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ABSTRACT

The surface charge density of a porous membrane plays a crucial role in the
functioning of an electroosmotic pump. This parameter allows the determination
of the flow performance of the pump. This study is dedicated to determining this
crucial value for membranes of diverse materials and geometrical characteristics.
This determination is achieved through a combination of experimental, analytical
and numerical methods, using the Comsol Multiphysics software. The investiga-
tion reveals that the highest flow rate, and consequently the maximum surface
charge density, is attained by a polycarbonate membrane with a pore size of 3 𝜇m,
and is equal to 17.5 𝜇L/min experimentally. Furthermore, the research introduces
two surface modifications applied to polycarbonate membranes. An atomic layer
deposition of alumina results in a 10% reduction in pore size, remarkably increas-
ing the electroosmotic flow rate by 30% and inducing a reversal in flow direction.
Additionally, the deposition of gold on one side of a polycarbonate membrane leads
to a substantial 1.85-fold increase in electroosmotic flow rate.
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CHAPTER 1

INTRODUCTION

Electroosmosis, an electrokinetic phenomenon discovered by Reuss in 1809 [1],
involves the propulsion of a fluid through capillaries via an externally applied
electric field. The first electroosmotic pumps (EOP) were developed in the 1990s,
leading to a diverse range of materials being employed to induce this phenomenon.

EOPs offer several advantages. They produce a continuous, pulse-free flow and
allow straightforward control of flow rate and direction. Moreover, EOP have no
moving parts. Additionally, these pumps can be fabricated using standard micro-
fabrication techniques, making them compatible with lab-on-chip (LOC) devices
[2].

Furthermore, EOP have been used in various fields such as high performance
liquid chromatography (HPLC) separations [3][4], LOC systems [5][6], microelec-
tronic equipment cooling [7], drug delivery [8], etc. Due to its important use in
these fields, it it important to be able to quantify the performance of an EOP.

Therefore, the primary goal of this master’s thesis is to determine the perfor-
mance of an EOP by evaluating the surface charge density of its membrane made
of porous silicon. Along with this objective, parameters as pore size or material
which impact surface charge density are studied through both experimental and
numerical approaches. Notably, membranes with pore size ranging from 150 nm to
3 𝜇m are analyzed, encompassing diverse materials such as polymers and alumina.
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CHAPTER 1. INTRODUCTION

Furthermore, to reproduce as closely as possible the characteristics of the porous
silicon membrane, two surface modifications are performed on polymer membranes.
These modifications include atomic layer deposition to reduce pore size and met-
allization to enhance the experimental flow rate.

The structure of this master’s thesis is as follow. First, a literature review about
the main used concepts is done. It begins by presenting a comprehensive review
of the core principle of electroosmosis. An overview of the use of porous silicon in
electroosmotic pumps is presented, along with a discussion of some of the pumps
available in the literature. Moreover, some methods available for determining the
surface charge density of silicon surfaces are demonstrates. Secondly, all material
used as membranes for EOP for this study as well as their fabrication process
are presented. The methods used in this work as the setup for the EOP or some
analysis tools are also reviewed. Thirdly, the electroosmosis phenomenon is studied
numerically with the software Comsol Multiphysics. Finally, experimental results
obtained with the EOP are summarized and discussed.
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CHAPTER 2

LITERATURE REVIEW

This chapter begins with a literature review on electroosmotic pumping, pro-
viding a comprehensive overview of the topic. It then focuses on electroosmotic
pumping for membranes in porous silicon. Additionally, an overview of existing
methods used to determine surface charge density of silica surfaces is presented.

2.1 Elecroosmotic pumping
This section firstly describes the phenomenon of electroosmosis and its origin,

based on the Gouy-Chapman model of the electrical double layer (EDL). Secondly,
the potential variation in the double layer is analyzed. The electroosmotic flow
profile in a channel is then described at two different scales: in a microchannel and
in a nanochannel.

2.1.1 Electroosmosis phenomenon
Electroosmosis is a phenomenon occurring when an electrolyte contained in a

microchannel is subjected to an electric field. This results in the movement of the
fluid, as shown in Figure 2.1. This phenomenon was discovered by F. Reuss at the
beginning of the 19𝑡ℎ century [1].
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CHAPTER 2. LITERATURE REVIEW

Figure 2.1: Electroosmotic flow in a capillary tube. Figure taken from [9]

Origin of surface charges

As shown in Figure 2.1, surface charges at the interface between the solid and
the solution are needed to induce the electroosmosis phenomenon. Most materials
obtain surface electric charges when they are brought into contact with an aqueous
solution. These surface electric charges can have various origins, as mentioned in
[10][11].

The first origin is linked to the affinities of surface ion with the two immiscible
phases. Theses affinities are due to physical adsorption (e.g., van der Waals at-
traction), chemical adsorption (e.g., covalent bonding), or electrostatic attraction.

The second origin is related to the solubility of a solid in an aqueous solution.
There is dissolution of one type of ions over the other at the surface of the solid
until the product of ionic concentrations equals the solubility product 1. This
dissolution induces the presence of ions at the solid’s surface.

The last origin is linked to the ionization of surface groups of the solid. If there
is an acidic group at the surface of the solid, it undergoes a dissociation and the
surface is negatively charged. For example, a COOH carboxyl group on the surface
dissociates in COO− on the surface and in H+ in the solution. On the contrary,
if the surface contains basic groups, the dissociation of it results in a positively
charged surface. In both cases, the solution’s pH also influences this phenomenon.
Surfaces containing acidic groups have a reduction in surface charges by decreasing
pH, and conversely for surfaces containing basic groups.

1The solubility product, Ks, of an ionic compound is defined as the product of the concen-
tration of the ions that exist in equilibrium with the solid compound in a saturated solution
[12].
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Flow of charges

Due to the appearance of surface charges at the interface between the solid and
the solution, a movement of the fluid is induced. Under the application of an
electric field, a flow of ions migrates towards one of the electrodes, inducing the
movement of the fluid. Actually, these ions are accelerated under the effect of
the electric field. Due to viscous bonds between these charges and the liquid’s
molecules, the fluid is driven. Therefore, the ionic charges near the surface of the
solid are responsible for the fluid’s movement. The disposition of these surface
charges can be described with the model of the electrical double layer explained
in the following section.

2.1.2 Electrical double layer model
The most known model of the electrical double layer (EDL) is the model of

Gouy-Chapman-Stern. It describes the EDL with two different layers: one inner
where the ions in the solution are strongly bounded to the solid surface and one
outer where they are less firmly attached and can diffuse. This structure can be
observed in Figure 2.2.

Figure 2.2: Double layer model representation. (1) Stern layer. (2) Gouy-
Chapman layer, also called diffuse layer. Figure taken from [13]

The inner layer is called the Stern layer. It is only charged with the ions of
opposite charge in relation to the solid. Its thickness is of the order of the molecular
diameter, i.e. about several Angstroms. This layer is assumed fixed, the ions are
therefore motionless and do not participate to the motion of the electroosmotic
(EO) flow.
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The second layer in this model is the diffuse layer, also called the Gouy-Chapman
layer. The number of counterions in this layer decreases with distance from the
surface, while the number of co-ions tends to increase. This layer is the one that
participates to the motion of the fluid when an electric field is applied, as the ions
it contains are not fixed.

The electrical double layer has a certain thickness. Indeed, when the solid surface
charges attracts the electrolyte counter-ions, there is an accumulation of charges
at the surface of the solid. This induces a concentration gradient of counter ions
in the electrolyte. It is the competition between the electrical attraction of the
counter-ions at the surface and the diffusion of these ions in the electrolyte that
gives rise to the thickness of the EDL. This thickness is considered to be of the
Debye length, which is defined in the literature as:

𝜆𝐷 = √ 𝜀𝑘𝐵𝑇
∑𝑖 𝑞2

𝑖 𝑐0
𝑖

(2.1)

where 𝜀 = 𝜀0𝜀𝑟 is the dielectric permittivity of the solution with 𝜀0 and 𝜀𝑟 the
vacuum electrical permittivity, and the solution’s relative permittivity with respect
to vacuum, respectively; T is the temperature of the solution, 𝑘𝐵 is the Boltzmann
constant, and 𝑐0

𝑖 is the concentration of ions of charge 𝑞𝑖 away from the shielded
charge, where the electric field is zero [14]. The value of the Debye length mainly
depends on the bulk ionic concentration. For example, in KCl solutions, when
the molar concentration is 10−6 M, the Debye length is equal to 304 nm. When
the concentration is higher, equal to 10−4 M, 𝜆𝐷 = 30.4 nm, which is relatively
smaller [11].

2.1.3 Potential inside the double layer
The distribution of charges in the electrolyte creates an electric potential. This

potential, denoted Ψ, can be described by the Poisson equation for the Gouy-
Chapman model:

∇2Ψ = −𝜌𝑒
𝜀 = −𝑒𝑁𝐴

𝜀
𝑚

∑
𝑖=1

𝑧𝑖𝑐𝑖 (2.2)

𝜌𝑒 is the total charge density, 𝑒 is the elementary charge, 𝑁𝐴 is the Avogadro’s
number, 𝜀 is the dielectric permittivity of the solution, 𝑧𝑖 is the the valence and
𝑐𝑖 is the bulk ion concentration [15]. Because there are ionic species in solution
that feels the local electrostatic potential from the charged solid–liquid interface,
the Boltzmann equation can be introduced to have a better approximation of the
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model used. In this case, the potential Ψ can be found with the following equation
[16], called the Poisson-Boltzmann equation:

𝜀(∇2Ψ) = 2𝑒𝑐𝑖sinh( 𝑒Ψ
𝑘𝐵𝑇 ) (2.3)

The maximum value of the electrical potential in the double layer is at the
surface of the channel, where the charged ions are adsorbed, as shown in Figure
2.3. The potential then linearly decreases to the end of the Stern layer. From
this point, the potential decreases exponentially with the distance from the walls,
until it reaches the shear plane. This plane is a boundary in the diffuse layer
that separates ions that forms an entity with the particle and the ones that are
not. When a particle moves, ions within the boundary move with it while the
ones beyond the shear plane stay with the bulk. At the shear plane, the internal
potential reaches a value called ”zeta potential (𝜁)”. Finally, far away from the
surface of the channel, the potential is considered to be zero.

Figure 2.3: Potential variation inside the electrical double layer. Figure modified
from [17].

The zeta potential is an important value in the electrical double layer. It allows
knowing the total charge density at the shear plane, thus the quantity of ions that

7
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participates in the fluid’s movement. The zeta potential can be found knowing the
surface charge density 𝜎 at the interface with the channel:

𝜁 = 𝜎𝜆𝐷
𝜀 (2.4)

In addition to the parameters described in equation 2.4, zeta potential is also
influenced by the pH of the solution. When decreasing the pH, 𝜁 increases and
conversely. Additionally, there exists a pH where zeta potential is equal to zero. It
is called the isoelectric point [18]. . Moreover, 𝜁 also varies with the ionic concen-
tration of the electrolyte. The potential decreases with increasing concentration,
as it is related to the Debye length.

2.1.4 Electroosmotic flow
In a straight microchannel

The profile of the electroosmotic flow in a straight microchannel is shown in
the upper part of Figure 2.4. As mentioned previously, the flow is driven by the
movement of ions in the electrical double layer. In a large capillary, thus when the
radius of the capillary is considered sufficiently large compared to Debye length,
the flow is considered to be flat. To have a flow of this type, some assumptions are
made. Firstly, the flow at the interface between solid and liquid is null because
of the non-slip condition. Secondly, the hydrodynamic resistance of the fluid is
neglected. In this case, the electroosmotic velocity is given by:

𝑢𝐸𝑂𝐹 (𝑦) = −𝜀𝐸𝑥
𝜇 𝜁 (2.5)

where 𝜀 is the dielectric permittivity of the solution, 𝐸𝑥 is the external electric
field in the axial direction and 𝜇 is the fluid’s viscosity.

The total velocity of the fluid is also influenced by the pressure-driven flow. This
flow is shown in the middle of Figure 2.4. Consequently, the net flow is the sum of
the electroosmotic flow and the pressure-driven flow. This is shown in the lower
part of Figure 2.4.
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Figure 2.4: Flow profile in a straight microchannel, with the contribution of elec-
troosmotic and pressure-driven flow.

In a straight nanochannel

In the case of a nanochannel, the velocity profile is not the same. If the radius
of the nanochannel is smaller or equal to the Debye length, there is an overlap
of the electrical double layer, as shown in Figure 2.5. Each ion in the fluid thus
participates in its movement (except those who are in the Stern layer). This
gives a selective property to the channel as the ions flowing through it are mainly
composed of one type of ions, the counterions of the channel’s surface.
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Figure 2.5: Nanoscale EDL overlap. Figure modified from [19].

Ran Peng and Dongqing Li have studied this phenomenon in [20]. They found
that in relatively large nanochannels (over 100 nm), for a 10−3 M solution, the
electroosmotic flow (EOF) velocity is around 43 𝜇m/s and is independent of chan-
nel size. On the contrary, when the channel size is less than 100 nm, for the
same concentration, the EOF velocity becomes size-dependent and decreases with
channel size. In fact, for a 10−3 M solution, the Debye length is around 30-50 nm.
Consequently, channels smaller than 100 nm are likely to have an overlapping of
their EDL in a solution of the same concentration.

The total fluid’s velocity in a nanochannel is given by [16]:

𝑢(𝑦) = −𝑃
2𝜇 (𝑦2 − 2ℎ𝑦) + 𝐸𝑥𝜀

𝜇 (Ψ(𝑦) − 𝜁) (2.6)

where 𝑃 = −𝑑𝑝
𝑑𝑥 is the applied pressure gradient. This equation shows that the

velocity is a result of the pressure-driven flow and the electroosmotic flow, as in a
microchannel. Therefore, the electroosmotic flow is given when 𝑃 = 0 and is:

𝑢𝐸𝑂𝐹 (𝑦) = 𝐸𝑥𝜀
𝜇 (Ψ(𝑦) − 𝜁) (2.7)

This profile is shown in Figure 2.6. In this case, it is only curved [16].
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Figure 2.6: Electroosmotic flow profile in a nanochannel.

2.2 Porous silicon membranes for electroosmotic
pumps

As previously mentioned, the objective of electroosmotic pumping is to generate
fluid movement by applying an electric field to an electrolyte contained in a chan-
nel. In this way, the larger the liquid/solid interface in the pump, the stronger
the fluid movement. For this reason, porous materials are ideal candidates for
electroosmotic pumping.

In addition, the upcoming sections of this literature review will focus on studying
porous silicon. This choice is motivated by the fact that this work is part of a
doctoral thesis at UCLouvain focusing, among other things, on the characterization
of porous silicon for reverse electrodialysis (RED). Consequently, the aim of this
study is related to electroosmotic pumping with porous silicon (PSi).

2.2.1 Characteristics of PSi
Porous silicon was discovered by Arthur Uhlir Jr. and Ingeborg Uhlir in 1956

by electrochemical dissolution of silicon wafers in hydrofluoric acid (HF) [21]. Nev-
ertheless, interest in PSi really exploded in the years 1990 when Leigh Canham
published his results. He confirmed that the material could exhibit efficient, bright
red-orange photoluminescence. Since that time, a lot of research on PSi has been
made because of its characteristics. It has excellent thermal and mechanical prop-
erties, it has a large surface area within a small volume (up to 800 m2/g) [22],
controllable pore size, interesting optical properties, it is low cost, etc. All this
characteristics makes PSi a excellent material for a lot of applications like optical
sensing applications, biomedical applications and electronics [21][23].
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2.2.2 Reaction of PSi with the electrolyte
In an electroosmotic pump, the membrane made of porous silicon is immersed

in an electrolyte. This effect creates an electrical double layer in the system, as
explained in section 2.1.1. In the case of porous silicon, it undergoes an ionization
of the surface SiOH group. This can be done two ways: the membrane can undergo
either protonation or deprotonation, depending on the pH of the solution. If the
pH of the solution is lower than the point of zero charges (PZC), SiOH becomes
SiO−. The membrane thus becomes negatively charged and the positive ions of
the electrolyte are attracted. Therefore, the membrane is permeable to the cations.
This phenomenon is shown in Figure 2.7. Conversely, if the pH of the solution
is higher than the PZC, SiOH becomes SiOH+

2 . In that case, the membrane is
permeable to anions. Moreover, if the pH of the solution is the neutral pH of the
PSi, thus between 3.4 and 4.4 [24], the oxide is at the point of zero charges. In
that case, the net surface charges are null.

Figure 2.7: Ion exchange in a porous silicon membrane immersed in a solution
with a pH lower than the zero point of charges.

2.2.3 Existing PSi electroosmotic pumps
Various electroosmotic pumps dealing with porous silicon can be found in liter-

ature, with different geometries and experimental conditions. In order to compare
the maximum generated flow rate for pumps of various geometries and voltages, a
flow rate normalized by the voltage and the surface in contact with the electrolyte
expressed in 𝜇L/(min cm2V) is used by scientists. Theses pumps can be found in
table 2.1.
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Table 2.1: Table of performance in terms of maximum normalized flow rate of elec-
troosmotic pumps made of porous silicon membranes in the literature.

Article [25] [26] [27] [28]
Pore size [𝜇m] 3 3.6 19.5 *10−3 2.3 * 10−3

Effective area [cm2] 1 0.07 36 * 10−4 1.89 * 10−5

Pore density % 45 37.8 5.7 16.7
Thickness [𝜇m] 350 500 0.015 0.075
Tension [V] 25 60 20 1

Distance between
2 electrodes [mm] 2 3 / 4

Electrolyte 10−3M NaCl DI water 0.1M KCl 0.4M KCl
Maximum
flow rate [ 𝜇L

min cm2V ] 128 19.8 138.9 10.72 *103

When examining the table, two distinct categories of electroosmotic pumps can
be distinguished: those with ultra-thin membranes, and others with significantly
thicker membranes. In references [27] and [28], the membranes thickness are re-
ported to be respectively of 15 nm and 75 nm. These values are four orders of
magnitude smaller than those of the first two EOP in the table above. As flow
rate is inversely proportional to membrane thickness, decreasing the thickness by
a factor of 1000 has a substantial impact on the flow performance of the pump.

As mentioned earlier, the flow rate is normalized to 𝜇L/(min cm2V) for compar-
ing different pump performances. However, this normalization does not consider
two important parameters. Firstly, the applied voltage is taken into account but
without considering the distance between the two electrodes, which determines
the induced electric field. As the distance between the electrodes increases, the
induced electric field decreases, resulting in a lower flow rate. Secondly, the mem-
brane thickness, as discussed previously, also affects the flow rate but it is not
considered in this standardization. Therefore, particular attention should also be
paid to these two parameters influencing the flow performance when comparing
various EOP.

2.3 Surface charge density
Surface charge density governs ion transport through the pores of the PSi mem-

branes as it is the density of charges that participates to the movement of the
fluid. If this density is high, the electroosmotic flow is high and conversely. De-
termining surface charge density of porous silicon membranes is very important in
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this work because knowing this value enables us to calculate the efficiency of the
electroosmotic pump in terms of flow rate.

2.3.1 Surface charge density of silica nanospheres
Ya-Rong Shi et al. studied in [29] a way to determine the surface charge density

of silica particles in a NaCl solution, by converting their corresponding measured
zeta potential with the Poisson Boltzmann model. In this model, the particle size
is explicitly included with the radius 𝑎 of the particle. The surface charge density
can be approximated by:

𝜎 = 2𝜀0𝜀𝑟𝜅𝑅𝑇
𝐹 𝑠𝑖𝑛ℎ ( 𝑧𝐹𝜁

2𝑅𝑇 ) {1 + 2
𝜅𝑎 [𝑐𝑜𝑠ℎ ( 𝑧𝐹𝜁

4𝑅𝑇 )]
−2

+

16
(𝜅𝑎)2 𝑙𝑛 ([𝑐𝑜𝑠ℎ ( 𝑧𝐹𝜁

4𝑅𝑇 )] [𝑠𝑖𝑛ℎ ( 𝑧𝐹𝜁
2𝑅𝑇 )])

−2
}

1/2

(2.8)

In this equation, 𝜀0 and 𝜀𝑟 are respectively the permittivity of vacuum and the
solution’s relative permittivity, 𝜅 is the reverse of the Debye length, 𝑅 is the
universal gas constant, 𝑇 is the temperature, 𝐹 is the Faraday constant, 𝜁 is the
zeta potential, and 𝑧 is considered to be equal to one.

This equation was solved by the same authors for nanoparticles of different sizes.
The study reveals that surface charge density decreases as particle size increases,
and almost reaches a stable value from a critical particle size. Therefore, it shows
that nanoparticle curvature clearly has an effect on surface charge density.

2.3.2 Surface charge density of silica nanopores
Li-Hsien Yeh et al. studied a way in [30] to determine the surface charge density

in silica nanopores. Jie Yang et al. used a similar method in their paper [31].
In both cases, they used the full multi-ion surface charge-regulation model that
consists in using two concepts simultaneously: the classical density functional
theory and the surface reaction model.

Classical density functional theory (CDFT)

This theory describes the electrical double layer as explained in chapter 2.1.2.
The mean electric potential is described by the Poisson equation for the Gouy-
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Chapmann model and is related to the local charge density by the equation:

∇2Ψ(𝑧) = −𝜌𝑒
𝜀 = −𝑒

𝜀0𝜀𝑟

𝑚
∑
𝑖=1

𝑧𝑖𝑐𝑖(𝑧) (2.9)

where 𝑧𝑖 is the valence of ionic species 𝑖 and 𝑐𝑖(𝑧) is the ionic density distribution
inside the pore. The following boundary conditions are applied, where 𝐷 is the
width of the pore:

Ψ(0) = Ψ(𝐷) = Ψ0 (2.10)
CDFT theory also predicts that the ionic density distributions inside the pores are
given by:

𝑐𝑖(𝑧) = 𝑐0
𝑖 exp[−𝛽𝑉𝑖(𝑧) − 𝛽𝑧𝑖𝑒Ψ(𝑧) − 𝛽Δ𝜇𝑒𝑥

𝑖 (𝑧)] (2.11)
where 𝑉𝑖(𝑧) is the wall potential, 𝛽 = 1/(𝑘𝐵𝑇 ), 𝑘𝐵 is the Boltzmann constant
and Δ𝜇𝑒𝑥

𝑖 (𝑧) accounts for the electrostatic correlations and ionic excluded volume
effects. These equations can be solve numerically. From equations 2.9 and 2.11, it
is possible to calculate the surface charge density 𝜎 according to the overall charge
neutrality condition:

𝜎 = − ∑
𝑖

𝑧𝑖𝑒 ∫
𝐿/2

0
𝑐𝑖(𝑧)𝑑𝑧 (2.12)

where 𝐿 denotes the pore length.

Surface reaction model

The surface charge density 𝜎 can be found by the surface reaction model. Charge
regulation takes place at the solid/liquid interface where protonation and deproto-
nation reactions occur, as explained in section 2.2. Two main associations/dissoci-
ation reaction happen on that silica interface:

SiOH SiO– + H+ {1}
SiOH + H+ SiOH +

2 {2}

with the respective equilibrium constants 𝐾𝐴 and 𝐾𝐵:

𝐾𝐴 = 𝑁𝑆𝑖𝑂−[𝐻+]𝑠
𝑁𝑆𝑖𝑂𝐻

(2.13)

𝐾𝐵 =
𝑁𝑆𝑖𝑂𝐻+

2

𝑁𝑆𝑖𝑂𝐻[𝐻+]𝑠
(2.14)
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In the above, 𝑁𝑆𝑖𝑂− , 𝑁𝑆𝑖𝑂𝐻+
2
and 𝑁𝑆𝑖𝑂𝐻 are the surface densities of SiO−, SiOH+

2
and SiOH respectively. [H+]𝑠 is the concentrations of H+ ions at the silica interface.
It follows the Boltzmann distribution, such as:

[𝐻+]𝑠 = [𝐻+]0exp( 𝐹𝜁
𝑅𝑇 ) (2.15)

where 𝐹 denotes the Faraday constant. The total number density of SiOHmolecules
on the solid liquid interface is given by three contributions:

𝑁𝑡𝑜𝑡 = 𝑁𝑆𝑖𝑂− + 𝑁𝑆𝑖𝑂𝐻+
2

+ 𝑁𝑆𝑖𝑂𝐻 (2.16)

Finally, from theses equations, the surface charge density of the silica nanopore
can be obtained by:

𝜎 = 𝐹(𝑁𝑆𝑖𝑂𝐻+
2

− 𝑁𝑆𝑖𝑂−)

= −𝐹𝑁𝑡𝑜𝑡
𝐾𝐴 − 𝐾𝐵 ([𝐻+]0exp ( 𝐹𝜁

𝑅𝑇 ))2

𝐾𝐴 + [𝐻+]0exp ( 𝐹𝜁
𝑅𝑇 ) + 𝐾𝐵 ([𝐻+]0exp ( 𝐹𝜁

𝑅𝑇 ))2
(2.17)

2.3.3 Parameters affecting surface charge density
Three main parameters are affecting surface charge density for porous silicon:

the pH of the solution, the salt concentration in the solution and the particle size,
as described in [30][29][32].

Firstly, when the particle size decreases, the surface charge density tends to
increase. This is due to the decrease in the surface concentration of H+ ions,
leading to a higher proportion of negatively charged SiO− dissociated from the
functional groups SiOH. As a result, the surface becomes more negatively charged,
increasing the surface charge density. However, there is a critical particle size below
which the surface charge density becomes independent of the particle size. Once
the particle size reaches this critical diameter, further reductions in size have little
effect on the surface charge density, and it stabilizes at a certain level depending
on the pH and salt conditions of the solution.

Secondly, the salt concentration of the solution also affects surface charge density.
With a fixed particle size, the increased background salt concentration attracts
more K+ ions to the negatively charged particle surface. As a result, the higher
concentration of K+ ions excludes H+ ions from the surface, leading to a lower
concentration of H+ ions on the particle surface. This decrease in H+ ions results
in a higher negative surface charge density, as more negative charges remain on
the surface.

16



CHAPTER 2. LITERATURE REVIEW

Finally, the surface charge density of particles increases as the pH of the solution
decreases. In acidic conditions, there is a higher concentration of H+ ions in the
solution. As a result, more of these H+ ions interact with the functional groups
on the silica surface, leading to a higher degree of protonation. This increased
protonation results in a higher positive surface charge density.

2.4 Objectives of this master’s thesis
The literature contains several articles that demonstrates the feasibility of using

porous silicon as the membrane material in an electroosmotic pump. Further-
more, equation 2.5 and 2.6 allow the calculation of the EOF in a microchannel
and in a nanochannel considering various parameters, including the zeta potential.
Therefore, by observing the flow rate obtained during electroosmotic pumping, it
becomes possible to determine the zeta potential of a porous silicon membrane.
Finally, several papers demonstrate the possibility of analytically determining the
surface charge density of a silicon nanopore.

Therefore, the ultimate goal of this work is to analytically determine the sur-
face charge density of a porous silicon membrane. This can be achieved by ex-
perimentally determining the zeta potential through the electroosmotic flow rate
measurements and subsequently using this data to calculate the surface charge
density. By combining experimental and analytical methods, a comprehensive un-
derstanding of the surface properties and behavior of porous silicon membranes in
an electroosmotic pump can be achieved.

17



CHAPTER 3

MATERIALS AND METHODS

This chapter provides a comprehensive overview of the membranes used in elec-
troosmotic pumping for this study. These membranes encompass a range of ma-
terials, including polymers and porous silicon. The chapter highlights the diverse
techniques employed for manufacturing these membranes and outlines the various
surface treatments applied.

Moreover, this chapter provides a thorough explanation of the methodologies
employed to acquire the results. It includes a comprehensive description of the ex-
perimental setup used in the study. Special emphasis is given to the introduction
of specific software tools, such as the Scanning Electron Microscope (SEM) and Im-
ageJ, which played a crucial role in the analysis and interpretation of the acquired
data. In addition, a model for analytically determining the flow performance of a
pump is presented.

3.1 Materials
3.1.1 Raw membranes
Track etched polymer membranes

Various polymer membranes are used in this work. They vary according to their
geometry, differing in pore size and thickness, as well as in material. The mem-
branes used can be made of polycarbonate (PC), polyethylene (PET) or polyimide
(PI). These membranes are produced by the technique of track-etching. As shown
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Figure 3.1: Schematic representation of the manufacturing process for a track-
etched membrane. Figure taken from [33]

.

in Figure 3.1, this technique consists in firstly irradiating a raw foil of polymer with
a beam of energetic heavy ions. The resultant ion tracks are then etched chem-
ically, leading to the track etched membrane [33]. The track etched membranes
used in this work are produced by the company it4ip (Ion Track for Innovative
Products) in Louvain-la-Neuve in Belgium. An advantage of this technique is that
it produces straight pores, benefiting the EO pumping. In this work, the track
etched membranes used vary mainly in the polymer composition and in their pore
size, ranging from 150 nm to 400 nm of diameter.

Aluminum oxide membrane

Porous aluminum oxide membranes are also used in this work. They are pro-
duced by anodic oxidation of aluminum [34]. To manufacture these membranes,
an aluminum plate is immersed in an acid solution as the anode, while another
electrode acts as the cathode. As a result of the electrolysis reaction, the aluminum
is oxidized and nanopores are formed perpendicular to the surface [35].

Porous silicon

The third type of membranes used in this work are the ones in porous silicon.
They are formed by etching crystalline silicon in aqueous or non-aqueous elec-
trolytes containing hydrofluoric acid (HF). As shown in Figure 3.2, the surface
of a silicon wafer is in contact with a solution containing HF. The silicon wafer
acts as the working electrode and a counter electrode, typically in platinum, is
immersed in the solution.
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Figure 3.2: Schematic representation of a two-electrode electrochemical cell used
to manufacture porous silicon. Figure taken from [36].

Depending on the current density applied to the electrochemical cell, two modes
of PSi etching can be reached: the pore formation regime or the electropolishing
regime. The dissolution reaction of silicon allowing the formation of pores depends
on interaction phenomena at the interface between silicon and the electrolyte of
the cell. Indeed, the dissolution of the silicon is initiated when the HF reaches
the pore tips and weakens the Si-H surface bonds. Increasing the current density
leads to a shrinking of the pores walls, until the pores merge in the electropolishing
regime. In this regime, no PSi is formed because it removes silicon atoms uniformly,
resulting in a smooth, polished surface. As shown in Figure 3.3, a current-voltage
curve can be determined for the electrochemical etching of the silicon. The pore
formation regime remains active until the curve reaches its maximum value, at
which point the electropolishing regime is activated [23].

In a chemical point of view, pore formation can be expressed with the global
semi-reaction that occurs at the surface of the silicon wafer:

Si + 2HF SiF –
2 + 2H+ + 2 e– {3}

In this reaction, silicon (Si) reacts with hydrofluoric acid (HF) to form negatively
charged silicon fluoride ions (SiF−

2 ), positively charged hydrogen ions (H+), and
electrons (e−). The release of these species during the reaction leads to the disso-
lution of silicon and the formation of pores in the silicon wafer.

The PSi membranes used in this work are produced in a cleanroom facility at
UCLouvain. They are manufactured following the process explained above.
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Figure 3.3: Current density versus applied potential curve for electrochemical etch
of silicon in an HF electrolyte. Figure taken from [23].

3.1.2 Surface modifications
In this work, two surface modifications are performed on some track etched

polycarbonate membranes: atomic layer deposition (ALD) and metallization of
one side of the membrane. Both modifications are carried out in the technological
platform Winfab, which maintains a cleanroom infrastructure within UCLouvain.

Atomic layer deposition

Atomic layer deposition allows the deposition of ultra-thin films (a few nanome-
ters) in a controlled and precise way. In this work, the process consists in deposit-
ing alumina (Al2O3) on the whole membrane, so as to cover the internal walls of
the pores. This procedure takes place at 100°C by a plasma process. The process
can be divided into two half-cycles and is shown in Figure 3.4. In the first half-
cycle, a precursor (trimethylaluminum for alumina deposition [37]) is introduced
into the reactor and adsorbed onto the substrate surface. Once the surface is sat-
urated, the excess precursor is purged with inert gases. The second half-cycle can
then begin. Plasma is pulsed into the chamber, reactivating the membrane surface.
The reactor is then purged again, completing the second half-cycle. The ALD pro-
cess continues by repeating both half-cycles mentioned above for a certain amount
of times. Therefore, the number of cycles performed determines the thickness of
the deposit [38].
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Figure 3.4: Schematic representation of the plasma-enhanced atomic layer deposi-
tion process. Figure taken from [38].

The first objective of this surface modification is to reduce the pore size of the
membrane. Secondly, depositing another material on the membrane modifies the
zeta potential of the electrical double layer. This deposition allows studying the
changes in charge density at the surface of the membrane, and consequently its
performances. Two different deposits are performed: one of 50 ALD cycles of
alumina and another of 200 ALD cycles of the same oxide. The deposits are only
performed with Al2O3 because it can be used with a plasma-enhanced process and
has the highest zeta potential in comparison to the other oxides available in the
laboratory [39]. The deposition of this oxide on the membranes is performed using
the Cambridge Fiji atomic layer deposition system.

Metal deposition

The second surface modification performed in this work is a metallization of one
side of some track etched membranes. For this work, a 5 nm titanium deposit is
first deposited as an adhesive layer. A second 50 nm gold deposit is then applied.
This metallization is performed by evaporation of the metal by a heating element
in a vacuum chamber. The objective of this surface modification is to use the
metallized membrane as one of the two electrodes in the electroosmotic pump to
enhance the EOF. The distance between the electrodes is thus halved and a higher
electric field is normally induced with the same amount of applied tension. The
deposition of the gold on the membranes is performed using the E-Gun Vacotec.
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3.2 Methods
3.2.1 Electroosmotic pump setup

The experimental electroosmotic pump setup used in this work is shown in
Figure 3.5. It was inspired from a previous work done by Jérémie Janssens in [40].
This device was designed with SolidWorks software and machined from a Plexiglas
cylinder. The various plans of this setup are given in appendix A of this work.
To avoid a pressure effect due to the difference in water level in the two pipettes,
this setup must be placed horizontally, so as to observe only the electroosmosis
flow. The observation of this flow is done by looking at displacement of the water
meniscus in the two graduated pipettes. Each pipette is connected to a reservoir
containing the electrolyte, and these are separated by a porous membrane. The
contact surface between the membrane and the electrolyte is 29.7 mm2. To apply
some tension in the circuit, two electrodes separated by a distance of 2.4 cm are
placed in a way to surround the membrane. These electrodes are rectangular
meshes in platinum and have a surface of one square centimeter. The tension
in the EO pump is applied with a voltage source, the model 6418 of the brand
Keithley. To insert the electrolyte in the device, two tubes are connected to the
reservoirs. The liquid is inserted by using a pressure-based flow control device, the
LineUp Flow EZ𝑇 𝑀 . To assure the waterproofing of the setup, the electrodes and
the pipettes are inserted in the reservoirs with perforated plugs.

To have a better understanding of the way this experimental electroosmotic
pump works, a diagram is presented in Figure 3.6. The tension applied at the
electrodes (1) induces an electric field in the liquid contained in the reservoirs
(4). Due to the properties of the porous membrane (5), an electroosmotic flow is
induced through it and it is visible by the changes of volume of the liquid present
in the graduated pipettes (2).
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Figure 3.5: Experimental set-up of the EOP.
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Figure 3.6: Schematic representation of the experimental electroosmotic pump.

3.2.2 Scanning electron microscope
Scanning electron microscopy is an imaging technique that provides high-resolution

images of a sample surface. To produce an image, a beam of electrons produced by
an electron gun is accelerated along the column of the device. It passes through
a series of electromagnetic lenses and apertures that focuses the electron beam.
Once this beam hits the sample, a series of electrons (backscattered electrons and
secondary electrons) and x-rays are ejected from it. A detector then recognizes
these electrons and converts them into a signal that produces the final image [41].

The objective of using a scanning electron microscope in this work is to char-
acterize the various membranes (with and without surface modifications) used for
the EO pumping. By obtaining top-view and cross-section images of the mem-
branes, it allows determining the geometric characteristics of it. The SEM used
to image the sample is a Zeiss Auriga FIB-SEM, located in the Winfab platform
at UCLouvain.

3.2.3 Energy-dispersive X-ray (EDX) spectroscopy
EDX spectroscopy identifies the elemental composition of a sample. As with

SEM, an electron beam is projected onto the sample surface to excite it. The
difference lies in the detector. In EDX spectroscopy, it’s the photons ejected from
the sample surface that are of interest. When the surface sample is excited, it
dissipates part of the absorbed energy by ejecting a core-shell electron. An outer
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shell electron of higher energy then replaces it, releasing an energy gradient in the
form of an X-ray, with a characteristic spectrum depending on its atom of origin
[42].

The aim of EDX spectroscopy in this work is to identify the elemental compo-
sition of the membrane used, in particular to see changes in its composition after
being used in the electro-osmotic pump.

3.2.4 ImageJ
Once top-view images of the membranes have been obtained with the SEM, they

can be analyzed with ImageJ software. This is used to determine the geometric
characteristics of the membranes, such as porosity or pore size. The module used in
this software is the ”particle analysis” module. This function counts the particles
present in the image. For this purpose, the image must be in black and white.
To do this, a threshold needs to be set that highlights interesting particles in the
background. All image pixel values below the threshold are converted to black and
conversely [43].

To count and measure the various particles in the image, the software scans the
image until it finds the edge of an object. The surface area of each particle is then
found, enabling the total surface area of particles in the image to be determined.
This specifies the porosity of the membrane. The software also calculates the
Feret diameters of each particle. The minimum Feret diameter corresponds to the
shortest distance between any two points on the particle. This result is used to
determine the average pore size of the membrane [44].

3.2.5 Analytical model determining pump flow performance
To compare the experimentally obtained flow rate with the theoretical predic-

tion, an analytical model for calculating the flow rate is introduced below.

To determine the efficiency of an electroosmotic pump, the volume flow rate
needs to be known. This value can be determined by integrating the electroosmotic
flow profile on the section of the channel. For a single cylindrical microchannel,
the flow equation is given by [45][46]:

𝑢(𝑟) = − 1
4𝜋(𝑎2 − 𝑟2)𝑑𝑃

𝑑𝑥 − 𝜀𝐸
𝜇 (𝜁 − Ψ(𝑟)) (3.1)

where 𝑑𝑃
𝑑𝑥 is the pressure gradient, 𝑎 is the radius of the channel, 𝑟 is the distance

from symmetry axial, Ψ(𝑟) is the radial potential, and 𝐸 is the strength of the
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electric field. Knowing this equation allows the determination of the volume flow
rate for a cylindrical microchannel [45][46]:

𝑄 = ∫
2𝜋

0
∫

𝑎

0
𝑢(𝑟)𝜙𝑟𝑑𝜙𝑑𝑟 = −𝜋𝑎4

8𝜇
𝑑𝑃
𝑑𝑥 − 𝜋𝑎2𝜀𝜁𝐸

𝜇 𝑓 (3.2)

In this equation, the function 𝑓 takes into account the size effects of the electrical
double layer and varies from zero to one. If the function tends to unity, that means
that the velocity across the channel tends to be uniform and that the pore size
is relatively larger than the Debye length. On the contrary, when the function 𝑓
tends to zero, that means that there is a large overlap of the EDL and the velocity
profile is therefore curved. The function 𝑓 can be expressed as [46]:

𝑓 = ∫
𝑎

0
(1 − Ψ

𝜁 ) 2𝑟
𝑎2 𝑑𝑟 = 1 − 2𝐼1(𝑎)

𝑎𝐼0(𝑎) (3.3)

In this equation, 𝐼0 and 𝐼1 represents the modified Bessel functions of the first type
of order zero and one, respectively, as represented in Figure 3.7a. The function
𝑓 modeling the ratio between the radius of the channel and the Debye length is
represented in Figure 3.7b.

(a) (b)

Figure 3.7: (a) Modified Bessel functions of the first type of order zero and one.
(b) Values taken by the function f in relation to the ratio between the
channel radius and the Debye length.

For an array of cylindrical microchannels, the porosity and the tortuosity must
be taken into account in the equation of the volume flow rate. Shuhuai Yao et al.
determined this value, given in m3/s in [25] [47] as:

𝑄 = 𝜓
𝜏 [−𝑎2𝐴

8𝜇𝐿 Δ𝑃 − 𝜀𝜁𝐸𝐴
𝜇 𝑓] (3.4)
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In summary, parameters influencing the volume flow rate are the porosity 𝜓, the
tortuosity 𝜏 , the geometry of the channel (with the cross-sectional area 𝐴, the
radius 𝑎 and the length 𝐿), the applied pressure Δ𝑃 , the zeta potential 𝜁, the axial
electric field intensity 𝐸 and the viscosity and permittivity of the fluid, respectively
𝜇 and 𝜀.

The tortuosity is the capacity of the channel to be curved. It is defined as:

𝜏 = (𝐿𝑒
𝐿 )

2
(3.5)

with 𝐿𝑒 and 𝐿, respectively the characteristic length of flow displacement along
the channel path and the physical length of the channel. A tortuosity equal to one
indicates that the channel is straight, with an easier flow displacement [48].

Porosity is defined as the ratio of the volume of pores 𝑉𝑝 in a material to the
volume of bulk 𝑉 :

𝜓 = 𝑉𝑝
𝑉 (3.6)

The more a material is porous, the more volume of fluid can pass trough it because
the more charges are attracted to the substrate. Therefore, an electroosmotic pump
is more efficient if the porosity of the substrate is high [48].

The maximum flow rate, 𝑄𝑚𝑎𝑥, and maximum pressure, Δ𝑃𝑚𝑎𝑥, of the pump
can be derived from equation 3.4 as:

𝑄𝑚𝑎𝑥 = −𝜓
𝜏

𝜀𝜁𝐴𝐸
𝜇 𝑓 (3.7)

Δ𝑃𝑚𝑎𝑥 = −8𝜀𝜁𝑉𝑎𝑝𝑝
𝑎2 𝑓 (3.8)

These equations show that, for a given value of the function 𝑓 , flow performance
is related to high electric fields and large cross-sectional areas, while maximum
pressure is related to small pore diameters [48].
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NUMERICAL SIMULATIONS

In this chapter, a detailed analysis of the calculation methodology employed in
Comsol Multiphysics is presented, outlining how this software is used to model
and simulate the experimental system.

The Comsol Multiphysics software is used for the creation of physics-based mod-
els and simulation applications. In this particular study, the software is employed
to simulate the electroosmotic phenomenon occurring as discussed in subsection
3.2.1. The primary objective of this numerical analysis is to determine the flow
movement and flow rate achievable by pumping through the experimentally used
membranes.

4.1 Flow velocity model
The solution to the flow equation for a nanopore described in chapter 3.2.5

(equation 3.2) is obtained by developing the Navier-Stokes equations describing
fluid motion. These equations represent all the forces interacting with the fluid,
including the forces of inertia. In microfluidics, these inertial forces are generally
neglected due to the low Reynold’s number of flows, which are then considered
laminar.
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The equation of Navier-Stokes for a laminar incompressible flow and the conti-
nuity equation are given by:

−∇𝑝 + 𝜇∇2u + f = 0 (4.1)
∇ ⋅ u = 0 (4.2)

where u is the fluid velocity, 𝑝 is the pressure, 𝜇 is the fluid viscosity and f repre-
sents the body force. In this case, the force f is the electroosmotic force acting on
the charges in solution and is equal to:

𝑓 = 𝜌𝑒𝐸𝑧 = (𝐹
𝑁

∑
𝑖=1

𝑧𝑖𝑐𝑖)𝐸𝑧 (4.3)

where 𝐸𝑧 is the external electric field applied in the axial direction inside the
nanopore and 𝜌𝑒 represents the net charge density of species in solution [49]. This
variable depends on the ion concentrations of the liquid. As the only electrolyte
used in this work is water, the two ion species in solution are H3O+ and OH−. A
further assumption to be made is that there is a zero pressure gradient between
the two ends of the pore. Therefore, the equation of Navier-Stokes describing the
movement of the fluid inside the pore is written as:

𝜇∇2u + 𝐹(−𝑐𝑂𝐻− + 𝑐𝐻3𝑂+)𝐸𝑧 = 0 (4.4)
where 𝐹 denotes the Faraday constant, and 𝑐𝑂𝐻− and 𝑐𝐻3𝑂+ are the ionic concen-
trations of the respective ions.

The transport of these ions inside the pore can be resolved by the equations of
Nernst-Planck. It describes the molar flux of each 𝑖th species due to electromigra-
tion (J𝑒

𝑖 ), diffusion (J𝐷
𝑖 ) and convection. In steady state, the Nernst-Planck and

the continuity equations are expressed as follows:

J𝑖 = J𝑒
𝑖 + J𝐷

𝑖 + u𝑐𝑖 = −𝑧𝑖𝐹
𝑅𝑇 𝐷𝑖𝑐𝑖∇𝜙 − 𝐷𝑖∇𝑐𝑖 + u𝑐𝑖 (4.5)

∇ ⋅ J𝑖 = 0 (4.6)
In theses equations, 𝐷𝑖 is the diffusion coefficient of the ionic species, 𝑧𝑖 and 𝑐𝑖 are
the charge number and the concentration of each species, 𝑅 is the gas constant, 𝑇
is the absolute temperature and 𝜙 represents the electric potential.

The electric potential 𝜙 is given by the Poisson equation:

∇2𝜙 = −𝜌𝑒
𝜀 = −

𝐹(−𝑐𝑂𝐻− + 𝑐𝐻3𝑂+)
𝜀0𝜀𝑒

(4.7)

where 𝜀0 and 𝜀𝑒 represents the permittivity of vacuum and the dielectric constant
of the electrolyte.
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4.2 Geometry of the problem
4.2.1 Boundary conditions

The geometry studied is a cylindrical pore of length L and radius R between two
reservoirs of height H. Only half the system is modeled due to the symmetry of the
problem, reducing the calculation dimension. Figure 4.1 illustrates the numerical
domain in (a) and depicts certain imposed boundary conditions in (b) and (c).

The nanopore has a surface charge density of 𝜎 that is equal to the displacement
electric field D multiplied by n, the unit vector normal to the boundary surface.
In the reservoirs, this displacement field is equal to zero. Moreover, the electric
potential in each reservoir is equal to the external applied tension.

A pressure flow of zero, perpendicular to the pore cross-section, is imposed at
the inlet and outlet of the pore using reservoirs filled with distilled water. The
dissolved species in the solution are thus the products of water autoprotolysis,
namely H3O+ and OH− ions. The concentrations of these ions, denoted as 𝑐𝑖, are
identical in each reservoir. On the other hand, there is no ion flux Ji at the surface
of the pore. Moreover, a no-slip condition is enforced at the surface of the pore,
resulting in a velocity vector u of zero at the pore walls.
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Figure 4.1: a) Numerical domain for a nanopore with reservoirs on either side. b-c)
Boundary conditions for the same nanopore.

4.2.2 Numerical resolution
The method of finite elements is used to numerically resolve this problem. As

it can be seen in Figure 4.2, a rectangular mesh is used.
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Figure 4.2: Mesh used for the numerical resolution with the finite element method.
Only one reservoir and a part of the nanopore are shown.

For the pore surface, a fixed number of 60 elements is used. As variations in the
electrical double layer increases exponentially towards the surface, more elements
per surface unit are needed to capture these variations. Therefore, an element
ratio is imposed radially, allowing the mesh elements to decrease as they approach
the pore surface. Indeed, 25 elements are used to simulate the pore radially, with
rectangles 4 times larger towards the center of the pore than towards its surface.

Some physical values are inserted in the software to numerically solve the prob-
lem. As mentioned before, the work electrolyte is distilled water. Therefore, the
relative permittivity of the fluid is equal to 80.2 and its viscosity to 10−3 Pa s
[50]. Moreover, the diffusion coefficient of ions OH− and H3O+ are respectively
5.27 ∗ 10−9 m2/s and 9.31 ∗ 10−9 m2/s [51]. As pH of DI water is approximatelyx5
when exposed to air, the concentrations of ions is defined at 10−3 mol/m3 [52]. Us-
ing equation 2.1, the Debye length is approximately 100 nm at room temperature.

Moreover, experiments are performed with an applied tension of 100 V. Knowing
the distance of 2.4 cm between both electrodes allow us to calculate the electric
field in the EOP (𝐸 = 𝑈/𝑑). Based on this value, the tension that has to be applied
in the numerical simulation for a membrane thickness of 25 𝜇m is 104.16xmV, in
order to be as close a possible to the experiments.
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The determination of surface charge density in the numerical simulation is also
an important parameter. In accordance with equation 2.4 𝜁 = 𝜎𝜆𝐷

𝜀 presented in
chapter 2.1.3, surface charge density, denoted as 𝜎, is directly proportional to the
zeta potential, symbolized as 𝜁. This value can vary significantly depending on
the specific measurement conditions. Factors such as the concentration of ions
in the electrolyte, the pH of the solution, and the material itself contribute to
this variability. To provide some insight into the range of zeta potential values
for different materials, several articles have reported relevant information. For
PC for example, studies [53] and [54] indicate a range of -18 to -28 mV when
distilled water is used as the working electrolyte. Another study [55] suggests
values ranging from -10 to -40 mV, depending on the pH of the solution. Zeta
potentials found in literature for each material used in this study are provided in
table 4.1. To be able to fix a particular value for each material, article [56] gives a
classification of zeta potentials for polymers in the same conditions, determining
that 𝜁𝑃𝐼 > 𝜁𝑃𝐶 > 𝜁𝑃𝐸. Finally, based on equation 2.4, surface charge density is
determined for each material.

Table 4.1: Range of zeta potentials of various materials according to the literature,
selected value to be implemented in the simulation and corresponding
surface charge density.

Material References Range of zeta potential
[mV]

Zeta potential
[mV]

Surface charge density
[C/m2]

PC [53][54][55] [-10, -40] -25 -1.75 ∗10−4

PE [55] [0, -25] -15 -1.035 ∗10−4

PI [57] [-30, -60] -40 -2.76 ∗10−4

Al2O3 [58][59] [40, 50] 45 3.105 ∗10−4

PSi [60][61] [-8, 20] -14 -9.66 ∗10−5

4.3 Results
As described in equation 3.4, electroosmotic velocity in a nanopore depends on

various parameters. In this section is explained how some of these parameters,
i.e. the zeta potential 𝜁, the pore size 𝑎 and the thickness 𝐿, influences the
velocity magnitude at the center of the pore. The basic configuration for numerical
simulations is done for a polycarbonate half-pore with radius of 200 nm, thickness
of 25 𝜇m, applied tension of 104 mV and with deionized water as the working
electrolyte.

As shown in Figure 4.3a, the amplitude of the electroosmotic velocity varies
with the zeta potential of the pore surface as it is strictly proportional to the 𝜁
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of the material. It can also be seen from Figure 4.3b that the velocity magnitude
changes sign with opposite zeta potential. This means that the velocity of an
alumina membrane, with 𝜁 = 45 mV is negative while that of a polycarbonate
membrane, with 𝜁 = −25 mV, is positive.

(a) (b)

Figure 4.3: Influence of zeta potential on pore cross-section velocity profile.

Figure 4.4 shows the variation of velocity magnitude depending on the pore size.
One can see that the profile varies with pore size in two ways. In large nanopores,
i.e. when the ratio between the pore radius and the Debye length is relatively larger
than 1, the velocity profile appears to be flat. Moreover, the electroosmotic velocity
magnitude is constant for large channels and does not depends on the pore radius.
This behavior is evident when comparing pore radii of 600 nm and 1.5 𝜇m, where
both exhibit the same maximum electroosmotic velocity. At the opposite, when
the ratio between the pore radius and the Debye length becomes smaller than 1
(for a < 0.1 𝜇m), there is a recovery of the electrical double layer in the nanopore.
This induces a curved velocity profile. Moreover, the maximum electroosmotic
velocity within nanochannels decreases with decreasing channel size.
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Figure 4.4: Influence of the pore size on pore cross-section velocity profile.

The pore length L also influences the velocity profile. As it can be seen in
Figure 4.5, the velocity magnitude is proportional to the membrane thickness and
decreases with it.

Figure 4.5: Influence of membrane thickness on pore cross-section velocity profile.

The charge distribution in the nanopore can be determined numerically. As
observed in Figure 4.6, the concentration of H3O+ ions is highest at the pore surface
and decreases as it reaches the center of the pore. This decrease corresponds to the
electric double layer, as explained in chapter 2.1.2. Furthermore, since the pore
radius is 200 nm, the thickness of the region of high ion concentration (between
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20 and 35 mmol/m3) is around 100 nm. This confirms that the Debye length is of
100 nm.

Figure 4.6: Variation in the concentration of H3O+ ions in a nanopore with a
radius of 200 nm and a length of 2 𝜇m.
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RESULTS

This chapter begins by a characterization of the various membranes used for this
work. It subsequently provides a summary of the flow rate outcomes corresponding
to each membrane. Finally, a comparison among the experimental, analytical, and
numerical results is presented.

5.1 Membranes characterization
To be certain of the various characteristics of the membranes used for the elec-

troosmotic pumping, some analyses are made. The membranes are firstly char-
acterized by the scanning electron microscope (SEM). The images captured by
the SEM are then analyzed by the software ImageJ. The hereunder characterized
membranes are the ones with a pore size of 100 nm according to the manufacturer,
with and without surface modifications.

5.1.1 Membrane without any surface modification
The first characterized membrane is in polycarbonate (PC) and has a pore size

of 100 nm according to the manufacturer. This membrane is shown in Figure 5.1a.

Analyzing the image taken by the SEM with ImageJ software, the pore size does
not appear to be of 100 nm. By taking the average diameter of the pores on this
image, the mean pore size appears to be of 152 nm. However, some pores are not
taken into account because they are merged with each other. Indeed, these pores

38



CHAPTER 5. RESULTS

are no longer circles and the average diameter is distorted. This is shown in Figure
5.1b.

(a) (b)

Figure 5.1: (a) SEM image of a PC membrane with theoretical pore size of 100
nm. (b) Diameter of all pores not merged in the image taken by the
SEM.

A second parameter that differs from the manufacturer’s announcement is the
membrane porosity. The suggested porosity of this membrane is 4.7%. By ana-
lyzing various images of this membrane, it appears that the real porosity of it is
12.9%, which is more than double the value initially announced.

5.1.2 Membrane with atomic layer deposition
The first treated membrane is in polycarbonate and was subjected to 50 ALD

cycles of Al2O3. SEM images confirm successful deposition. Before surface treat-
ment, the pore size was 152 nm. After 50 ALD cycles, the average pore diameter
of the membrane is 140.5 nm. Zijing X. et al. achieved a similar deposition in [62].
By performing 100 ALD cycles on alumina, the thickness of the deposit was of 12.2
nm. Therefore, when performing 50 ALD cycles, the thickness should be 6.1 nm.
In view of the decrease in pore size observed in the SEM, the deposit thickness is
5.75 nm in this work, which is close to the value reported by Zijing X. et al.

A second alumina deposit was applied on the same membrane. The aim of this
deposition is to considerably reduce the pore size of the membrane. To achieve
this, alumina deposition applied to the polycarbonate membrane was carried out
over 200 ALD cycles. The membrane was analyzed by SEM after deposition, as
shown in Figure 5.2.
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Figure 5.2: SEM images of a membrane in PC with pore size of 152 nm that has
undergone 200 ALD cycles of Al2O3.

In the same way as for the membrane without surface modification, pore size
is analyzed. Atomic layer deposition succeeded to reduce pore size. However, a
48.8 nm reduction in pore diameter is expected. By analyzing SEM images, the
pore size of the membrane that has undergone 200 ALD cycles averages 136.6xnm.
This results in a reduction in pore diameter of around 15 nm, which is not the
expected result.

A similar phenomenon has been observed by Fengbin L. et al. in [63]. They
observed that ALD reduces pore size non-linearly with the number of cycles. The
rate of reduction is high during the period from 0 to 200 ALD cycles of alumina,
with a maximum pore size of 50 nm, but slows down during the period up to
600 cycles, when the pore size becomes smaller than 50 nm. The explanation
for this non-linear reduction may lie in the involvement of the TMA precursor in
the deposition. Indeed, the smaller the pore size, the more the diffusion of the
precursor into the pores is limited by their size. As a result, the rate of alumina
deposition is reduced as pore size decreases. Despite the different characteristics
of their study compared to this one, this explanation could be a lead to follow to
understand the small reduction in pore size with 200 ALD cycles.

5.1.3 Membrane with gold deposition
As explained in section 3.1.2, a gold metallization of one side of some membranes

was performed. This surface modification can be observed in Figure 5.3. This SEM
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image proves that the gold has been well deposit on the surface as the surface
morphology has changed and gold nanoparticles can be observed all over it.

Figure 5.3: SEM images of a membrane in PC with pore size of 152 nm coated
with gold.

The average pore size observed in this membrane is 168.55 nm. The pore size
of this membrane without the gold coating was of 152 nm. This metal deposition
therefore has the effect of increasing the pore size by approximately 16 nm.

A number of hypotheses have been put forward to explain this phenomenon
of increased pore size. Firstly, a thermal degradation of the membrane during
the process was imagined. After some research, this hypothesis was dismissed
because of the parameter used in the metallization device. The device does not
normally exceed 110°C. Moreover, no thermal degradation has ever been observed
for photoresins, which degrade above 150°C. As the glass transition temperature
of PC is 140°C, thermal degradation of the membrane would be unexpected.

Moreover, as the pores seen in image 5.3 are still uniform, any degradation is
also neglected as it would degrade the membrane non-uniformly. Consequently, a
hypothesis on the parameters affecting the SEM image scale is put forward. Since
a polycarbonate membrane is non-conductive, charges build up in the material as
electrons from the incident beam are trapped there. In a conductive material, i.e.
in this gold-coated membrane, this charge effect does not occur. This effect can
lead to the need to modify certain SEM parameters. For example, brightness or
contrast have to be adjusted, and these parameters are taken into account in the
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ImageJ software to determine pore size. The impact of this material difference
in the SEM could be a lead to follow to explain the increase in pore size with
metallization.

5.1.4 Summary
Table 5.1 is a summary of the membranes studied for this work. They vary by

the material used, the geometry and the surface treatments applied on it.

Table 5.1: Table of the various membranes used for electroosmotic pumping during
this work.

N° Material Pore size
[nm]

Porosity
[%]

Thickness
[𝜇 m] Surface modification

1 PC 3000 21.2 22 None
2 PET 3000 21.2 20 None
3 PC 1200 17.3 24 None
4 PC 400 18.8 25 None
5 PET 400 18.8 23 None
6 PI 400 18.8 25 None
7 PC 233 15.7 25 None
8 Al2O3 200 37 60 None
9 PC 152 12.9 47 None
10 PSi 25 39.9 100 None
11 PC 250 16.8 47.05 Metallization
12 PC 168 14.25 47.05 Metallization
13 PC 140.5 11.88 25 50 ALD cycles
14 PC 136.6 11.59 25 200 ALD cycles

5.2 Experimental results
5.2.1 Variation of material and pore size

The first experimental results in terms of flow performance are obtained for mem-
branes of varying pore size and material, without surface modifications. Two types
of results are obtained: regular flow and non-regular flow, with the appearance of
a transient regime before reaching a permanent flow regiment.

A methodology is defined to be able to compare flow results with all membranes.
If the flow produced by the pump is stationary, the flow value derived from it is
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constant. On the other hand, if the flow is not stationary, a time must be defined
at which the flow measurement is no longer irregular. The flow rate obtained
by electroosmotic pumping for membrane 1 over time is shown in Figure 5.4. It
shows 3 different experiments produced under the same experimental conditions.
We can deduce from this graph that after 20 minutes of pumping, the flow rate
becomes regular. The comparative flow value for any membrane without surface
modifications and undergoing a transient regime is therefore determined from 25
minutes of pumping.

Figure 5.4: Flow rate in absolute value obtained for 3 various experiments carried
out in the same conditions, with a transient and a steady state. Ex-
perimental conditions are the ones explained in chapter 3.2.1.

Figure 5.5 shows the various flow rates obtained experimentally using the elec-
troosmotic pump for membranes 1 to 9 in table 5.1. The maximum flow rate
achieved is -17 𝜇L/min and is obtained for the polycarbonate membrane with a
pore diameter of 3 𝜇m. For a fixed pore size of 0.4 𝜇m, polyimide shows the best
performance in terms of flow compared with polyethylene and polycarbonate.

Another result worth highlighting is the flow rate of 9 𝜇L/min obtained for the
pump using an alumina membrane with a pore size of 200 nm (membrane 8 in
table 5.1). The flow is of the opposite sign to those observed with the previous
membranes. Moreover, with the same pore diameter, the PC membrane exhibits
a relatively smaller flow rate in absolute value, of -3 𝜇L/min.
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Figure 5.5: Flow rate in absolute value obtained for 4 various materials (PC, PE,
PI and Al2O3) and varying pore size (from 0.2 𝜇m to 3 𝜇m). Vertical
bars represents the confidence interval.

The last material tested in this work is porous silicon. The PSi membrane used
has a pore size of 25 nm and is 100 𝜇m thick. Using this membrane, no flow was
observed after 24 hours of pumping.

5.2.2 Metallization
Two PC membranes were subjected to a gold deposition, with pore sizes of

168.55 nm and 250.10 nm (membranes 11 and 12 respectively in table 5.1). The
flow rate obtained for these two membranes is compared in Figure 5.6 with the
one of the initial PC membranes without surface modification.
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Figure 5.6: Comparison of experimental flow rates in absolute values obtained for
membranes with and without metallization. Flow rates are determined
after 30 minutes of pumping for all membranes. Vertical bars repre-
sents the confidence interval.

The maximum flow rate obtained is -6.5 𝜇L/min and concerns the membrane
with an initial pore size of 233 nm which has undergone metallization. The mem-
brane delivers a flow rate 1.85 times greater than the same membrane without
deposition. The increase in flow rate between membranes with and without metal-
lization, and with an initial pore size of 152 nm is less significant with a flow rate
1.12 times higher.

5.2.3 Alumina deposition
Two ALD of Al2O3 were deposited on a polycarbonate membrane with a pore

size of 152 nm (membranes 13 and 14 in table 5.1). Deposits were of 50 and 200
cycles. Figure 5.7 shows the different flow rates obtained with these membranes.
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Figure 5.7: Comparison of experimental flow rates obtained with the same initial
membrane in 3 various conditions: without surface modification, with
50 ALD cycles of Al2O3 and with an 200 ALD cycles of the same
material. Flow rates are determined after 40 minutes of pumping.
Vertical bars represent the confidence interval.

The experimental flow rates for both membrane with alumina deposition are
positive, in contrast to the membranes without surface modification. The max-
imum flow rate in absolute value is observed for the membrane with 200 ALD
cycles and is 13.5 𝜇L/min. Furthermore, experiments with membranes with 50
ALD cycles of alumina show a transient regime that stabilizes after 35 minutes of
pumping.

5.3 Comparison of experimental, numerical and
analytical results

As mentioned in section 5.2, experimental results demonstrating the perfor-
mance of the pump’s electroosmotic flow rate have been obtained. These results
can be compared with two other flow rate resolutions: analytical and numerical.
Analytical flow rates are obtained using equation 3.2, determining the volume flow
rate for a cylindrical microchannel:

𝑄 = −𝑎2𝐴
8𝜇𝐿 Δ𝑃 − 𝜀𝜁𝐸𝐴

𝜇 𝑓 (5.1)
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This value must be multiplied by the number of pores in each membrane, to
determine the analytical flow rate value as close as possible to the experimental
conditions. In equation 5.1, the parameter 𝑓 plays a crucial role in interpreting the
overlap of the double layer as pore size decreases. This parameter is found for all
membranes in the table below. The software Comsol Multiphysics has been used to
numerically find the solution to the flow rate equation in the electroosmotic pump.
This numerical resolution is based on the development explained in chapter 4.1.

Table 5.2 summarizes the main characteristics of the membranes used exper-
imentally in this work. It also shows the flow rates obtained in three different
ways for each membrane: experimentally, analytically and numerically. Three
boxes in this table are empty. This is because, as mentioned above, no flow could
be observed experimentally for porous silicon. In addition, the value of the zeta
potential must be known in order to determine the analytical flow as well as the
numerical flow. As mentioned in article [62], the addition of an alumina layer by
atomic layer deposition increases the zeta potential of the substrate used in their
study. Unfortunately, no papers could be found estimating the increase in 𝜁 by the
addition of 50 or 200 ALD cycles on a polycarbonate membrane. Consequently,
numerical and analytical resolution of the flow rate for a PC membrane with ALD
could not be achieved.
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Figure 5.8 gives a better idea of the relationship between the three types of
results. It shows the flow rate as a function of pore size for a polycarbonate mem-
brane (membranes 1-3-4-7), for experimental, analytical and numerical resolution.
All results show the same tendency, as flow rate increases with pore size. More-
over, the best flow rate for all pore size is obtained with numerical resolution, and
analytical resolution gives also a better flow performance than the experiments.

Figure 5.8: Volume flow rate in absolute value obtained for a polycarbonate mem-
brane with pore size varying from 0.2 𝜇m to 3 𝜇m. Three resolutions
of the pump flow performance are shown: numerical, analytical and
experimental.
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DISCUSSION

This chapter aims to discuss the results obtained in the previous section. It an-
alyzes how membrane characteristics (pore size and material) influence the exper-
imentally observed flow rate. It establishes the correlation with the zeta potential
and surface charge density of each membrane. The impacts of surface modifica-
tions on the flow rate are also examined. Finally, a hypothesis to explain the
differences between experimental, analytical, and numerical results is provided.

6.1 Influence of membrane characteristics on flow
performance

6.1.1 Influence of material
Polymers and alumina

Experimental results obtained with different polymers show that, for a mem-
brane with identical characteristics, polyimide offers the best flow performance,
followed by polycarbonate and then polyethylene. In fact, PI demonstrates a flow
rate 10% higher than PC and 42% higher than PE. This was determined on the
basis of membranes with a pore size of 400 nm, identical porosity and almost
identical thickness. Consequently, the only parameter that really influences flow
and varies with material is zeta potential. This demonstrates that under the same
experimental conditions, 𝜁𝑃𝐼 > 𝜁𝑃𝐶 > 𝜁𝑃𝐸. The literature confirms this ranking
in article [56].
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Furthermore, when comparing two membranes with virtually the same pore
size, one made from 233 nm PC and the other from 200 nm alumina, Al2O3 shows
157% better flow performance than PC, despite a slightly smaller pore size and a
thickness nearly twice larger. Moreover, the alumina membrane has a flow rate
value opposite to the one of the polymers. Consequently, the zeta potential of
alumina is higher in absolute value and of opposite sign than that of PC. In view
of the ratio of 1.10 between the experimental flow rate of PI and PC versus that of
2.57 between alumina and PC, the hypothesis that 𝜁𝐴𝑙2𝑂3

> 𝜁𝑃𝐼 under the same
experimental conditions can be made.

Based on the experiments carried out, zeta potentials could be obtained for
each membrane discussed before using the equation 3.4 describing the flow in a
cylindrical microchannel. These values are shown in table 6.1, together with the
corresponding surface charge density values, determined from equation 2.4 linking
these two parameters. This table confirms the hypothesis put forward earlier:
𝜁𝐴𝑙2𝑂3

> 𝜁𝑃𝐼> 𝜁𝑃𝐶 > 𝜁𝑃𝐸 in absolute value for the same experimental conditions.
As surface charge density is directly proportional to zeta potential, this ranking
also applies to it. Alumina is therefore the most efficient material tested for use
in an electroosmotic pump.

Table 6.1: Zeta potentials and surface charge density of membranes with various
materials but virtually same other characteristics.

N° Material Pore size Experimental Zeta potential Surface charge
flow rate density

[nm] [𝜇L/min] [mV] [C/m2]
4 PC 400 -10 -18.21 -1.26E-4
5 PE 400 -7.75 -14.12 -9.74E-5
6 PI 400 -11 -20.03 -1.38E-4
7 PC 233 -3.5 -12.08 -8.34E-5
8 Al2O3 200 9 16.73 1.15E-4

Porous silicon

The porous silicon membrane can not be compared with any of the other mem-
branes due to its different geometrical characteristics. It has a pore size of just 25
nm and a thickness of 100 𝜇m. These characteristics considerably reduce the flow
rate of this membrane. Compared with a membrane with a pore size of 400xnm
and a thickness of 25 𝜇m, flow rate would be 1024 times lower by considering only
these two elements. Moreover, by considerably reducing the membrane’s pore
size, the overlap of the electrical double layer becomes more important. Since the
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Debye length is considered to be 100 nm in deionized water, the ratio of pore
radius to EDL is one-quarter, indicating that the overlap is very high. This would
also considerably reduce flow rate, as the diffuse layer is significantly diminished.
Furthermore, as reported in the literature, the zeta potential of porous silicon is
between -8 and -20 mV, which is relatively lower than the zeta potentials of the
other materials tested in this work. All these factors could possibly explain why
no flow was observed experimentally for PSi after 24 hours of pumping.

In addition, numerical simulations show that a flow rate of 6.24 ∗ 10−3𝜇L/min
is obtained for this PSi membrane. Therefore, over the course of a 24-hour exper-
iment, a flow rate of approximately 9 𝜇L should have been observed. However,
the ratio between numerical and experimental flow rates for pumps with other
membranes is between 1.45 and 3.27. Consequently, the experimental flow rate
should be between 2.75 and 6.2 𝜇L/day.

Furthermore, as SEM images have shown, porous silicon is not smooth inside
the pores. As mentioned in [16], the EOF pumping effect decreases as the pore
wall becomes rougher. However, this parameter is not taken into account in the
numerical simulations. The fact that the inner pore wall is rough could therefore
also explain why no flow was observed in the laboratory.

The final research question of this work concerns the determination of the sur-
face charge density of a porous silicon membrane by experimentally determining
the flow rate obtained by electroosmotic pumping. As no flow rate could be ob-
served experimentally with this membrane, it is not possible to answer the question.
Nevertheless, other materials as polymers and alumina were studied and surface
modifications were carried out on some membranes. Surface charge density was
therefore determined for theses polymer membranes.

6.1.2 Influence of pore size
Pore size has a considerable impact on electroosmotic velocity. As shown in

Figure 5.5, flow increases with pore size. Actually, experimental flow rate increases
by 150% as pore size increases from 150 to 400 nm, and by 20% as pore size
increases from 400 to 1200 nm. As a matter of fact, as the numerical simulations
show, the increase in electroosmotic velocity as a function of pore size is not linear.
It reaches a level at a certain size and then stops increasing.

Based on equation 3.4, zeta potentials could be determined analytically from
the flow rates obtained experimentally for each membrane. As shown in Figure

52



CHAPTER 6. DISCUSSION

6.1, the zeta potential increases rapidly for smaller pore sizes and reaches a plateau
for larger pores. This trend is similar to that of flow rate as a function of pore
size. Furthermore, as surface charge density is proportional to zeta potential, its
magnitude decreases as pore size increases. As mentioned in article [29] and in
chapter 2.3.1, this phenomenon could be due to pore curvature. Indeed, as shown
in Figure 6.1, as pore size decreases, curvature increases. As a result, fewer ionic
groups are able to bind to the polymer surface. The more the curvature of the
pore becomes flat, the more ions groups are able to bind the surface and interacts
between themselves.

Figure 6.1: Zeta potentials and corresponding surface charge density for different
pore sizes of a polycarbonate membrane. The curvature of the pore
influencing both parameters is shown.

The determination of zeta potential as a function of pore size highlights another
point. The zeta potential of the 233 nm diameter PC membrane is -12 mV 1. It
is therefore higher than those for the 150 nm and 400 nm membranes, which are
-29 mV and -18 mV respectively. For this reason, the experimental results for the
PC membrane with a pore size of 233 nm is not consistent with the results for
the other membranes. Consequently, the flow rate obtained for this PC membrane
is considered an outlier and is not taken into account in the discussion of other
factors influencing surface charge density.

1This value has not been added to Figure 6.1 for the reason explained immediately below.
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6.2 Influence of metallization on flow performance
From an analytical and numerical point of view, a metal deposition should result

in a doubling of flow rate in an EOP. The metallized side of the membrane is thus
considered as one of the two electrodes, halving the distance between them. As
a result, the induced electric field is doubled and so is the flow rate obtained, as
explained in chapter 3.2.5.

Experimental results show an increase in flow rate for both membranes subjected
to metallization. The membrane with a pore size of 152 nm saw its flow rate
increase by a factor of 1.12 with metallization, and the one with a pore size of 233
nm saw its flow rate increase by a factor of 1.85. In consequence, metallization of
the membrane with pore size of 233 nm resulted in the expected flow rate increase.
However, the membrane with a pore size of 152 nm did not show the same level
of flow rate improvement.

6.3 Influence of ALD on flow performance
6.3.1 Determination of surface charge density

Experimental results show a reversal of flow direction with both membranes
subjected to alumina surface deposition. This phenomenon is due to the opposite
sign of the alumina zeta potential compared to the one of polymers. As mentioned
in [58][59], 𝜁 of PC is negative, whereas 𝜁 of alumina is positive. By analytically
determining the zeta potentials as a function of the experimental flow rates, ta-
ble 6.2 shows the various results, together with the values of the surface charge
densities.

Table 6.2: Summary of zeta potentials and corresponding surface charge densities
of membranes subject to alumina deposition.

Membrane
Experimental

flow rate
[𝜇L/min]

Zeta potential
[mV]

Surface charge
density

[mC/m2]
PC 152 nm -4 -28.82 -0.20
PC 152 nm

+ 50 ALD cycles 4 34.6 0.24

PC 152 nm
+ 200 ALD cycles 13 121.6 0.84
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As shown in the table above, the 𝜁 of the PC membrane with 50 ALD cycles
is higher than the one of the same membrane without surface modifications. In
addition, this membrane shows an 8.5% reduction in pore size due to alumina
deposition, which should decrease the 𝜁, as explained in section 6.1.2. This means
that Al2O3 ALD significantly improves the performance of the polycarbonate mem-
brane. Moreover, Zijing X. et al demonstrates in [62] that ALD of alumina signif-
icantly increases zeta potential of a SiO2 membrane. In a solution with 0.01 M
KCl, the native silica membrane has a 𝜁 of approximately -10 mV. After 100 ALD
cycles of alumina, the same membrane has a 𝜁 of approximately 70 mV, which
confirms the increase of 𝜁 with ALD of alumina.

6.3.2 Membrane phenomenon after electroosmotic pump-
ing

A SEM image of this membrane with 200 ALD cycles after using it in the
electroosmotic pump has been taken and is shown in Figure 6.2. An intriguing
phenomenon can be observed. In part 1 of the image, the pores are present and
nothing in particular is observed. In part 2, on the other hand, the pores become
clogged and disappear as we approach part 3. A uniform layer is formed. In part 3,
a sort of crust has formed beyond the polycarbonate membrane. Moreover, where
this crust is cracked, the pores are visible underneath.
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Figure 6.2: SEM image of a PC membrane with a pore size of 150 nm, subjected to
200 ALD cycles of alumina, after use in an electroosmotic pump with
DI water. Three different aspects are shown. 1) Normal membrane
with visible pores. 2) Clogged pores and crust formation. 3) Crust
detachment.

Figure 6.3 shows the same membrane but in a different location. The detachment
of the formed crust is clearly visible, as is its back.
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Figure 6.3: SEM image of a PC membrane with a pore size of 150 nm, subjected
to 200 ALD cycles of alumina, after use in an electroosmotic pump
with DI water. A crust gradually forms, clogging the pores. It can be
seen in the bottom right-hand corner of the image, with the back of
the crust visible.

The thickness of this layer is between 500 and 1 𝜇m. The thickness of the alu-
mina deposit on top of the membrane is approximately 7.5 nm (due to observed
pore reduction). Therefore, this additional crust visible on the SEM images is
thicker than the ALD deposit. EDX analysis was carried out to determine the
composition of this layer. It turns out that, apart from carbon, oxygen and alu-
minum, no other elements are present. As polycarbonate is made up of oxygen
and carbon (and hydrogen), and alumina is made of aluminum and oxygen, the hy-
pothesis of contamination during ALD deposition is removed. Furthermore, there
is around 9 times more aluminium in the crust than in the lower layer, where the
pores are visible. Oxygen is also 3.5 times more present in this layer. On the other
hand, there is approximately 5 times less carbon in the crust. Therefore, the crust
is mainly composed of the alumina deposit.

One possible hypothesis for the observed crust formation is related to the elec-
troosmotic phenomenon. It suggests that during the process, some of the alumina
deposited within the pores migrates towards the membrane’s surface, where it
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agglomerates and eventually detaches.

Considering a uniform deposit of 7.5 nm of alumina in each pore (152 nm in
diameter and 47 𝜇m in thickness), an alumina volume of approximately 0.16 𝜇m3

is present. If this volume were condensed at the membrane’s surface, within the
pore area, it would have a thickness of about 9 𝜇m. Additionally, as confirmed by
the EDX composition analysis, there is still alumina present in the pores, approx-
imately nine times less than what is found in the crust. Therefore, the volume of
alumina that could migrate from the pore surface to the membrane surface in the
area of the pore is approximately 8.1 𝜇m3.

Considering the membrane’s porosity (12.9%), an even distribution of this vol-
ume on the membrane surface would result in a layer of approximately 1 𝜇m. As
the thickness of the crust has been determined to be between 500 nm and 1 𝜇m,
depending on the place on the membrane, the value obtained corresponds to the
maximum possible crust thickness determined from SEM images.

While this hypothesis offers a possible explanation for the origin of the crust,
the reasons for its creation and detachment from the membrane remain unclear.
It would be very interesting to investigate this phenomenon in future research.

6.4 Influence of time on flow performance
As demonstrated in chapter 5.2, the experimentally obtained flow rate does not

consistently reach a steady state for certain membranes. Instead, it exhibits a
transient regime, where the flow rate decreases before stabilizing. Surprisingly, no
similar phenomenon could be identified in the existing literature. As a result, it is
challenging to propose a hypothesis to explain this particular phenomenon.

Nevertheless, a possible lead to follow to explain this phenomenon could be
linked to the swelling2 behavior of the membrane when immersed in water. This
phenomemon has the capacity to modify membrane properties as its structure
undergoes changes. The time needed for the membrane to normalize after this
swelling process might align to the time needed for the flow rate to stabilize.

2As mentioned in [64], swelling is defined as ”a penetration of a solvent into the polymer
network that causes an abrupt change in the volume, moving the boundary from unsolvated
glassy region to solvated and expanding rubbery domain”.
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6.5 Differences between experimental, numerical
and analytical results

As can be seen in Figure 5.8, there are differences between the flow rates ob-
tained experimentally, numerically with the Comsol software and analytically us-
ing equation 5.1. The numerical resolution gives the best flow rate, followed by
the analytical resolution and finally the experiments. Despite these differences in
values, all resolutions give the same trend, with flow rate increasing with pore size.

The observed difference in flow could be attributed to certain assumed values
used in the flow rate equation and in simulations.

For instance, the pH of deionized water was set at 5 based on literature, but
if the actual pH is higher, it would lead to an increase in ion concentrations in
the electrolyte, resulting in a larger Debye length. This increase in Debye length
would, in turn, elevate the zeta potential, leading to an increase in flow rate.

As discussed in section 6.1.2, the zeta potential varies with pore size, decreasing
as the pore radius increases. For polycarbonate, a 𝜁 of -25 mV was assumed from
the literature. However, as shown in Figure 6.1, for a pore size of approximately
150 nm, the experimentally obtained zeta potential is -29 mV. Conversely, for a
larger pore size of 1.2 𝜇m, 𝜁 decreases to -16 mV. Repeating the simulations with
this experimentally obtained 𝜁 value gives a flow rate about 1.5 times lower for the
latter membrane. This gives a value closer to the one obtained from experiments.
This variation in zeta potential, and therefore in surface charge density, with pore
size could be part of the explanation for these differences between experimental
and numerical flow resolutions.

Another plausible explanation for the differences in flow rate between resolutions
could be attributed to the roughness of the membrane. A completely smooth
pore has been assumed in the numerical simulations. Nevertheless, cross-sectional
imaging of a polymer membrane revealed that its pores were not perfectly smooth.
As explained for the porous silicon, an increase in pore roughness consequently
implies a decrease in flow.

Furthermore, as explained in section 5.3, pressure is set to zero in the flow rate
equation. Indeed, as the setup is placed horizontally, no pressure gradient due to
gravity is applied. As this was done approximately, a pressure gradient may arise
experimentally, that is not taken into account in the flow rate analytical resolution.
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Moreover, making the hypothesis of no pressure gradient deletes the first term of
equation 5.1 for flow rate resolution. This leads to the suppression of thickness as
a parameter for flow rate.
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CONCLUSION

The study explored parameters influencing surface charge density through in-
vestigations involving various materials. This was achieved through both experi-
mental determination of flow rates and numerical simulations using the software
Comsol Multiphysics. Firstly, as already observed in literature, surface charge den-
sity increases as pore size decreases. This phenomenon is due to pore curvature.
Additionally, a comparative analysis of different materials was conducted, ranking
them based on their zeta potentials and, consequently, their surface charge densi-
ties. The ranking of zeta potentials magnitude in absolute value was found to be
𝜁𝐴𝑙2𝑂3

> 𝜁𝑃𝐼 > 𝜁𝑃𝐶 > 𝜁𝑃𝐸. Finally, this work revealed that experimental flow
rate exhibit time-dependent variations. Specifically, an initial transient regime
was identified before the flow rate stabilized.

Furthermore, two surface modifications were performed on polycarbonate mem-
branes. The first was a metallization of one side, aiming to halve the electrode
distance and theoretically double pump performance. Results shows indeed a in-
crease in flow rate, but not as much as expected. Moreover, it increased more for
larger pore size. The second modification was an atomic layer deposition of alu-
mina to reduce pore size. This resulted in a reverse flow direction and an overall
increase in flow rate. Furthermore, a particular phenomenon was observed on these
membranes with 200 ALD cycles following electroosmotic pumping. Certain areas
of the membrane developed a crust containing approximately 90% more alumina
content than under it. This phenomenon would be very interesting to investigate
in future research.
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CHAPTER 7. CONCLUSION

In this master’s thesis, the primary objective was to analytically determine the
surface charge density of a nanoporous silica membrane based on experimental
measurements of electroosmotic flow rate. However, despite the designed setup,
no observable flow could be detected in this particular membrane. More research
is therefore needed to fully understand this phenomenon.
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APPENDIX

Appendix A: Experimental set-up drawings
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