5, like Figure 4,
shows that the theory leading to K., is inadequate when ax <
1. We discuss this limit in section 4, where we shall show that
when ak < 1 some of the charge cloud of ions that neutralizes the
surface charge on the cylindrical wall of the pore spills out of the
ends of the pore, where it is less effective at generating
electroosmotic flow. The scenario is shown schematically in
Figure 6.

dx.doi.org/10.1021/1a502349g | Langmuir 2014, 30, 9261-9272
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Figure 6. When the Debye length ™" is large compared with the pore
radius g, the cloud of counterions associated with the charged cylindrical
wall of the pore spills out of the ends of the pore.

3. NUMERICAL SIMULATION

The time-independent PNP—Stokes equations governing the
electrical potential ¢, the ionic number density of the ith ionic
species n' (i = 1, ..., N), the fluid velocity u and fluid pressure p are

9267

N
eV + Z zen' = 0

i=1 (50)
V-[n'a — @' (kTVh' + ezn'Vep)] = 0 (51)
N .
-Vp + uViu — Vo Z zen' =0
i=1 (52)
Vau=0 (83)

where z; is the valence of the ith ionic species and @' is its
mobility. Here, we restrict our attention to the case N =2, with z;
=—z=1

We used a finite volume numerical scheme to solve the system
of coupled eqs 50—53 in the axisymmetric geometry depicted in
Figure 1. Thus, we considered a cylindrical pore of radius a and
length h connecting two large cylindrical reservoirs of radius b.
The lengths of AB and EF in our simulation were also taken to be
b, which was kept much larger than either a or the Debye length
k" so that the reservoirs were effectively infinite.

3.1. Boundary Conditions. At A and F, the two ends of the
reservoirs, ion concentrations were set equal to the concentration

dx.doi.org/10.1021/1a502349g | Langmuir 2014, 30, 9261-9272
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in the bulk electrolyte (i.e., n' = n.,); a potential difference AV
was applied across the system by setting ¢ to +AV/2,
respectively, at A and F, where the pressures were set equal to
the bulk pressure, p = p... At AB and EF, the side walls of the
cylindrical reservoirs, the radial component of the electric field,
ionic flux, and velocity were all set to zero, as was the tangential
shear stress, in order to minimize the effect of these boundaries.
The last condition was imposed as the cylindrical reservoirs
merely represent a convenient computational domain; the walls
of the real physical reservoir are far enough away from the pore to
be essentially irrelevant. At the membrane and pore surfaces, BC,
CD, and DE, a no-flux condition was used for (51), and a no-slip
condition was used for the flow. At solid—fluid interfaces (with
unit normal #), the electric potential is continuous, but the
normal component of the electric field undergoes a jump, with
[€E-#i] = 6,, at BC and DE and [¢E-#1] = 6, at CD.

An electrohydrodynamic solver was implemented to solve the
system described above using the OpenFOAM CFD library,”® a
C++ library designed for computational mechanics. A structured
mesh was constructed by means of the polyMesh meshing tool
within OpenFOAM. The grid was refined near the membrane
and pore surfaces to resolve the Debye layer. Grid independence
was checked in all cases by refining the grid and verifying that the
solution did not change within specified tolerances.

For the finite volume discretization of the governing
equations, central differences were used for all diffusive terms
in (51) and viscous terms in (52). A second-order upwind
scheme was used for the convective terms in (51). The
discretized linear system was solved using a preconditioned
conjugate gradient solver if the matrix was symmetric or a
preconditioned biconjugate gradient solver if the matrix was
asyrnmetric.21

An iterative scheme was used to solve the PNP—Stokes
equations. Initially, the flow velocity was set to zero. Equations 50
and S1 were then solved sequentially in a loop with under-
relaxation (to ensure stability of the nonlinear PNP system) until
the absolute residual was smaller than a specified tolerance, in our
case, 107% The electric force density —V¢Y zen' was then
obtained from this solution and used as an explicit external
forcing in the solution of the incompressible Stokes flow
problem, (52) and (53), solved by means of the SIMPLE
algorithm. The flow field so computed was then substituted into
(51), and the PNP equations were solved again using the updated
flow field. An outer loop was constructed to iterate over the PNP
loop and Stokes flow module until the solution changed
negligibly between two outer iterations.

Our main object of interest is the volumetric flux, Q. This was
obtained by numerically integrating the axial velocity over the
plane z = 0. At the low voltages employed, the linear relation
found between Q and AV leads to the electroosmotic coefficient
H = Q/AV, shown as discrete points in Figures 3—5 and 7. The
amount of charge within the pore was determined by numerical
integration and used to obtain the quantities . and h
reported in Table 1.

gained

4. CHARGE OVERSPILL FROM THE ENDS OF THE PORE,
ak < 1

4.1. Overspill of Charge from the End of a Semi-Infinite
Pore. We consider a cylindrical pore of radius a, with surface
charge density 6. When the Debye length k' > a4, the
equilibrium potential ¢, (15) in an infinitely long cylinder can be
expanded as

9268

(kr)®
¢°=¢“(1+ 4 +] (54)
where
o . 2
a= exL(ka) - ex(ka) (55)

Thus, the equilibrium potential ¢, and charge density p,
—ex*(, within the charge cloud vary little over the cross-section
of the pore. On the other hand, if the cylinder is not infinitely
long and uniform, ¢, and p, vary in the axial (z) direction with a
length scale k~'. We can therefore consider the equilibrium
p(;gential ¢ho within the cylindrical pore to be a function only of
z.

We first consider a semi-infinite, charged cylindrical pore
going from z = 0 to z = c0. The equilibrium potential ¢, satisfies a
one-dimensional Poisson—Boltzmann equation

2

4", -
dz> =K

The solution that tends to the uniform potential ¢, within the

pore as z = oo far from the pore end at z = 0, is

¢, = ¢, — A exp(—kz) (57)

for some unknown constant A. The charge density within the
charge cloud inside the pore is —ex*¢h,, and when the cylindrical
pore is infinite (and hence uniform) the charge per unit length in
the charge cloud is —za’ex’pp, = —276.a, equal and opposite to
the charge per unit length on the pore walls. When the pore is
semi-infinite, with a nonuniform charge cloud (57), the total
charge that is lost from within the pore is

_ a2 2 % _ _
qlost = —7na K ‘/(; ([él 4)0) dz = —ma"keA

At the end of the pore (z = 0), the potential is ¢ = ¢, — A.

In z < 0, the charge cloud is no longer confined by the walls of
the cylindrical pore and spreads out radially: it is no longer
possible to assume that ¢, is a function of z alone. We therefore
need to solve the linearized Poisson—Boltzmann equation in the
half-space z < 0, with ¢) = ¢, — A over the region z =0, r < g and
0¢py/0z=00nz=0,r> a. At large distances from the end of the
pore, the potential decays as exp(—«R)/R, where R = (2% + *)'/?
is a spherical polar coordinate, but in the important region R =
O(a), the potential can be approximated by the electrostatic
potential corresponding to a solution of the Laplace equation
(i.e., k = 0). Hence, from (6),

(56)

(s8)

2 4 1

%o ((]% A)ﬂ' an (sinhé)
To relate the potential (59) to the amount of charge in the
overspilling charge cloud (in z < 0), we note that the charge on
one side of a charged disk at uniform potential (¢, — A) in
unbounded space is q = 4ae(¢p, — A). Alternatively, one can
argue that far from the plane z = 0, the spherical distance R =
a cosh &, so that the potential (59) is approximately

2
¢0~<¢0—A>£

(59)

(60)

In a spherically symmetric geometry this field corresponds to the
far field around a point charge of magnitude 8ae(¢, — A), and the
total surface charge on one side of the disk is g = 4ae(¢h, — A), in
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agreement with the charge obtained by considering the
capacitance of the disk. The charge in the overspill charge
cloud in z < 0 is equal and opposite to g and is therefore

qoverspill = _4a€¢0<z = 0) = _4a€(¢u - A)

(61)

But the total charge (61) in the overspill outside the end of the
pore must be equal to the charge (58) that has been lost from
within the pore. Hence

4ae(p — A) = na’keA (62)
so that
___ 4
1 + max/4 (63)
and the potential at the end of the pore is
poae b
a 1 + 4/(max) (64)

The charge that has been lost from the end of the pore is
equivalent to the charge usually found in a pore of length

4

- 2
2nac, 4k + mak

qoverspi]l _

hlost -

(65)

The loss of charge implies that the combined charge cloud and
wall surface charge over a cross-section of constant z are no
longer electrically neutral, as pointed out by Baldessari and
Santiagof*’6

4.2. Overspill from the Two Ends of a Finite Pore. We
can now perform the same analysis for a pore that occupies the
region —h/2 < z < h/2. The equilibrium potential within the pore
has the form

¢,=C—B cosh(kz) (66)
where we have chosen the solution that is symmetric about the
center of the pore at z = 0. The charge that has been lost from
within the pore is

2 2 M2
q,, = —€K'7a [h/z (¢, — @) dz
= €7mzkz[ﬁ sinh(%h) + (¢ - C)h]
K

The total flux of electric field through the two ends of the pore is

290
oz

(67)

2ma

= —27a’kB sinh( K—h)
=h/2 2 (68)

Comparing (67) and (68), we conclude that C = ¢,. The
potential over the ends of the pore is
¢y(h/2) = ¢(=h/2) = ¢ — B cosh(xh/2) (69)

The total charge in the two overspill charge clouds is therefore,
by (61),

xh
qoverspill - _8a€|:q§1 - B COSh(?)] (70)

and this must be equal to the charge (67) lost from within the
pore. Hence
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49,
=7 cosh(kh/2) + max sinh(kh/2) (71)
and
4B cosh(ﬂ) _ ¢ mak sinh(xh/2)
i 2 4 cosh(xh/2) + max sinh(xh/2)
(72)

The total charge that has been lost (from the two ends) is
equivalent to a total lost length

h _ qoverspill _ 8 Sinh(Kh/Z)
fost 2rac, 4k cosh(kh/2) + max® sinh(xh/2)
(73)
8
~——— kh>1
4k + max® (74)
~ M —, Kkh<1
4 + mahx”/2 (75)

We see from eqs 65 and 74 that when xh >> 1 the lost charge is
twice that lost from a single end of a pore. We also note that
h — hyog > 0, and that when the pore is short (kh << 1) the amount
of charge remaining within the cloud within the pore is
proportional to

mak’h*

h kh <1

— Most ™ X

8 + mahx (76)

4.3. Overspill from the Membrane Surface into the
Pore. If the cylindrical pore itself is uncharged, but the
membrane surfaces are charged, ions from the charge cloud
adjacent to the membrane surface are able to move into the ends
of the pore.

If the membrane has zero thickness, then the charge density p,
in the equilibrium charge cloud is given by (23), and both p, and
the potential ¢y = —p,/(€x?) vary over the area of the pore.
Nevertheless, we may work out the mean potential over the
circular pore

_ 1 a
(,bo = - o /(; 27rp, dr
2, | a /w aJ, (as)], (as)
= — — - ———ds
ea | 2k o s(k?+ )2 (77)
where, when ak < 1
© ajl(as)]l(as) 2 © ]l(t)]l(t) 4a2
/ 2 2N1/2 ds & _/ 2 dt = —
0 S(K + S) 0 t 3
(78)

Thus, when the membrane has zero thickness (and there is no

cylindrical pore into which ions can escape) the absence of

surface charge over the area of the pore changes the average

potential over the opening from the value ¢, = 0,,/(¢x) due to a
uniformly charged surface to ffo,,/(ex), where

8ax

ﬂ ~ 1 3 ]

ak K 1
(79)
We now consider the charge that leaks into a pore of length /1 >
0 from the charge clouds on either side of the membrane. We
suppose that the potential on the planes z = +h/2 is perturbed by
an amount D and becomes
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po.
=—4D, = +h/2
%o €K ‘ / (80)

Within the pore, the potential obeys the one-dimensional
Poisson—Boltzmann equation (52), with solution

_(Pom cosh(kz)
%o = ( €K * D) cosh(xh/2) (81)

and the additional charge within the pore is
- h/2
q, = €K'ma ¢, dz
2

2 sinh(kh/2)

_ 2
= —na’(fo,, + Dex) cosh(kh/2) (52

Outside the pore, the perturbed potential (80) is associated with
a total additional charge (61)

9, = —8a€D (83)

on the two sides of the membrane. But the total change in charge
caused by this redistribution must be zero, i.e, g, + qoue = O
Hence

ma*(Bo,, + DGK)M + 8aeD = 0

osh(kh/2) (84)
ie.

rafo,, sinh(xh/2)
[4 cosh(kh/2) + max sinh(xh/2)]e (85)

The total charge g;, = —qo, (83) that leaks into the pore at the
two ends corresponds to the charge inside a uniformly charged
cylinder with surface charge density o, of length

8aeD 4ap sinh(xh/2)

Peuned = — -
gained 2nac,, 4 cosh(kh/2) + max sinh(xh/2)

_ b

= 2 hlost (86)
oD <

S (87)

~ i, kh > 1

2 + mak (88)

Thus, hgyineq (86) is smaller than . (73) by a factor axf3/2. We
can compare predictions (73) and (86) against results obtained
from full numerical solution of the nonlinear Poisson—
Boltzmann equation with either 6,, = 0 and aes./(€kT) =
axel./(kT) = 0.00273 or o, = 0 and aec,,/(ekT) = 0.00273:
results for ak = 0.1 are given in Table 1. We see that there is
excellent agreement between the numerical computations and
the analysis presented above.

4.4, Composite Electroosmotic Coefficient. We first
consider how the electroosmotic coefficients H, and H,, are
modified by the overspill of the charge cloud from inside the
cylindrical pore to outside the membrane. If a uniform electric
field of strength E = —¢,/h is applied between the ends of the
pore, then the Navier—Stokes equations for steady flow yield the
axial velocity profile

22 d
u= a r (pOE — _p)
4u dz (89)

Table 1. Charge Lost™* from the Ends of a Charged Pore
when the Membrane Charge Density o, = 0, and the Charge
Gained Inside an Uncharged Pore (6, = 0) from the Charge
Cloud Adjacent to the Charged Membrane Surface bie

hiow/a hgained/ a
h/a hx theory (73) numerical  theory (86)  numerical
10.0 1.0 8.9186 8.9249 0.4081 0.4119
1.0 0.1 0.9953 0.9954 0.045S 0.0459
0.1 0.01 0.1000 0.1000 0.0046 0.0046

“In terms of an equivalent pore length hyy (73). “In terms of an
equivalent pore length Agyneq (86). ax = 0.1.

so that the volumetric flow rate is

a‘n d
-4
8u dz (90)

But Q is independent of z (by incompressibility), and the
difference in pressure p between the two ends of the capillary is
zero. Hence, integrating (90) along the length / of the cylindrical
pore and noting that the total amount of charge in the charge
cloud remaining within the pore is 2zac.(h — hy,), we find

§ h/2 ‘o (h = ho)
a'nE na o, los
Q= / P dz = 2 — = Hd,
8hu J-n/2 4hp
(o1)
which may be compared to the result (18b) which ignores

overspill. The charge cloud outside the pore is enhanced by the
overspill and becomes (in z > 0)

Py = — 0k exp(—kz)

2
2€K

-1 1
[421 — B cosh(kh/2)] tan (m) (92)

with the final term [¢p,—B cosh (kh/2)], corresponding to the
overspill charge cloud (72), being approximately valid in a
volume O(a®) around the pore, but invalid at large distance
O(x™") from the pore, where the exponential decay of the charge
density is not captured by the solution (59) of the Laplace
equation. The volumetric flow rate through a pore of zero
thickness created by a potential dlfference ¢, is given by the
integral (21) and was shown by Mao et al." to be

_ 2“ cos® nsmiy
Q = / dn/ Lt

a’ko 4ex’a
SLs ¢1<¢ - 5)
3u
/2
f cos? 77 sin 7 dn/ tan”" ! de
0 0 sinh & Jcosh &
3
a’Ko,, 4€a x*
= - ¢, - ¢(¢ B)L
3u
(93)
where
o 1 d © d
I3=f tan”" ¢ =f tan”" x xz
0 sinh & J cosh & 0 1+ x
2
-
8 (94)
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Figure 7. (a) Electroosmotic coefficient H scaled by H, (26) for 6,, = 6, as a function of h/a, for ax = 0.1, including the effect of overspilling charge
clouds. Solid line, H,, (42), using H, given by (96) and H,, given by (97); solid circles, full PNP numerical computation (cf. Figure 4d, in which
overspill was neglected). (b) The same results, presented in terms of K = R, H scaled by K, (29). Solid line, Keomp (44),using K.=R.H.and K, =R, H,;

solid circles, full computation (cf. Figure 5d).

Hence, the electroosmotic flow rate Q = H ¢, due to the charge
cloud outside the membrane is modified, and H,, becomes

&[ ]
—| o, +
3u
(93)

If o, is comparable to o, then we saw in section 4.3 that the
change in the charge within the pore due to the charge cloud
outside the membrane entering the pore is O(ak) smaller than
the loss of charge from the charge cloud within the pore to the
regions outside the membrane. However, this contribution can
be included with very little effort and becomes important in the
limit & — 0, when the gain (87) in charge within the pore from
the outside surface charge density o, is proportional to hgy,eq
h, whereas the charge cloud (due to o, within the pore)
remaining within the pore is proportional to h — hy o h% by
(76). The electroosmotic coefficient H. for the cylindrical pore
(91) becomes

7 sinh(xh/2)a
4 cosh(xh/2) + max sinh(xh/2)

H =

m

3
7a Gc(h - hlost + hgaineddm/o-c)

4h*u

) (96)
and the electroosmotic coeflicient H,, for the charge cloud
outside the membrane (95) becomes

a3l<[ 7 sinh(xh/2) (o, — axfo,,/2)
= —o,+
3u
(97)

4 cosh(xh/2) + max sinh(xh/2)

Now that H, (96) and H,, (97) have been corrected for the
effects of overspill in the two directions, they can be inserted into
expression (42) for the composite electroosmotic coefficient
H_ymp- Results are shown in Figure 7a, together with full
numerical solutions of the Poisson—Nernst—Planck equations.
We see that the agreement between theory and computation is
much better than when overspill is ignored (Figure 4d). Charge
overspill or underspill causes the total charge of mobile ions
within the pore to differ from what might be expected on the
basis of net electroneutrality of the pore. Thus, the driving force
is modified, leading to deviations from the calculated result that
ignores such effects. The “lost length” hy., in (96) restores this
effect. Figure 7b shows the results of Figure 7a expressed in terms

H,

m

9271

of K, rather than H, and there is again good agreement between
the theoretical K, and full numerical results.

Note that when h << k™" the effective length of the cylindrical
pore h—hyy & max*h/2, by (76). The approximation (96) for H,
is therefore dominated by the term hg,.q and gives H. ~
na‘*kpo,,/(8hu), with H./H,, ~ 3raf3/(8h). We conclude from
(43) that H,,y, is a decreasing function of / near h = 0, as seen in
Figure 7a.

omp

5. CONCLUDING REMARKS

The analysis presented here shows that it is possible to use simple
analyses based on continuity of volumetric flow rate and electric
current to estimate electroosmotic end effects in a charged
cylindrical pore traversing a membrane of thickness /& > 0. Note
that we have made repeated use of the assumption that surface
charge densities, and corresponding zeta potentials, are small. We
have not only worked with the linearized Poisson—Boltzmann
equation (2), but have also used superposition to combine
various contributions to the charge clouds due to overspill of the
clouds from one region (inside/outside the pore) to the other. At
high potentials, it would also be necessary to keep track of the
fluxes of individual ion species, rather than simply ensuring that
the total electrical current is continuous.

The assumption of small potentials also justifies our neglect of
other nonlinear electrokinetic effects such as induced charge
electroosmosis (ICEO),*>** which can produce vortices in the
vicinity of sharp corners®® or near rapid constrictions in
channels® when the permittivity of the solid €, > 0. However,
numerical solutions confirm the expectation that the flow rate is
only weakly affected by such vortices, particularly under
conditions of small potentials.*®

In recent experiment527_31 on nanopores, potential differ-
ences A¢p ~ 0—200 mV were applied across the pore. Here, we
have assumed that A¢ < {, where ( itself is assumed small in
comparison with the thermal voltage kT/e ~ 25 mV. Thus, our
results can only be expected to describe the initial linear part of
the current—voltage and flow—voltage characteristics, even
though numerical simulations seem to show® that this linear
regime extends to applied voltages ~100 mV.

Finally, we point out that the correction factor £ (79) reminds
us that the hole in the charged membrane removes a circular
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region of surface charge and reduces the equilibrium potential at
the entrance to the pore. The introduction of §f < 1 improved the
agreement between theoretical and numerical results for hgyieq in
Table 1. However, the analysis is not rigorous, since the
equilibrium potential across the hole is not uniform. The O(1 —
) correction to the equilibrium potential corresponds to an O(1
— J) correction to the charge density p,. If we use this in the
integral expression (93) in order to determine a correction to the
electroosmotic flow rate through a membrane of zero thickness,
then the analysis suggests that the correction to the leading order
result (25) for ak << 1 should be O((ak)*), whereas investigation
of the difference (seen in Figure 3) between numerical results
and the asymptote (25) indicates additional corrections O((ax)*
In ax).
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