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ABSTRACT: Mesoporous silica nanoparticles (MSNPs) are synthesized in the
various forms of porous structures according to an application’s needs, while their
zeta potentials play a major role in their function. We show that variation in pore
size and/or porosity yields a substantial decrease in MSNP zeta potential up to 25%
lower than the theoretical zeta potential predictions for a ﬂat surface at the
corresponding ionic conditions in moderate pH range. By considering surface
chemistry as a function of local ionic conditions (charge regulation), we calculated
local zeta potentials around the MSNP which showed variation between pore
openings and solid surfaces. Through a systematic study, we evaluated an average
three-dimensional zeta potential for MSNPs with various conditions, based on the
ratio of the area covered by pore openings to the rest of the MSNP surface area as a
function of three-dimensional porosity and pore size. Results show that the high
overlap of ionic layers inside the pores creates electric potentials close to zeta
potential of the remaining surface, but large pore size and/or high ionic salt
concentration yields divergence. We characterized the variation of MSNP zeta potential in terms of porosity (ε3D), pore size (Dpore),
and ionic condition quantiﬁed by Debye length (λ) and obtained uniﬁed behavior as a function of the nondimensional group of
ε3D(Dpore/λ). For ε3D(Dpore/λ) < 0.01, MSNP zeta potential remains similar to ﬂat plate predictions, but it decreases by increasing
ε3D(Dpore/λ) value. The inﬂuence of pore entrances on surface zeta potential increases nonlinearly by the increase of porosity and/or
decrease of EDL overlap, similar to a change of area to volume ratio. The current ﬁndings are important for the understanding and
further control of mesoporous particle transport in various promising and groundbreaking applications such as targeted drug
delivery.
obtained by adjusting the size,23 morphology,24 and pore
structure,25 and more importantly, by calibrating the electrokinetic properties.26 For example, drug loading-releasing
mechanisms depend on porosity and pore sizes and also on
surface charge.27 Surface charge is found to be important in the
nanoﬂuidic transport of nanoparticles.28,29 Cellular uptake,
endosomal escape, and undesired protein corona formation
were all found to be strongly dependent on mesoporous
parameters as well as surface charge properties.11 However, for
a mesoporous system, the internal porous parameters
determine the zeta potential around the particle, which has
been overlooked in the current literature.
A solid surface in an electrolyte develops a surface charge
due to the association/disassociation reactions on the surface

1. INTRODUCTION
Mesoporous silica nanoparticles (MSNPs) are a key material
for biosensing,1,2 cell tracing,3,4 bioimaging,5,6 biodiagnosing,7,8
biocatalysis,9,10 and targeted anticancer agent11,12 or drug13,14
delivery in biotechnological applications. Highly ordered
MSNPs in various sizes have been synthesized with uniform
and tunable pore sizes.15,16 The structural parameters as well as
the electric charge properties of both internal/external surfaces
are the main determining factors in an MSNP’s function.
However, characterization of the zeta potential of an MSNP as
a function of its structural porous parameters such as pore size
and porosity is absent in the literature.
MSNPs with diameters less than 500 nm with pore sizes
ranging from 2 to 50 nm are great candidates for drug delivery
applications17−19 as they can transport a large amount of drugs
into selective organs and tissues. Such targeted drug delivery
systems are very promising and groundbreaking for cancer
treatment therapies.20−22 With the advanced synthesis
techniques, MSNPs can be designed to load/carry the required
amount of drug, enter only the targeted type of cell, and
remain inside the cell long enough to release the required drug
without being destroyed. Such a speciﬁc nanocarrier can be
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porous materials with a desired structure. For instance, ordered
periodic pore arrays of SBA-16 can easily be controlled such
that desired pore diameter and pore throat size can be
obtained by the synthesis temperature and time.68 Figure 1a

and the adsorption of ions. This surface charge can be
analytically calculated as a function of ionic concentration and
pH by describing the resulting electric double layer (EDL)
with Boltzmann Distribution (BD).30 Most researchers use the
classical Poisson−Boltzmann (PB) solutions to calculate a
surface zeta potential for a nanoparticle as a constant property
of the corresponding material.31−33 However, this description
is not valid for MSNPs because a particle’s surface is curved
and uneven due to pore openings. First, a decrease in overall
particle size develops curvature eﬀects that cause the ionic
condition around the particle to diverge from a ﬂat
surface.34−36 Curvature eﬀects are due to the decreased surface
to volume ratio by the decrease in particle diameter as
observed through several studies37,38 Second, the electric
potential at the pore openings around the particle’s surface will
be diﬀerent than the condition of the surface itself so that the
average zeta potential around the particle diﬀers from a smooth
nonporous surface.39−41 This variation is basically determined
by the ionic conditions inside the mesoporous system as a
function of pore size and porosity. As a result, the ionic
conditions and the resulting zeta potential around the MSNP
form as a function of particle size, pore size, and porosity
diﬀerent than the existing ﬂat and smooth surface theory.
The above-described surface charging mechanisms can only
be calculated by considering the natural surface physicochemistry through surface charge regulation (CR) models
incorporated with Poisson−Nernst−Planck (PNP) equations.42,43 CR was ﬁrst identiﬁed by Ninham and Parsegian44
and later observed by multiple experiments in surface force
measurements by colloids45,46 and AFM.47,48 Since then,
researchers have attempted to apply CR in calculations using
active charge models as boundary conditions to resolve surface
charging of silica nanochannels,49−51 nanopores,52−57 mesoporous systems,58,59 and nanoparticles.34,43,60 Using this
systematic approach, we characterized surface charging of
SNPs and presented that the SNP surface charge depends on
the size of the nanoparticle.34 Just recently, we also described
the eﬀect of surface roughness/patterning on the surface
charge of SNPs35 and planar surfaces61 where surface charge
shows local variation and the average of it becomes diﬀerent
than predictions for a ﬂat surface condition.
The aim of this work is to extend our earlier experience
toward investigation of the eﬀects of the internal mesoporous
system on MSNP surface charging. We study diﬀerent size
MSNPs at various porous parameters and ionic conditions. A
multi-ion charge regulation model is used with PNP. We
systematically vary the particle size, pore size, porosity, and
ionic concentration to study local electric potential around an
MSNP.

Figure 1. Schematic illustration of (a) SBA-16, (b) internal structure
of SBA-16 in the form of cubic lm3m, (c) representative twodimensional cross-section through the center line of SBA-16, and (d)
close-up view of the solution domain consisting of silica surfaces and
four diﬀerent ionic species.

and b provides simple representations of the SBA-16 (Im3m)
and its internal structure which is similar to the experimentally
determined structure by electron crystallography69 as well as
earlier studies16,70−72 which obtained structures at diﬀerent
porosities. We simpliﬁed such a three-dimensional structure
into a two-dimensional representation as described in Figure
1c.
We used KCl solution as our electrolyte which contains H+,
K+, Cl−, and OH− ions with the ith species’ bulk concentration
and valence being ci0 and zi (i = 1 for H+; i = 2 for K+; i = 3 for
Cl−; i = 4 for OH−). Bulk concentrations of these species are
chosen so that the electroneutrality condition is satisﬁed.
Hence, c10 = 10−pH+3,C40 = −(14−pH)+3, c20 = cKCL, and c30 =
CKCL+ c10 − c40 for pH ≤ 7; c20 = CKCL − c10 + c40, and c30 =
cKCL for pH > 7.73,74 The Debye length that characterizes the
electric double layer can be calculated as
λ = 1 κ = ε0εrkBT /NAe 2 ∑ ci0zi 2 where ε0 and εr are the
permittivity of vacuum and dielectric constant of the
electrolyte, respectively. Boltzmann and Avogadro constants
are denoted by kB and NA, respectively, while T is the
temperature and e is the elementary charge.
We used Poisson−Nernst−Plank (PNP) equations to
calculate electrostatic potential and the ion ﬂux as given in
eqs 1 and 2. In eqs 1 and 2, ψ is the electric potential, N⃗ i is the
ﬂux density, Di is the diﬀusivity; F and R are the Faraday and
the universal gas constants, respectively.

2. THEORETICAL BACKGROUND AND NUMERICAL
MODEL
Highly ordered MSNPs with a rich variety and precise control
over shape and size of mesoporous systems have been
synthesized by multiple research groups, such as MCM
(Mobil Composition of Matter),62,63 KIT (Korea Institute of
Technology),64 SBA (Santa Barbara Amorphous),65,66 and
FDU (Fudan University in Shanghai).67 Varying synthesis
conditions yield various forms of mesoporous silica with very
well-ordered arrangements in porous geometries. Recently,
cubic silicates with highly ordered periodic structures repeating
in either two- or three-dimensions received the most attention
that multiple studies synthesized high-quality cubic meso-

−ε0εr ∇2 ψ = F ∑ zici

(1)

D
i
y
∇·jjj−Di∇ci − zi i Fci∇ψ zzz = 0
(2)
RT
k
{
The electric potential and ionic concentrations described by
PNP equations are numerically calculated in 2D Cartesian
coordinates based on ﬁnite element method with COMSOL
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Figure 2. Comparison between numerical results and experimental/theoretical data of (a) Brown et al.87 for a 9 nm ﬂat silica nanoparticle in 50
mM KCl (corresponding simulations were performed using Dp = 9 nm, CKCl = 50 mM, Γtotal = 4.75 sites/nm2, pKA = −log KA = 7, and pKB = −log
KB = 1.9); (b) Kobayashi et al.38 for a 50 nm ﬂat silica nanoparticle in 10 mM KCl, respectively (corresponding simulations were performed using
Dp = 50 nm, CKCl = 10 mM, Γtotal = 8 sites/nm2, pKA = −log KA = 7.6, and pKB = −log KB = 1.9); (c) ﬂat surface theory30 for a silica surface in 10
mM KCl (corresponding simulations were performed using Dp = 100 nm, CKCl = 10 mM, Γtotal = 4.816 sites/nm2, pKA = −log KA = 7, and pKB =
−log KB = 1.9). Parameters are adopted from corresponding studies.

results show good agreement with the experimental/theoretical
values.

Multiphysics (www.comsol.com). The solution is coupled with
the charge regulation model to calculate the interaction of ions
and silanol groups on the surface as
SiOH ↔ SiO− + H+

(3)

SiOH + H+ ↔ SiOH+2

(4)

3. RESULTS AND DISCUSSION
We started our investigations with a large particle of 330 nm in
diameter. We simulated the high ionic concentration of 100
mM to obtain a low EDL thickness of λ = 0.97 nm. In this case,
we simply varied the pore size while keeping the porosity of the
two-dimensional cross-section at a constant value of ε2D =
0.166. In addition, we also maintained the perimeter occupied
by the pore entrances constant between these systems of
diﬀerent pore sizes. The electric potential contours and local
potential values measured around the particle surface are given
in Figure 3. We only presented electric potential through a 45°
arc-length since the rest of surface is either identical or

The equilibrium constants of these reactions are calculated by
using the site density of the silanol groups (ΓSiO−, ΓSiOH, and
ΓSiOH+2 ) and the hydrogen concentration at the interface [H+]w:
KA =

ΓSiO−[H+]w
,
ΓSiOH

KB =

ΓSiOH+2
ΓSiOH[H+]w

(5)

Using these parameters, the surface charge density, used as a
boundary condition on the solid surfaces to model charge
regulation nature of silica surfaces, is calculated as
σw = −

F Γtotal
KA − KB[H+]2w
NA KA + [H+]w + KB[H+]2w

(6)

For most of the cases, we simulated a moderate pH level of 6
at the room temperature of 300 K. The literature showed us
that MSNP applications mostly take place at an average pH
value of 6. We also studied diﬀerent pH conditions between 6
and 8 as the pH levels of human blood, most human organs,
and most tumor cells vary between pH 6 and 8.75−79 Total site
density (Γtotal) is selected as 4.816 sites/nm2 while the
equilibrium constants pKA and pKB are taken as 7 and 1.9
which are validated by experiments in our earlier study.35
These charge regulation model parameters also very similar to
those reported in the literature in a range of Γtotal = 4.6−4.9
sites/nm2, pKA = 6.3−7.4 and pKB = 0−3 by many
studies.80−86 The diﬀusivities of H+, K+, Cl−, and OH− ions
are 9.31 × 10−9, 1.957 × 10−9, 2.032 × 10−9, and 5.3 × 10−9
m2/s, respectively. The following values are used for the
constants: ε0εr = 7.08 × 10−10 F/m, R = 8.31 J/(mol·K), F =
96485 C/mol. We tested the numerical procedure by
comparing its results with the available experimental measurements of Brown et al.87 for a 9 nm ﬂat silica nanoparticle in 50
mM KCl solution and Kobayashi et al.38 for a 50 nm ﬂat silica
nanoparticle in 10 mM KCl solution. We further compared our
model with the theoretical calculations for a 100 nm
nanoparticle at which surface charging is expected to develop
similar to a ﬂat surface theory.30 Figure 2 presents the surface
charge density values for pH range from 3 to 8. Numerical

Figure 3. (a) Electric potential contours presenting the cross-section
of each case. (b) Local potential distribution around the DParticle = 330
nm MSNPs having diﬀerent pore sizes of DPore = 5, 8.5, and 11 nm
while the porosity in the two-dimensional cross-section was kept
constant at ε2D = 0.166.
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symmetric to this region. Electric potential contours for this
very low EDL thickness do not show much, but this reveals the
variation of the mesoporous structure. We observed important
physics from the potentials measured around the particle
surface. The surface zeta potential measured on solid parts are
identical to analytical PB calculations of a ﬂat smooth surface.
This result is expected since the curvature eﬀects do not
develop for particle diameters higher than ∼50 nm.34 On the
other hand, sudden jumps are observed at the pore openings
where the absolute value of electric potential undergoes rapid
decreases. For the case of pore size equal to 11 nm, electric
potential inside the pores is equal to a reservoir value of 0 mV.
However, with the decrease in pore size to Dpore = 5 nm, EDLs
from opposite pore surfaces start to overlap creating electric
potentials diﬀerent than zero inside the pores.
In Figure 3, we also calculated the average of the electric
potentials developing through every pore opening as well as
through the remaining solid surfaces around the MSNPs. For
the Dpore = 11 nm case, the average potential of pores and
solids are equal to reservoir value of 0 mV and theoretical ﬂat
surface value, respectively. Eventually, this speciﬁc case
provides us the ground at which the electric potentials are
equal to the values of known simple situations without
curvature and EDL overlap eﬀects. However, with the decrease
in pore size, absolute value of the average potential of pores
increases when the EDL overlap starts. The average potential
through the solid parts also starts to deviate from the theory
with decreasing pore size due to increased number of surface
pores bringing pore corner eﬀects, even though the curvature
eﬀects are negligible at this particle diameter of 330 nm. In
order to develop these discussions speciﬁc to pore size eﬀects,
we should underline again that we kept the ε2D and the
perimeter occupied by the pore entrances constant for these
diﬀerent pore size cases during their design.
Next, in Figure 4, we studied the increase of porosity. For
the case of DParticle = 330 nm with DPore = 5 nm at CKCl = 100
mM, we varied the two-dimensional porosity as ϵ2D = 0.166,
0.345, and 0.47. The number of surface pores increases with
the increase of porosity. The electric potential at the pore
mouths remained similar at negligible potential values close to
0 mV that the average pore potential is mostly unaﬀected by
porosity change. This is expected since the condition of EDL
overlap remained same for these cases at constant pore size
and salt concentration. The major eﬀect of porosity increase is
onto average potential of solid sections; the increase of pores
creates higher corner eﬀects by the increase of porosity and the
absolute value of average surface potential decreases. Detailed
discussion about the “corner eﬀects” onto surface charge
equilibrium of nanosystems can be found in our earlier study
describing surface charging of a single pore with various pore
lengths.88
The inﬂuence of salt concentration is studied in Figure 5.
Four diﬀerent salt concentrations of CKCl = 0.1, 0.4, 100, and
300 mM were created as the electrolyte for the case of Dparticle
= 330 nm with Dpore = 5 nm and ϵ2D = 0.166. With the
decrease of salt concentration, EDL thickness increases
creating strong EDL overlap. Increasing overlap yields electric
potential inside the pores which becomes very diﬀerent than
the reservoir condition, and actually, potential at the pores
approaches the potential value of the solid surfaces. At the
same time, decreasing the salt concentration increases the
absolute value of electric potential on solid surfaces similar to
theoretical predictions. Potential on solid surfaces still remains

Article

Figure 4. (a) Electric potential contours presenting the cross-section
of each case. (b) Local potential distribution around the DParticle = 330
nm MSNPs of DPore = 5 nm with diﬀerent ε2D = 0.166, 0.345, and
0.47.

very close to calculations of the ﬂat surface theory. Electric
potential distributions normalized by the corresponding theory
given in Figure 5c. For the lowest ionic concentration of 0.1
mM, local variation of electric potential through solid surface,
pore corners, and pore bulk almost disappears. Hence, zeta
potential of this 330 nm diameter MSNP (no curvature
eﬀects) at high EDL overlap (low salt concentration and/or
small pore size) develops no mesoporous related eﬀects and
approaches ﬂat surface theory.
We studied variations in pH in Figure 6. For the case of
Dparticle = 330 nm with Dpore = 5 nm and ϵ2D = 0.166 at CKCl =
0.1 we simulated diﬀerent pH conditions of 6, 7, and 8.
Increasing pH increases the absolute value of electric potential
on solid surfaces similar to theoretical predictions. At the same
time, EDL overlap decreases by the increase of pH yielding
pore electric potential approach back to reservoir conditions.
Electric potential distributions normalized by the corresponding theory are given in Figure 6c. The local variation of electric
potential increases by increasing pH which creates slightly
higher diﬀerence between solid parts and pore entrances.
Next, we studied the decrease of particle size in Figure 7. We
chose the Dpore = 5 nm with CKCl = 0.1 mM which develops
high EDL overlap and pore potentials approach the potential
value of solid parts. MSNPs with diameters Dparticle = 40, 128,
166.5, 201.5, and 252 nm at ε2D = 0.42 were designed as
illustrated in Figure 7a. Local electric potential distributions
are given in Figure 7b. High absolute potential values are
observed on solid parts while low values are at the pore
mouths. The average potentials measured at the pores and
solid regions normalized with the prediction of ﬂat surface
theory for CKCl = 0.1 mM are given in Figure 7c for these
diﬀerent size MSNPs. With the decrease in particle diameter,
the average pore potential mostly remains constant at 95% of
the theoretical value; at this concentration, high EDL overlap
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Figure 6. (a) Electric potential contours presenting the cross-section
of each case. (b) Local potential distribution around the Dparticle = 330
nm MSNPs of Dpore = 5 nm and ε2D = 0.166 at diﬀerent pH values =
6, 7, and 8. (c) Local variation of electric potentials normalized by
corresponding ﬂat plate theory values.

Figure 5. (a) Electric potential contours presenting the cross-section
of each case. (b) Local potential distribution around the DParticle = 330
nm MSNPs of DPore = 5 nm and ε2D = 0.166 at diﬀerent CKCl = 0.1,
0.4, 100, and 300 mM. (c) Local variation of electric potentials
normalized by corresponding ﬂat plate theory values.

creates pore potential values close to surface value as we
discussed earlier. On the other hand, a decrease in particle
diameter has a strong inﬂuence on the average solid potential
due to curvature eﬀects; by decreasing the particle diameter
below 150 nm, solid potential develops a 10% decrease at
Dparticle = 40 nm. Further decrease in particle diameter creates
lower potentials.
We further investigated inﬂuence of pores size, porosity, and
salt concentration for the case of a low particle diameter of
with Dpore = 50 nm. In Figure 8a, b, and c, pore size varied as
Dpore = 3, 5, 8, and 10 nm for the case of ε2D = 0.47 at CKCl =
0.1 mM. Similar to the inﬂuence of salt concentration, decrease
in pore size increases the EDL overlap and yields an absolute
value of pore potential increase, getting close to the solid
values. The average values of the pore potentials and solid
potentials are given in Figure 8c as a function of pore size. The
normalized average pore potential decreases while the solid
potential remains mostly constant for increasing pore size. We
should underline once more that in order to understand the
eﬀect of pore size only, independent from other possible
eﬀects, we kept the perimeter covered by solid or pore regions
constant between these cases. Figure 8d−f presents the
inﬂuence of the porosity of the two-dimensional cross-section
of the Dpore = 5 nm case at CKCl = 0.1 mM. Similar to the
earlier conclusion, a change in porosity increases the number

of surface pores which creates strong pore corner eﬀects
decreasing pore and solid surface charging. The normalized
average values in Figure 8f shows a decrease in both solid and
pore potential.
Figure 8g−i shows the surface charging for diﬀerent ionic
conditions for the Dpore = 5 nm case at ε2D = 0.67. The increase
of salt concentration decreases the EDL thickness that the
average electric potential in pores decreases due to the
decreasing EDL overlap. For the 100 mM case, the overlap in
pores almost disappears so that potential reaches equilibrium
with the reservoir at zero potential value. On the other hand,
the potential on solid parts remains mostly constant, close to
theoretical estimations.
Next, we deﬁned and calculated an average zeta potential for
three-dimensional MSNP surface using the electric potential
calculations of two-dimensional cross-section of centerline.
Figure 9 gives the representation of this system with an
example of a 50 nm diameter MSNP with 5 nm pore size.
Basically, the number of surface pore openings and the
corresponding area covered by pores can be easily estimated
from the two-dimensional cross-section of this spherical
system. Using the average electric potentials calculated at the
pores and on the remaining surfaces, an average potential can
be calculated as
19583

https://dx.doi.org/10.1021/acs.jpcc.0c04602
J. Phys. Chem. C 2020, 124, 19579−19587

The Journal of Physical Chemistry C

pubs.acs.org/JPCC

Article

Figure 9. (a) Description of the two-dimensional representative crosssection from the spherical porous particle in three-dimensional extent.
(b) Example calculation for number of pores of 50 nm diameter
MSNP with 5 nm pore size.

where ζMSNP is the average zeta potential around threedimensional mesoporous silica nanoparticle surface as a
function of the average zeta potential on solid parts (ζsolid,av)
and pores (ζpore,av), number of pores on the surface (Npore),
and diameter of pores (Dpore) and particle itself (Dparticle).
Additionally, a three-dimensional MSNP porosity is deﬁned
and calculated from the total volume of the porous system
estimated by measuring the pore lengths from the twodimensional cross section.

Figure 7. (a) Electric potential contours presenting the cross-section
of each case. (b) Local potential distribution around the diﬀerent size
MSNPs of Dparticle = 40, 128, 166.5, 201.5, and 251.8 nm with Dpore =
5 nm and ε2D = 0.42. (c) Variation of the normalized average
potential of pore mouths and solid parts as a function of particle
diameter.

ζMSNP

2
2
ij
yz
Dpore
Dpore
j
z
j
z
= ζsolid,av jj1 − Npore 2
z + ζpore,avNpore 2
j
4Dparticle zz
4Dparticle
k
{

ε3D =

Npore
2

Lpore,av

2
3 Dpore
3
2 Dparticle

(8)

where ε3D is the three-dimensional porosity of MSNP, and
Lpore,av is the average of lengths of the internal pores. Using eqs
7 and 8, we calculated the three-dimensional average zeta

(7)

Figure 8. (a, d, g) Electric potential contours presenting the cross section of each case. (b, e, h) Local electric potential distribution around Dparticle
= 50 nm for various pore sizes, porosities, and salt concentrations. (c, f, i) Variation of the average potential of pore mouths and solid parts
normalized by ﬂat plate theory as a function of pore size, porosity, and salt concentration.
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potential and porosity of all of the cases we studied above.
Figure 10 presents variation of MSNP average zeta potential as

Figure 11. Average MSNP zeta potential normalized with ﬂat surface
theory as a function of 3D porosity, pore size, and EDL thickness for
particle diameters of Dp = 50 and 330 nm.

Figure 10. Average zeta potentials of 50 nm diameter MSNPs with
various pore diameters and 3D porosities at diﬀerent salt
concentrations.

4. CONCLUSION
We characterized the surface zeta potential of mesoporous
silica nanoparticles of various pore sizes and porosities. In
contrast to many studies considering the surface zeta potential
as a material property that is independent of the particle
properties, this study calculated the eﬀects of porous
properties. Using the numerical solution of ionic equilibrium
based on PNP equation with CR boundaries, we found that the
zeta potential around a MSNP strongly depends on pore size
and porosity, in addition to the solution conditions. In this
regard, we calculated the local electric potentials through the
two-dimensional center line cross section of various MSNPs,
and using these, we evaluated an average potential at the pore
mouths and on the remaining particle surfaces. Through a
systematic study, we evaluated a three-dimensional zeta
potential for MSNPs with various conditions based on the
ratio of the area covered by pore openings to the rest of the
MSNP surface area. Results showed that electric potential at
the surface pore openings are very diﬀerent than the potential
on the rest of the solid surfaces if the pore size is large and/or
ionic salt concentration is high which corresponds to no EDL
overlap case. Hence, the homogeneous surface zeta potential
assumption is invalid even at this continuum level. As a
function of three-dimensional porosity, the ratio of pore
openings to MSNP surface area determines the inﬂuence of
pore potentials; the average MSNP zeta potential can be up to
25% lower compared to the theoretical predictions for a ﬂat
plate. We characterized the variation of MSNP zeta potential in
terms of pore size, porosity, and ionic condition by deﬁning a
nondimensional group as ε3D(DPore/λ). We observed a uniﬁed
behavior through the results of diﬀerent diameter particles at
diﬀerent porous and salt conditions as a function of ε3D(Dpore/
λ). For ε3D(Dpore/λ) < 0.01, MSNP zeta potential remains
similar to ﬂat plate predictions but decreases by increasing the
ε3D(DPore/λ) value.

a function of porosity for particle diameter of 50 nm at various
pore diameters and salt concentration. First, through 0.4 mM
cases, an increase in pore size and/or 3D porosity yields a
decrease of absolute MSNP surface zeta potential in Figure
10a. A similar behavior is observed for higher alt concentration
cases of 10 and 100 mM in Figure 10b. However, a clear
relationship between zeta potential and all these porous
parameters appears hard to obtain. This shows that characterization based on 3D porosity only is not adequate.
Results show that a thorough understanding of MSNP zeta
potential requires characterization of each charging mechanism
in terms of porous parameters. First, in the current study set of
Dpores > 3 nm, particle diameters are higher than 50 nm to
attain systems with reasonable pore structures and porosities.
For Dparticle > 50 nm, curvature eﬀects on overall particle is
negligible.34 The dominant mechanism on MSNP charging is
found to be the EDL overlap inside the pores, which can be
simply characterized by λ/Dpore. High EDL overlap yields high
electric potential inside the pores close to the zeta potential of
remaining solid parts; hence, the average MSNP zeta potential
remain very close to predictions of ﬂat plate theory. On the
other hand, with the decrease in EDL overlap, pore electric
potential decreases and becomes lower than solid zeta
potential that the MSNP zeta potential diverges from existing
theory. Second, three-dimensional porosity determines number
of pores on the MSNP surface and their inﬂuence on surface
charging. Porosity is also related with pore size that increase of
porosity may due to increase of Dpore which also eventually
decreases the EDL overlap. As a result, MSNP zeta potential
becomes diﬀerent than the ﬂat plate theory predictions by
increasing porosity and decreasing EDL overlap that we
normalized results as a function of the nondimensional group
of ε3D(Dpore/λ) in Figure 11.
We present the results of Dparticle = 50 nm with diﬀerent
Dpore, 3D porosity, and salt concentration from Figure 9a and b
normalized by the ﬂat plate theory in Figure 11. In addition,
we added results of Dparticle = 330 nm MSNP with diﬀerent
conditions. A universal behavior is obtained in zeta potential
variation of MSNP as a function of ε3D(Dpore/λ). Overall,
MSNP zeta potential remained similar to ﬂat plate predictions
for ε3D(Dpore/λ) < 0.01, while it decreases by increasing
ε3D(DPore/λ) value.
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