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Abstract

In this paper, we present the electrostatic double layer (EDL) interactions between colloidal particles trapped inside a rough cylindrical
capillary based on finite element analysis of the governing Poisson—Boltzmann equation. The effective EDL force between the particles is
evaluated for different combinations of charging behavior (constant potential and constant surface charge density) of the particles and the
capillary wall. Effect of capillary wall roughness is estimated using a simple model of a rough surface, which assumes the capillary wall to be
a periodic function of axial position. The interaction force experienced by the particles was affected significantly by the proximity of the rough
capillary wall, the charging behavior of the particles and the capillary wall, as well as the amplitude and frequency of the wall roughness.
© 2005 Elsevier B.V. All rights reserved.
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1. Introduction icantly modify the nature of the interactions. For instance,
surface roughness is typically considered as a possible
The Derjaguin—Landau—Verwey—Overbeek (DLVO) cause for the large discrepancies observed between the
interaction between colloidal particles is of paramount theoretical predictions and experimental observations in
importance for understanding many natural and industrial particle deposition, hetero-coagulation, colloidal fouling of
processes involving colloidal dispersions, such as flow surfaces, and various others engineered and natural processes
through porous media, deposition of particles, capillary [5-12]
electrophoresis, chromatographic separations, micro-fluidic  During the past several decades, considerable attention has
actuation, and membrane separati¢hs4]. In the DLVO been devoted toward accurate prediction of colloidal interac-
theory, it is assumed that the interacting bodies are in antions for various geometries, for instance, particle—particle
infinite medium. However, in real systems, most colloidal interaction in infinite domains, particle—plate interaction,
interactions occur in confined domains, like porous media and interaction between a particle with cylindrical capillary
or microscopic channels, where particles simultaneously [13—22] However, particle—particle interactions in confined
interact with other particles and the wall of the confining domains have not been studied as rigorously. Calculations of
geometry. In addition to confinement, all surfaces are the net electrostatic double layer (EDL) interaction in such
inherently rough at small length scales, which can signif- confined geometries is a non-trivial problem that requires
addressing the electrostatic interactions in a “three-body”
system comprised of the two particles and the wall of
* Corresponding author. Tel.: +1 780 492 6712; fax: +1 780 492 2200.  the confining domain. In a confined system, the presence
E-mail addresssubir.b@ualberta.ca (S. Bhattacharjee). of charge on the confining walls alters the electrolyte
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Nomenclature

radius of the particle

size ratio (/a)

mean radius of the rough capillary
electronic charge (1.6 1071°C)

electrostatic field vector

components of the electric field vector alon
ther- andzdirections, respectively

force

scaled force acting along tlzedirection
component of force acting along theirection
surface-to-surface separation distance betwe
particles

index number (0 ta)

identity tensor

Boltzmann constant (1.38 10723 JK™1)

unit vector in the positive-direction

unit surface normal vector

ionic number concentration in the bulk solutio
(m=3)

components of the unit surface normal alor
ther- andzdirections, respectively

surface charge density (CTH)

radial coordinate in the cylindrical coordinats
system

semicircular boundary of the spherical particl
temperature (K)

component of stress tensor

axial coordinate in the cylindrical coordinate

system

Greek symbols

amplitude of the rough capillary

boundary of the computational domain
dielectric permittivity of vacuum

(8.8542x 10712C2N-1m—2)

dielectric constant of the suspending fluid
inverse of Debye screening length, E8)
wavelength of the rough capillary

scaled amplitude

absolute value of the valency for a symmetr
(v-v) electrolyte solution

osmotic pressure

scaled surface charge density of capillary wa
scaled surface charge density of particle
electric potential (V)

scaled potential (Fey//kT)

scaled surface potentials of particle and cap
lary, respectively

scaled surface potential of an isolated spherig
particle

scaled wavelength
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Abbreviations
CcC constant charge

CP constant potential

DLVO Derjaguin—-Landau—Verwey—Overbeek
EDL electrostatic double layer

PB Poisson—Boltzmann

distribution inside the domain, which in turn influences the
net electrostatic interaction between two colloidal particles
in the confinemen{23]. Furthermore, if the walls of the
confinement are rough, the electrolyte distribution is per-
turbed locally, which can cause further complications. The
overall consequence is that the EDL interactions between
colloidal particles in complex confined geometries cannot
be determined by commonly used pairwise summation of
the particle—particle and particle—wall interactions.

In this article, we use a previously developed model prob-
lem of two spherical colloidal particles inside a cylindrical
micro-capillary of comparable dimensions, with a periodic
undulation present on the capillary wg24]. This problem
is a simple mathematical construct to assess the coupled influ-
ence of the charged capillary wall, as well as surface rough-
ness of the wall, on the electrostatic interaction between the
colloidal particles. Available technigues to calculate the inter-
actions between rough surfaces are mainly limited to the pair
interaction between two particles or particle-plate interaction
in an infinite mediun]12,25-29] Roughness of the confin-
ing domain, and its influence on the EDL interaction between
the confined particles has only been studied recently, and that
too, for constant potential particl¢24]. The importance of
considering roughness on confining walls of a capillary stems
from our attempts to analyze the flow of particles inside mi-
croscopic micro-fluidic channels. Typical micro-fabrication
practices, which involve etching the channels on a suitable
substrate, rarely yield smooth wa|4]. In many cases, the
roughness of the walls is substantial, and adversely influences
the manipulation of the particles by altering the electrical field
distributions in the channel.

Here, we present finite element simulation results depict-
ing how presence of roughness on the confining walls can
influence the electrostatic forces between two confined par-
ticles for different combinations of charging behavior (con-
stant potential and constant surface charge density) on the
surfaces involved. The roughness is modeled as a periodic
oscillation in the capillary wall radius with various ampli-
tude and pitch, thus emulating a wide variety of roughness
features. These simulation results indicate the profound influ-
ence of the wall roughness on the particle-particle interaction
force, and how such roughness features coupled with differ-
ent charging behaviors of the surfaces can engender signifi-
cant alterations in the electrostatic forces experienced by the
particles.
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Eq. (2) is valid within the electrolyte medium, i.e., outside
the charged bodies. The particles and the capillary are as-
sumed to be perfect dielectrics, and hence, we only solve
the PB equation in the symmetric electrolyte medium. Here,
we considered three different combinations of charged bod-
ies, namely: (i) two constant charge (CC) particles inside a
Fig. 1. Schematic representation of computational domain for simulating constant potential (CP) rough capillary; (ii) a CC and a CP
the interaction between two spherical particles of radiusside a rough particle inside a CP rough capillary; and (jii) two constant

cylindrical capillary of mean radiuls, amplitudex and wavelength.. The . e
arcs BCD and EFG represent the particle surfaces; IJ represents the undulagharge (CC) partlcles inside a constant Charge (CC) roth

tion of the capillary, and AH is the axis of symmetry. Point X is located atthe - Capillary.

middle of the channel aligned with a crest of the undulation. The particles

i;’e rr:ﬁoved equal distances from this reference point to attain different values 292 Boundary conditions
Kn.

Depending on the charging behavior of the surfaces im-
mersed in the dielectric, the electrostatic boundary conditions
atthe solid liquid interfaces can be treated as constant surface
potential, constant surface charge, or surface charge regula-

In this section, we present a brief description of the mathe- 10N conditiong[13,16,31] Usually, most charged interfaces
matical formulation, and some key steps used in the numericalln @dueous electrolyte media tend to obey some form of a
solution technique. A detailed description of the numerical charge regulatory behavior. However, it is known that con-
procedures is available elsewhé28,24] Fig. 1shows the  Stantpotential (CP) and constant charge (CC) conditions rep-
cylindrical geometry under consideration in the present in- f€Seént the limiting charging behaviors of the interfaces, and
vestigation along with the coordinate framework. Here, two Provide a lower and an upper bound of the interaction, re-
charged spherical colloidal particles of radiasare sepa- ~ SPectivel16]. Accordingly, we only explore the cases of CP
rated by a distanc (distance of closest approach) in an in- and CC bou'nd.ary condlt'lons, expecting that these results will
finitely long wavy capillary of mean raditsand amplitude _reflect t_he liming beha\_/lor of the electrostatic doubl_e layer
«. The wavy pattern on the capillary wall is represented using interactions. In our earlier stud24], we presented the inter-

Bézier curves. The procedure of generating such features iaction forces between two CP particles inside a CP capillary.
described in our previous wofR4]. In the present investigation, we consider different combina-

The electric double layer formed around the particles tions of CP and CC conditions at the solid liquid interfaces.
due to the interaction of the ionized solution with the VVe also consider the interactions when all the surfaces have
charged particles in a dielectric medium is governed by the CC conditions. _ _
Poisson—Boltzmann (PB) equation: For the case of CC particles and CP capillary, the boundary

condition on the patrticle surfaces is defined as

2. Problem description and governing equations

2.1. Model geometry and Poisson—Boltzmann equation

n

asovzw =— Z NicoVi€ exp(— v}ff) Q) —n. V¥ = gyfora2 e BCDand EFG (4)
i=1

_ _ _ _ _ wheren is the unit normal to the particle—electrolyte interface
Heree is the dielectric constant of the suspending fluigl,  pointing to the electrolyte, ang} is the scaled surface charge
is the dielectric permittivity of vacuumy is the electric po- density, related to the interfacial charge densjgy(C m-2)

tential expressed in Volts. The right hand side of @grep- as

resents the volumetric charge density in the domain, which vegp

is given by Boltzmann distribution of the ions in the diffuse op = reeokT (5)
double layer. The bulk solution ionic number concentration

IS Niso, Vi IS the charge number of théh ionic speciese is Here, the interfacial surface charge density of the particles is

the magnitude of the electronic chardgeis the Boltzmann related to the surface potential on the spherical particles in
constant, and is the absolute temperature. Assuming a sym- isolation througt{32]
metric electrolyte €+ = —v_ =v; =v; Nixx =Nxo), EQ. (1) is

i Op
further simplified ag30 =
p $ ] qp 47'[612
V2Y = k2 sinh(@) ) esokT [ . (1 4 1
= 2sinh{ -¥p o0 | + —tanh| —¥p
ve 2 " Ka 4 "

where¥ (=vey/KT) is the scaled potential and the parameter
k is the inverse Debye screening length, defined as

5 o\ 1/2 where Qp is the total surface charge, and,, is the
— (M) 3) surface potential of an isolated spherical particle. This semi-
ceokT empirical relationship gives the charge density to within 5%
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of the exact charge density on an isolated spheredor0.5 along thez-direction and can be written explicitly as
for any surface potential. Thus, known values of the surface 5
potential on a particle in isolation will provide the necessary p _ g | — chzsgo(k_T> / [n { (coshw — 1)
constant charge boundary conditions at the particle surfaces. ve SLU°

The boundary condition on the constant potential capillary

wall surface is +%(Ef - E,Z)} + n,E,EZ] rdr (12)
¥ =Wlorasz € 1 Y where the subscrif represents integration over the closed
while the remaining parts of the geometfid. 1) are sub- surface of the particle. This integration can be performed on
jected to symmetry boundary conditions either of the two particles. In the above expressienjs

the force acting along thedirection,k is a unit vector in
n- V¥ = 0forof2 € all other segments (8)  the positivez-direction,n, andn; are the components of the

. N . . unit surface normal vectar along ther- andz directions,
This statement implies that the potential gradients normal to . .
respectivelyE; and E; are the components of the electric

these line segments are zero, wherepresents the unit nor- field vectorE along ther- andz- directions, respectively. The
mal to the surface. Clearly, this is an artificial boundary con- 9 - Tesp -
term (cosh? — 1) in Eq. (12) represents the osmotic pres-

dition on the sggments JA gnd HI, apd appropriate mea_suressure contribution to the net EDL force, while the two remain-
must be taken in the numerical solution to ensure that this ar-

tificial boundary condition does not influence the accuracy of ing terms in the square bracke_ts repre_sent the electrc_)st_atm
the solution. The above construction provides the generalized(MaXVYe“) st_ress. Flnally,_ the axial force is represented in its
formulation of the electrostatic problem. Solution of the PB non-dimensional form, given by
equation in a given geometrical framework requires recasting F, sve\2

Eq. (2) in the proper coordinate system representing the ge- fe= Q(ﬁ)

ometry. Detailed formulations and necessary normalizations )
are described elsewhej2g]. We note here that the force is calculated on the sphere BCD

When one or both of the particle surfaces have constantWith its center at the origin. Therefore, a repulsive force will
surface potential, we replace the boundary condition(&q. be directed toward the negatixlirection, while an attractive

(13)

by a CP condition, given by force will e}ct along the positivedirection. In some instances,
the force is also calculated on the sphere EFG, where repul-
¥ = Ypfora2 e BCDand/or EFG 9) sive force will be directed toward the positizalirection. In

. . . the results presented, a negative value of the force implies
wherey, is the potential on the particle surface. P g P

. 102
2.3. Force calculation

From the potential distribution obtained by solving the
Poisson-Boltzmann equation with appropriate boundary
conditions, the electrostatic force on the spherical particles
is calculated by integrating the total stress tensor, defined as b

1
T, = (17 — eeoE E) | + egoEE (10)

over the surface of a particle, yielding

Carnie et al., 1994
O Present investigation
F = /f Tij -ndS
S

10-“ 1 1 1
0.0 1.0 2.0 3.0 4.0

kh

1
= /f |:<17 - EESOE ’ E) I+ 880EEi| -nds (11) Fig. 2. Comparison between finite element results obtained in this study
S with the finite difference results based on a Hermite collocation technique

. . . . . in a bispherical coordinate system. Symbols represent the finite element re-
HereF is the force acting on the spherical particlg, is the sults of the electrostatic interaction force between two constant charge (CC)
stress tensoE (=— V) is the electrostatic field vectal] is particles in an unbounded electrolyte with scaled separation distahge (
the osmotic pressure difference between the electrolyte at theThe line represents the finite difference collocation results. In the finite ele-
particle surface and the bulk solutiamjs the unit outward ment solutions, the charge density on the particles was evaluated employing

f | d ts the identity t Eq. (6) using a surface potentid@, ., = —3.0, while in the finite difference
surface normal, andrepresents the identity ensor. collocation method it was obtained by numerically solving the PB equation

The net force acting on a sphere along the axipld(- around an isolated particle. The parameteis 1.0 in this and all subsequent
rection is determined from the component of El) acting figures.
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Table 1

Steps of the finite element adaptive mesh refinement scheme showing the convergence of the scaled ER) berwedn two constant charge spherical
particles with mesh refinements

Smooth capillary:{=0.0) Rough capillaryg=1.0,n=0.1)

No. of elements

Global error EDL forc&) No. of elements Global error EDL forcg)
1635 0.048077 15.416 1530 0.208299 19.005
3862 0.015875 15.528 3772 0.026864 19.276
8248 0.004868 15.494 8766 0.006949 19.220
18397 0.001545 15.491 20267 0.002344 19.275
37865 0.000520 15.489 45119 0.000713 19.251

Wpoo =—3.0,0c=—3.0,kh=0.4.

attraction, while positive value represents repulsion for all was always fixed aga=1 and the capillary radius was set
cases. to kb=1.2. The roughness parametarand were scaled
with respect to the particle radiasin the parametric studies,
the scaled wavelength of the roughnessA/a, was varied
between 0.4 and 4. The scaled amplituge/a, was varied

The numerical solution of the governing equations was from 0 (smooth capillary wall)to 0.15. For all simulations, the
performed using afinite element software (FEMLAR om- boundaries AJ and HI were placed at least two patrticle radii
sol Inc.). Details of the numerical computation are given in away from the outer edges of the particles to ensure that their
[23]. Briefly, the non-dimensionalized PB equation was writ- presence does notinfluence the interaction force calculations.
tenin an axisymmetric cylindrical coordinate system, with all The forces were calculated for different separations between
the lengths scaled with respect to the screening length of thethe two particles. In these calculations, it was ensured that
EDL interactions. In the scaled problem, the particle radius the contact between the two particle$ € 0) always occurs

2.4. Numerical solution

60 — T T T T T T T T T 60 — T T T T T T T T
(b) £22.0 ——n=0.00
50 50 | y=_30 ~——-—-7=005 -~
A e 7=0.10
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0 0
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1 1 1 1 1 1 1 1 1 [
00 05 10 15 20 25 30 0.0
xh

Fig. 3. Effect of the scaled amplitude of the roughneg( the particle—particle scaled electrostatic interaction force for two constant charge (CC) particles
inside a constant potential (CP) rough capillary. The simulations were performed for four combinations of scaled wagglandtbc@led surface potential

of the capillary wall @) as indicated in parts (a)—(d). The charge density on the particles was evaluated employ(@paSguming a surface potential

Y00 =—3.0 on each particle at isolation. Different line types correspond to different values of scaled amplitude of the roughness as indicated in the legend
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at a point that coincides with the location of a crest of the anindependent numerical solution of the Poisson—Boltzmann

capillary (point X inFig. 1). All other finite separations were  equation.

obtained by moving the particles away from point X sym-

metrically. This ensured that the effect of the capillary wall 3.1. Force between constant charge (CC) particles in an

roughness is identical on the two particles. infinite medium

In the subsequent sections, we provide the results obtained

for different types of charging behavior on the particles, start- ~ As mentioned earlier, the available studies in the literature

ing with the case of two CC particles inside a CP cylindrical mainly deal with the problem of particle—particle interaction

capillary. in infinite media. To test the accuracy of the finite element
results in the present work, we considered one of the limiting
cases of the model, namely, interaction between two identical

3. Constant charge particles inside a constant spherical particles in an infinite electrolyte medium. Here we

potential rough capillary assumethatthe capillary dimensionis large enough compared
to the particle dimensions so that the effect of the capillary

In this section, the electrostatic double layer forces be- is negligible on the net interaction between the particles. The

tween two constant charge (CC) particles inside a con- interaction force is calculated without further modification

stant potential (CP) cylindrical capillary with embedded wall of problem geometry or coordinate system. Furthermore, a

roughness are presented. Prior to presenting these resultdNeumann boundary condition was applied on the cylinder

however, the accuracy of the numerical solution is demon- wall (boundary 1J irFig. 1):

strated by providing a comparison of the interaction force

between two constant charge particles in an infinite medium n-v¥=0onlJ (14)

(in absence of the capillary wall) obtained in this work with 100

60

| (@) ¥=-3.0 — =04
50 | ——=£=10 A
----- £=20 |
40 1 ——=¢5=40 |

30
N

20

10

120

100

80

R 00 05 1.0 15 20 25 3.0
-20 L 1 N 1 N 1 N 1 L 1 L ) I(h

Kh Fig. 5. Electrostatic interaction force between two CC particles correspond-
ing to different surface potentials of the capillary for two values of scaled

Fig. 4. Variations of the scaled electrostatic interaction force with scaled amplitude ¢ =0.05 and 0.10). The variations of the scaled electrostatic force
separation distance between the particles for different scaled wavelengthwith scaled separation between the particles are depicted for a fixed value
(&) as indicated in the legend. Two parts of the figure represent two differ- of scaled wavelengtht & 1.0) of the capillary, and a fixed value of scaled
ent surface potential of the capillary wall, namely, fg)=—3.0 and (b) surface charge density (evaluated uskg,, = —3.0) for both particles. Dif-
w.=+3.0 for a fixed amplitude of the wall roughne$s=(0.10), while all ferent line types correspond to different values of scaled surface potential of
other parameters are identicalfag. 3 the capillary wall as indicated in the legend.
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A comparison of the interaction forces obtained from the sults are shown for a smooth and a rough capillary. For
finite element simulations with the corresponding numerical the rough capillary simulations, the roughness is represented
estimates obtained using a Hermite collocation technique by the scaled wavelength and amplitude, defined as/a
for two constant charge particles interacting in an infinite and n=o/a, respectively. From this table, it is clear that
electrolyte mediunj16,20] is depicted inFig. 2 The solid as we refine the mesh, the scaled EDL forf;$ ¢btained
line represents the results from the Hermite collocation from the numerical solution of the PB equation converge
technique in a bi-spherical coordinate system while the toward a fixed value. Fon=0 (smooth capillary), the re-
symbols represent the results obtained from the finite sults are within 0.02% of each other for the two highest
element simulation in a cylindrical coordinate system. The number of elements. For a rough capillany=0.1), conver-
interaction forces obtained from the finite element model are gence of the EDL forces is comparatively slower than the
virtually identical to the collocation results over the entire smooth capillary. This is mainly due to the fact that more
range of scaled separation distances,x8<4 (Fig. 2. elements are needed to accurately map the curved surfaces
Although the finite element results slightly deviate from the of the rough capillary wall. In case of rough capillaries, the
collocation results at larger separations, at small separationdorces tend to converge in an oscillatory manner, and re-
both results show a good agreement with each other. Thissults are within 0.1-0.2% for the two highest number of ele-
implies that the numerical solution procedure employed in ments.
the present work provides reliable predictions of the EDL
force. 3.2. Force between constant charge (CC) particles

It was also ensured that the results shown in this arti- inside constant potential (CP) rough capillary
cle are independent of the finite element mesh. The results
obtained from different steps of the adaptive mesh refine-  The force acting in the axial direction on a spherical parti-
ment technique are given fable 1for the case of two con-  cle was determined for wide ranges of the surface roughness
stant charge spherical particl&i{, = —3) inside aconstant  governed by the scaled amplitude of the roughndgefined
potential cylindrical capillary ¥.=—3) at a fixed scaled by amplitude/particle radius), and scaled pitch or wavelength
separation distanceh=0.4 between the particles. The re- ¢ (the pitch of the undulations scaled with respect to particle

60 — T T T T T T T T T T 100 L L I A B |

(a) £=1.0
O w=_30 ]

40

60— — 100 ————
(c) £=2.0
¥ =-3.0

Fig. 6. Components of the scaled double layer interaction force as a function of scaled separation distance between the CC particles. Thengmulations
performed for a fixed value of scaled amplituge=(0.05), and a fixed value of scaled surface charge density (evaluatediysing —3.0). All other conditions
are shown in the figure legend. Three lines represent osmotic force (dotted lines), Maxwell force (dashed lines), and total EDL force (solid lines).
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radius). Furthermore, a wide range of the scaled particle- At small separations between the spherical particles,
particle separation distaned, and various combinations of «h<0.5, the interaction forces between the particles remains
the surface potentials on the particle surface and capillary relatively unaffected by the presence of the capillary wall.
wall were explored, keeping the size rafig=b/a) constant. Neither the wall surface potential, nor the wall roughness in-
In the following, the influence of the surface roughness on fluence the short range EDL interaction force between the
the electrostatic interaction is discussed for different values particles. At larger separations, however, the effect of the
of surface potentials on the cylindrical capillary. capillary wall becomes more prominent on the EDL force.
Fig. 3shows the variation of the interaction force between Strikingly, even similarly charged particles experience a pe-
two constant charge (CC) spherical particles inside a roughriodically attractive and repulsive EDL force depending on
cylindrical capillary with the scaled separation distance be- the wavelength and amplitude of the wall roughness. At
tween the spherical particlesh). In this figure, the forces  large separation between the particles, the oscillatory be-
are calculated for a fixed particle sizeaE 1), a fixed value havior of the interaction force is primarily an outcome of
of the size raticA=b/a=1.2, and a fixed dimensionless sur- the interaction between the individual particles and the cap-
face potential on an isolated particle surfaggs, = —3. The illary wall. Overall, one observes a slight amplification in
surface charge density on the particles was calculated usinghe magnitude of the interaction force when the cylinder
Eq. (6) based on the fixed surface potential of an isolated wall potential has opposite sign to the particle surface po-
spherical particle. The results iig. 3a and b correspond to  tential. It is interesting to note frorhig. 3 and d, that al-
¥ =—3 on the capillary wall, while the resultskig. 3c and tering the sign of the cylinder surface potential causes no
d correspond tar. = +3. In each part oFig. 3, four curves gualitative changes in the oscillatory force profiles when the
are obtained corresponding to four values of the scaled am-scaled wavelength of the wall roughness is 2. In other words,
plitude, n, of the capillary wall roughness. Furthermore, the for roughness wavelengths greater than the particle size, the
simulations were performed for two different values of the sign of the wall potential bears no consequence on the be-
scaled wavelengtlg, as indicated in each part Bfg. 3. havior of the EDL force between constant charge particles.

(@) &=10
C= -3.0 ‘\ ‘/ 8

100

100

8o [ 80

60 [ 60
s ‘\."

40} 40

20 20

Fig. 7. Effect of the scaled amplitude of the roughnegf the scaled electrostatic interaction force experienced by a constant charge (CC) particle while
interacting with a constant potential (CP) particle inside a constant potential (CP) rough capillary. The scaled electrostatic force is fealoutasedled
wavelengthsg) and two scaled surface potentials of the CP capilldfy) (The charge density of the CC particle is obtained using an isolated particle potential
of —3in Eq.(6) while the surface potential of the CP particle is set-t Other simulation parameters are identicaFas 3.
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This happens for constant potential conditions on the cylinder the EDL forces are susceptible to tremendous influence of

wall. the confining domain as the separation between the particles
The influence of varying the wavelength of the capillary increases. It was noted in our earlier w§2d] that for con-
wall roughness on the interaction force is depicte#im 4. stant potential particles, the entire contribution to the EDL

In these simulations, the amplitude of the wall roughness wasforce comes from Maxwell stresses, since the osmotic stress

fixed at 0.1. The forces corresponding two four values of the on the constant potential particle surface vanishes upon inte-

wavelength are depicted irig. 4a and b. In all the simu-  gration. In the present simulations, we note that the osmotic

lations, the particle surface potential was set-8t Fig. 4a stresses become negligible only when the confining walls of

shows the scaled forces when the capillary wall surface poten-the capillary have a surface potential of opposite sign to the

tial is —3. In this case, the interaction force is not influenced particles.

by the roughness when the wavelength is smaljer(.4)

than the particle radius. For intermediate wavelengths, the

interaction force becomes oscillatory reflecting the periodic- 4. Interaction between constant charge and constant

ity of the capillary wall roughness. When the cylinder wall potential particles

surface potential is +3g. 4b), the interaction force magni-

tudes increase substantially, and we observe a considerable Inthis section, we focus on the case when the two confined

influence of the wall geometry on the EDL forces. Notably, particles have different types charging properties, namely,

for £ =4, the decay behavior of the interaction force becomes constant potential and constant surface charge density. Here,

considerably different from the remaining force profiles. the surface of one particle (sphere BCD) is assigned a con-
The effect of different capillary wall surface potentials on stant surface charge density as Egwhile the other particle

the EDL interaction between two CC particles is depicted (sphere EFG)is assigned a constant potenti&0{Eq.(9)).

in Fig. 5. All simulation conditions are shown in the figure The capillary wall is subjected to a constant potentiabgf

legend and caption. These figures indicate that changing the

sign of the dimensionless surface potential of the capillary 10 ——F——T——T1—7—

wall (¥¢) induces a significant change of repulsive force be- L (@) 7=005 ——w=-30
tween the particles at small separations.#90.1, effect of sl ---v=-20 ]
the surface potential is more prominent at large separation v e ¥ =+2.0 ]
distances than=0.05. However, changing the magnitude of - ¥ =430

the potential keeping the sign unchanged did not show any or ]
significant change on the interaction force. ) ]
In summary, the interaction force profiles show remark- 40PN ]
ably varied trends depending on the roughness and surface N
potential of the confining geometry. For constant charge par- N
ticles, one might find such variations of the force, particularly,
the presence of attractive interactions between two identically
charged particles, quite counterintuitive. However, closer in-
spection of the components of the total force, namely, the

osmotic stress and the Maxwell stresses, reveals that such (k) =010 ——¥=-3.0 |
oscillations are entirely feasible in such confined geometries. 80 ---¥=-20 1
This is at least mathematically consistent in the framework | L :: ﬁ'g
of the Poisson—Boltzmann model and its assumptibigs.6 o o]
depicts a few representative cases, where the total force on w ! ]
a particle and its two components (osmotic and Maxwell AN 1
forces) are shown for different combinations of wall rough- NN ]
ness and wall surface potentials. In these simulations, the \, "

isolated particle surface potential is sett8. Fig. 6a and b
show the results for a roughness wavelengdhof 1 while
Fig. 6c and d depict the forces fgr=2. Comparing-ig. 6a
with b, as well as 6¢ with 6d, we note that changing the sign
of the cylinder surface potential alters the dominating influ-
ence of osmotic and Maxwell stresses on the total EDL force.
When the patrticle and cylinder surface potentials are of the Fig.8. Variations of the scaled interaction force experienced by a CC particle
same sign, the osmotic stress contribution dominates, Wh”einteracting with a CP particle in a constant potential rough capillary. Two
for opposite signs of these surface potentials, the Maxwell galr(t)s represent the _result:“? for two values of scaled amplitwyd®.05 and

) . . .10) and a fixed dimensionless wavelengih L.0). The scaled surface
stress becomes the dominant contributor to the total interac-potential of the CP particle and the scaled surface charge density of the CC
tion force. Itis thus evident that for constant charge particles, particle are identical to those usedfiiy. 7.
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The potential on the isolated CC patrticle as well as the CP wall, coupled with the presence of a CP patrticle in the vicinity
particle were set te-3 in these simulations. Other simulation  will drastically alter the force experienced by the CC particle.
parameters are identical to those useHim 3. Notably, for the case of two interacting CC particles in a cap-
illary, the short-range force was generally unaffected by the
4.1. Force experienced by constant charge (CC) particle  capillary wall potential Eig. 3). When the surface potential
of the capillary wall is switched to +3{g. 7c and d), the
We first focus on the net force experienced by a CC par- interaction force on the CC particle becomes largely repul-
ticle in presence of the CP capillary wall and a CP particle. sive for small values oth. In fact the results ifrig. 7c and
Fig. 7 depicts the variation of the interaction force experi- d are almost identical to those observed for the interaction
enced by the constant charge spherical patrticle for this casébetween two CC particles ifig. 3c and d. Thus, the force
with the scaled separation distance between the partidigs (  experienced by the CC patrticle is strongly influenced by the
The results were obtained for four values of scaled amplitude, magnitude and sign of the surface potential of the capillary
namely;; =0, 0.05, 0.1, and 0.15 of the roughndsg. 7aand wall.
b show the scaled electrostatic forces for scaled wavelengths This dependence of the force experienced by the CC par-
of £=1 and 2, respectively, while keeping the capillary sur- ticle on the capillary wall surface potential is depicted more
face potential-3 (same sign and magnitude as the surface clearly inFig. 8 Here, we observe that the interaction force
potential on the isolated particle$)ig. 7c and d show the  for small values okh dramatically increases (becomes more
corresponding forces when the scaled capillary potential is repulsive) as the capillary wall potential is varied fren3
+3 (opposite in sign compared to the potential on an isolated to +3. Notably, the forces do not seem to depend strongly on
spherical particle). the amplitude of the capillary wall roughness as observed by
The force experienced by the CC particleHig. 7a and comparing the forces frofaig. 8a and b. Only at larger sepa-
b are significantly lower than the corresponding forces in rations do we see some influence of the roughness amplitude
Fig. 7c and d. This implies that the potential of the capillary on the interaction force.
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Fig. 9. Effect of the scaled amplitude of the roughneg( the scaled electrostatic interaction force experienced by a constant potential (CP) particle while
interacting with a constant charge (CC) particle inside a constant potential (CP) rough capillary. All other conditions are idé¥ijca@ ascept that the
integration of the total stress tensor is performed over the CP particle (surface Eis 1
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4.2. Force experienced by constant potential (CP) 180 ————————1—
particle i /,/-\\ —w¥=-30
100L =4\ - -¥=-20 ]

We now turn our attention to the forces experienced by R U ¥=+2.0 ~
the CP particle in the same system. The interaction forces i "‘\ ¥ =30 //,.
experienced by the CP particle are showirig. 9. All con- Sor N\ /" A
ditions and parametersiktig. 9are identical to those ifig. 7, =~ - i I4 ‘-“-)
excepting the calculation of the forces, which are now per- o= R _ .
formed by integrating the stress tensor over the surface of the i 3 o
CP particle (sphere EFG). [ Y o

For identical sets of parameters, the force experienced by =or Ve ]
the CP particle is significantly lower when the surface po- [ (@) 7=005 \_/
tential of the capillary wall is-3 (Fig. 9a and b) as opposed -100L 1 L L L -
to when the capillary wall surface potential is +#3id. S . T ' ' T T
and d). The forces are dramatically enhanced when the cap- ot N T EE30 1
illary wall potential is opposite in sign to the particle sur- LN TTEE20 e
face potential. Considering the fact that for a CP particle, 200 .','/'," A :0: 15'8 N
the isotropic osmotic stress, integrated over the particle sur- [ ‘-_‘.\ o ,/, 3
face vanishes, this enormous fluctuation of the net force oo 3 I3 W]
is solely the outcome of the largely unbalanced Maxwell = [ '\\ v ‘.‘
stresses acting on the particle. We note that the force indeed or = Voo j[ =
passes through zero when the particle is symmetrically lo- [ i P
cated at the crest or trough of an undulation in the capillary -100 - ‘\ /’ .
wall. i Vel

One should note that in these simulations, the distance 200 f (b) 7=0.10 '\\ //' .

between the particles is varied by symmetrically moving the 0.0 0f5 1'0 15 20 25 30

particles away from the center of the capillary (point X in ' -

Fig. 1), such that both particles are equidistant from the start-

ing point at any given separation. This implies that the forces Fig. 10. Variations of the scaled interaction force experienced by a CP par-
experienced by each particle should be identical. This wasticle interacting with a CC particle in a CP capillary for different surface
observed in the simulations for two CC particles, where in- potentials of the capillary. The two parts of the figure represent the results

t ti fthe st t both ticl ided th for two values of scaled amplitude € 0.05 and 0.10) and a fixed dimen-
egration ot tne stress tensor over both particies provide esionless wavelengtlf € 1.0). The scaled surface potential of the CP particle

same force. Comparirfgigs. 7 and 9however we observe a  and the scaled surface charge density of the CC particle are identical to those
vastly different interaction force on the CC and CP particles used inFig. 7.

in rough capillaries. A closer inspection of the solid lines

in Figs. 7 and Qeveal that when the capillary wall has no 5. Constant charge patrticles inside constant charge

roughness, the force experienced by the CC and the CP partitough capillary

cles are identical. Therefore, the large difference between the

forces seen on the CC and CP particles inside rough capillar-  The interaction forces were presented so far for the situa-

ies solely arises due to the roughness and the surface potentigions where the capillary wall had a constant surface potential.

of the capillary wall. The capillary wall affects the stress ten- Results for constant charge density on the capillary wall are

sor differently on the CC and CP patrticles, yielding different presented in this section. Here, both particles as well as the

magnitudes of the force on them. capillary wall are assigned a constant surface charge density.
Fig. 10depicts the variation of the interaction force on the While the particle charge densities are assigned usin¢fq.

CP patrticle with different surface potentials on the capillary and a given surface potential at isolation, the capillary wall

wall. When both the capillary and particle surface potentials charge density is assigned different values arbitrarily.

bear similar signs, the force on the CP particle is marginally ~ The effect of the constant charge rough capillary on the in-

affected. However, if the capillary wall surface potential is teraction forces between two CC particles is showFign 11

opposite in sign to the particle potential, we observe large The simulations were performed under identical conditions

oscillations in the interaction force. In summary, presence of as inFig. 3, except for constant surface charge density con-

roughness appears to induce a significant oscillation in theditions on the capillary wall. The results Fig. 11a and b

forces experienced by a CP particle, which alternately be- correspond to the case when the scaled surface charge den-

come attractive and repulsive, emulating the periodic nature sity on the capillary wall iss;=—6.8 (equal to the parti-

of the roughness. This effect is particularly pronounced when cles surface charge density,), while the results irFig. 11c

the surface potentials on the particle and the capillary wall and d correspond ta. =+6.8. Typically, for 0.001 M sym-

have opposite signs. metric (1:1) electrolyte solutiong.=6.8 corresponds to
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Fig. 11. Effect of the scaled amplitude of the roughne3®( the particle—particle scaled electrostatic interaction force for two constant charge (CC) particles
inside a constant charge (CC) rough capillary. The simulations were performed for combinations of two scaled wavé)engiliw¢ scaled surface charge
densities of the capillary walbt). The scaled surface charge density of the CC patrticles is samé& s 8 Different line types correspond to different values

of scaled amplitude of the roughness as indicated in the legend.

1.26x 10-2C m~2. When the scaled capillary wall charge 6. Summary and conclusions
density is—6.8, the interaction force on the CC patrticles oscil-
lates considerably between positive and negative values, em- The interaction force experienced by particles with dif-
ulating the periodic nature of the roughness of the capillary. ferent charging behaviors in a rough capillary exhibit a re-
However, when the capillary wall charge density is +6.8, the markably diverse nature. The roughness of the capillary wall,
influence of surface roughness on the force becomes almostnanifested by two parameters (amplitude and wavelength),
negligible at small separation distances between the particlescoupled with the surface charging behavior can render the
In particular, when the wavelength of the wall roughness is forces on the particles attractive or repulsive. The three sce-
comparable to the particle radius, the interaction force doesnarios explored in this study, namely, two CC particles in
not depict any perceptible oscillatory nature even at large a CP capillary, a CC and a CP particle in a CP capillary,
separations. and two CC particles in a CC capillary, provide the following
The results oFig. 11depict that even when all the surfaces key observations. First, the enormous variability of the forces
are similarly charged, and exhibit constant charge properties,is a consequence of variation of both Maxwell and osmotic
the confined particles can experience localized oscillations stresses on the CC particles. In case of CP particles, this is
in the interaction force owing to the presence of the rough solely due to the variation of the Maxwell stresses. Secondly,
wall. The interaction force can attain fairly large negative the force experienced by the CC and CP particles are quite
values (attraction) as shown Fig. 11b. It is therefore dis-  different when they are trapped together in a rough cylindri-
cernable that the EDL interaction between similarly charged cal capillary. Thirdly, the effect of roughness is pronounced
particles in narrow rough capillaries can become attractive only when the roughness wavelength is comparable to or
under a variety of conditions even within the framework larger than the particle size. Finally, the capillary wall sur-
of the classical Poisson—Boltzmann equation. This behav-face potential and its charging behavior (constant potential or
ior is of course never observed in absence of capillary wall constant surface charge density) have tremendous influence
roughness. on the force experienced by the particles.
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