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Surface charge regulation mediates anomalous ion
transport in silica nanochannels

Kaushik K. Rangharajan ‘2 and Shaurya Prakash (= *

A hybrid microfluidic—nanofluidic device was evaluated for the transport of a variety of ions with the
purpose of enhancing the understanding of surface charge regulation for electrokinetic transport within
silica nanochannels. A bank of three nanochannels at 16 nm depth connected two microfluidic channels
that acted as fluid and electrolyte reservoirs for the experimental and modeling studies reported in this
work. Surface charge regulation was noted to be dependent on the size of the hydrated cation, the type
of anion, and the electrolyte concentration for the negatively charged silica nanochannels, with anoma-
lous transport being observed. The results reported here provide new insight into the impact of surface
charge regulation as a function of ion type and electrolyte concentration within nanochannels and sub-
sequently raise the possibility of tuning electrolyte solution composition to manipulate surface charge
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Introduction

Nanoscale conduits like nanochannels, nanopores, and nano-
tubes present important interfaces in biological"* and engin-
eered systems® for water desalination,”” energy generation,®™°
biosensors,"* or fluidic analogues of  solid-state
electronics."”">® Essential for the viability of all these appli-
cations is a clear, complete, and mechanistic understanding of
fundamental nanoconduit-surface-ion-water interactions,
which vary significantly from bulk flows'”'® due to high
surface area to volume ratios, with the nanoconduit surface
charge having been identified as an essential variable impact-
ing electrokinetic nanoscale flows."*?°

Modulation of surface charge within nanoscale conduits is
particularly important when the electrokinetic radius,*"* i.e.,
the ratio of nanoconduit size to electric double layer (EDL)
thickness is O(1), as at these scales ionic selectivity and trans-
port are governed by the surface charge. In this context, recent
reports have highlighted the critical role of the phenomenon
of surface charge regulation,”?* ie., the change in surface
charge due to ion or solute interactions with nanoconduit
walls.>® Charge regulation has been shown to influence surface
potentials within a nanofluidic device governed by characteristic
length scales and geometries, the separation distance of electric
double layers, the solution composition, or the applied vol-
tages.”® Surface charge regulation®?® has also been associated
with reports of anomalous mole fraction effects due to nano-
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and subsequent electroosmotic flow within nanochannels.

scale conduits presenting a lower ionic conductance with ion
mixtures in solution in comparison with the same concen-
tration of either ionic species by itself.>” The effect of charge
regulation is significantly enhanced when working with dilute
electrolyte solutions as the EDL occupies a significant fraction
of nanoconduits. Moreover, recent work has also evaluated the
regulation of surface charge leading to reversal of the native
surface charge polarity due to excessive charge screening.>®

Notably, the interaction of ions in solution with surface
charges has been a topic of intense study for many years with
the screening of surface charge being known to be highly
dependent on the chemical structure of the entire solution.>®
Theoretically, these investigations have largely focussed on the
use of mean field theories such as the Poisson-Boltzmann
equation; however, neither these theories work well in multi-
valent systems with strong ion-ion correlations, nor do these
theories account for variations in ion and water densities near
physical surfaces, discrete ionic and molecular sizes, and
hydration of solvated ions.”>*® Therefore, advanced methods
such as molecular dynamics simulations have been used to
elucidate molecular details of ion-surface interactions.>

Previous studies have also reported surface charge regu-
lation, including the phenomenon of charge inversion, as a
key mediator of ion transport within nanoconduits.>®>*>°7*
Yet, a key knowledge gap remains - there is a paucity of experi-
mental data demonstrating charge regulation for a variety of
cations and anions. Nearly all reported data remain limited to
K" with some emerging reports on Na‘, Ca*", and Mg>* as
other cations of interest.>>?*%3%33 It is worth noting that there
are no reports evaluating the effect of different anions in solu-
tion beyond the monovalent anion CI™.
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In this study, we report the experimental data on the transport
of a broad array of both cations (Na*, K%, Ca**, Mg**, and Ba*")
and anions (Cl~ and SO,>") through a parametric evaluation of
valence and ion size (including hydrated ion radii) in slit-like
(16 nm deep) silica nanochannels. Given the purpose of this work,
that is, to report experimental data for ion transport in nanochan-
nels, both cations and anions were chosen to reflect comparative
analyses with known ions. Therefore, K and CI~ present vali-
dation to existing data. Mg®>" and Ca** complement the largely
numerical work for additional ions, with new trends being
reported that enhance some of the literature on divalent ion trans-
port. Ba** is an emerging ion for a variety of applications such as
water treatment of difficult-to-treat waters. Finally, the anion SO,*~
was chosen as a common divalent anion that complements the
presence of chloride in applications such as water treatment.*
Our evaluation shows deviations from trends expected from the
current state-of-the-art suggesting that surface charge regulation
can lead to anomalous ion transport within nanochannels.

Methods

Nanofluidic device fabrication

The nanofluidic device uses two microfluidic channels (8 pm
(H) x 50 pm (W) x 3 cm (L)) as fluidic reservoirs to connect a
bank of three ultra-low aspect ratio (ULAR) nanochannels,
16 nm deep (30 um (W) x 2.5 mm (L)). The fabrication process
has been reported previously.*>>® Briefly, the micro- and nano-
fluidic channel network was patterned on a borosilicate glass
substrate using standard UV lithography followed by wet
etching using hydrofluoric acid (HF; Sigma-Aldrich). The top
glass cover with holes drilled for fluidic access and the bottom
glass slide comprising the etched channels were bonded using
calcium-assisted glass bonding.?” The fabrication results in a
hybrid microfluidic-nanofluidic device with fluorescence veri-
fication of flow in the nanochannels as shown in Fig. 1.

Device operation

The microfluidic and nanofluidic channels were initially filled
with various salt solutions prepared in de-ionized water to yield
concentrations ranging from 0.001 to 10 mM. All salts (CaCl,,

Microchannel Microchannel

" 50um

100 um

Fig. 1 Schematic showing the layout of the microfluidic—nanofluidic
device. The inset shows a fluorescence image for 0.1 mM rhodamine in
DI water to confirm that the nanochannels are viable for conductance
measurements. The fluorescence image contrast was enhanced to
clearly show the nanochannel operation.
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BaCl,, MgCl,, and CaSO,) were purchased from Sigma-Aldrich
and used without modification. The pH of all solutions was
monitored and maintained at 7.2 + 0.2 with experiments con-
ducted at room temperature. All nanochannel conductance
measurements were conducted using methods previously
reported and in an earth-grounded Faraday cage to minimize
electrical interference.”*”® Briefly, the device testing setup
included a power supply (Keithley 3390 function generator)
used to apply a streamwise-axial (V,) potential with V, = 2 V.
Current (I) through the nanochannels was monitored using a
Keithley 6485 picoammeter. Devices were tested at each
respective concentration to measure the intrinsic nanochannel
conductance. Dedicated devices for each type of electrolyte
were used to avoid contamination. Each device was initially
tested with deionized (DI) water (18 MQ, 1077 M salt) to
provide the same baseline for comparison between devices.
Only devices with an initial DI water conductance within 0.15 +
0.1 nS were used for comparison of results across devices as a
function of ion type. The reported intrinsic DI-water conduc-
tance in the channels is similar to that reported in previous
work®® and confirms the valid operation of our devices.

Numerical modelling

The hybrid microfluidic-nanofluidic device can be modelled
using well-known governing equations that have also been
reported previously.’**° Briefly, the nanochannel was mod-
elled as a symmetric nanochannel with a total depth of 16 nm.
The primary experimentally measured parameter is the electric
current, arising from the flux of ions 71 as given by eqn (1).

71 = —D;V¢; — €ziFc;VP + 6‘17 1)

For a given species i, D; is the diffusion coefficient, ¢; is the con-
centration, ¢; is the ionic mobility, z; is the ion valence, @ is the
potential, and % is the convective velocity. Tonic mobility is
related to the diffusion coefficient as & = eD;/k,T where e is the
elementary charge, k;, is the Boltzmann constant, and T is the
absolute temperature.*’ The summation of the ionic flux across
all the species and subsequently integrating over the cross-section
area and multiplying with the Faraday constant () and valence of
each species then provides the total ionic current, I, which is typi-
cally measured.*® The steady-state flux continuity is given by

v-Ti=o0 (2)

The model assumed an incompressible, isothermal fluid
with the viscosity, density, and electrical permittivity of water
remaining constant. The inlet and exit concentrations of ionic
species were assumed to be the same as those of the bulk,
defined by the experimental conditions. No ionic flux normal to
nanochannel or microchannel walls was permitted.'® The equi-
librium potential in the nanoscale conduit and the microchan-
nel reservoirs is governed by the Poisson equation as follows:

e0ewV2iD = —Ps

Ps ZFZZiC,' (3)
i
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where ¢, is the permittivity of free space, ¢, (= 80) is the per-
mittivity of water, and ps is the volumetric space charge
density. A Dirichlet boundary condition was applied for the
potential in the microchannel reservoirs such that the inlet
reservoir potential is the same as the inlet axial potential from
the experimental conditions. The bulk transport of water was
subject to the following equations,

Ve =0

4
—Vp+uViu —p VO =0 @)

where p is the dynamic viscosity of water at 293 K, p is the
pressure, and —p;V@® is the body force on the bulk fluid due to
the space charge and the electric field. Therefore, conservation
of mass and charge was applied, and the system was modelled
using the Poisson-Nernst-Planck equations combined with
the Navier-Stokes equations for fluid flow, as reported
previously."®*® Lastly, the surface charge for the model was
used as a fit parameter to obtain numerically the same con-
ductance as measured experimentally.>® Notably, as much lit-
erature exists on the modelling of these types of nanoscale
transport, the readers are referred to well-established literature
on these equations, including those in textbooks.**** The
equations were solved with COMSOL Multiphysics version 4.4.
Solutions were verified for mesh independence, and the rela-
tive tolerance for convergence was set to 10™° similar to pre-
vious work.*’
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Results and discussion
Context for results

Previous work on surface charge regulation has shown that at
a particular electrolyte concentration, the surface charge
polarity can change, i.e., for a negative surface, adsorption of
cations causes the surface charge polarity to become positive
leading to a phenomenon referred to as charge inversion (CI).
We begin our reporting through evaluation of important pre-
vious results as there remain significant discrepancies
between reported results for silica surfaces for similar
ions.”®** Towards the illustration of these discrepancies, a
summary of key previous results is reported for both charge
inversion and surface charge regulation in Fig. 2. It is worth
noting that for a well-studied material like silica, there is no
consensus on the surface charge or electrolyte concentration
for charge inversion, despite testing under similar conditions
by multiple researchers. For silica, much data are available on
monovalent cations such as K' (Fig. 2A). Fig. 2 shows that the
range of surface charge values reported remains broad;
however, as shown in Fig. 2B and C, respectively, the discre-
pancy in the reported values of surface charge for divalent
cations, such as those evaluated herein, Ca** and Mg?", is also
significant while much less experimental data are available.
Real-world systems in many applications such as water desali-
nation or energy harvesting use complex mixtures of ions
subject to nanoscale transport and the lack of available data
continues to be a hindrance in the systematic design of new
systems.
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Fig. 2 Summary of some previously reported studies that shows the discrepancies in reporting of silica surface charge under similar conditions,
with different electrolytes (A) KCl, (B) CaCl,, and (C) MgCl,. The different experimental methods are also noted. The figure also illustrates the relative
paucity of data for divalent cations and other electrolytes beyond monovalent electrolytes.
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Experimental evaluation of nanochannel conductance

Nanochannel transport data for electrokinetic flows are usually
reported as nanochannel conductance (Fig. 3) to quantify the
ion transport.>® Such an approach has led to the classification
of two main transport regimes, where the bulk transport gov-
erned regime (BTGR) at higher ionic strengths shows an
ohmic response with increasing electrolyte concentration
while in the surface charge governed regime (SCGR) the nano-
channel conductance is independent of the electrolyte concen-
tration, typically at dilute electrolyte concentrations."® To
satisfy electroneutrality, the total space charge within the
nanochannel volume must balance the total surface charge on
the nanochannel walls. G, is thus the summation of the SCGR
and the BTGR conductance as shown in the equation
below:**?®

2wu. |6
Ga = Gscgr 1+ Grgr = +| |

B e

where o is the surface charge density (negative for glass) on the
nanochannel walls, y; is the mobility of ionic species i, P¥I¥ is
the bulk electrolyte concentration, and w, L, and & are the
channel width, length, and height, respectively. The dominant
conductance term in the equation, Gscgr Or Gprgr, depends
on the bulk electrolyte concentration. At the transition concen-
tration where the transport regime shifts from surface-charge
governed to bulk transport governed, both the conductances
are similar.”
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Notably, previous work has shown that the transition
between the SCGR and the BTGR occurs approximately at
1 mM for silica nanochannels, regardless of the nanochannel
size.">'®?° As shown in Fig. 3, the trends reported here agree
with previous reports'>'>?° meeting the two classifications of
the SCGR and BTGR (dotted lines marked in Fig. 3 as visual
guides). Fig. 3A shows that in the SCGR, Na* conductance was
higher than K' conductance, within experimental error.
However, in a new finding, the trend changes within the BTGR
where K' conductance was observed to be greater than Na'. In
both cases, the anion was CI™.

Comparing ion sizes, for a bare ion, the size of Na' < K;
however, when comparing hydrated ion sizes,*> K* < Na*. The
change in measured nanochannel conductance is attributed to
surface charge regulation and layering of ions due to differ-
ences in hydrated ion sizes.*"®' A similar evaluation for
comparing divalent ions Mg®" and Ca®* with CI~ as the anion
once again showed a similar trend, with Mg®" conductance
being higher than that with Ca** present within the nanochan-
nels in the SCGR but the conductance of nanochannels with
CaCl, as the electrolyte was noted to be higher in the BTGR
(Fig. 3B). Once again, it is noted that for bare ions,* the size
of Mg>" < Ca*" but for hydrated ions, the size of Ca** < Mg**
Therefore, for these four cations, the larger hydrated cation
dominates ion transport at higher concentrations and the
smaller cation at lower concentrations, suggesting that in
dilute solutions smaller cations may be more effective at
screening surface charge.
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Fig. 3 Measured ionic conductance in 16 nm deep silica nanochannels. (A) Conductance comparison between monovalent cations Na* and K*; (B)
conductance comparison between divalent cations Mg?* and Ca®*; (C) conductance comparison between divalent cations Ba>* and Ca*; and (D)

conductance comparison for different anions while keeping the cation as Ca*

regions for the SCGR and the BTGR.*®
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To further evaluate the effect of ion sizes mediating surface
charge regulation, the conductance of nanochannels was
measured with Ba®>" as the cation while keeping the anion
fixed as CI". Interestingly, the measured conductance for Ba**
remains lower than that for Ca®>" across all tested concen-
trations (Fig. 3C) despite the fact that the size of a hydrated
Ba®" ion is smaller than that of a hydrated Ca** ion.*®
Therefore, Ba**-containing electrolyte solutions show anoma-
lous transport with respect to Ca*'-containing -electrolyte
solutions.

The nanochannels in the experiments conducted here
present a negative surface charge. Since these silica walls were
negatively charged, at dilute concentrations exclusions of the
co-ions (i.e., CI~ and SO,>~) would be expected®* and therefore
the nanochannel conductance should remain invariant with
respect to anions in the solution. Given the emerging impor-
tance of Ca®>" in nanofluidic applications,***** we chose to
test the validity of the anion independence by evaluating the
electrokinetic transport of CaSO, through the silica nanochan-
nels (Fig. 3D; yellow bars). As seen in Fig. 3D, the CaSO, con-
taining nanochannels showed nearly concentration indepen-
dent conductance, ie., the presence of SO,>~ limits the tran-
sition from the SCGR to the BTGR. Moreover, in the entire con-
centration range tested, the measured conductance for CaSO,-
containing nanochannels was lower than that for those con-
taining CaCl,. Comparing anion sizes, as a bare ion the SO,>~
ion is approximately 60% larger than a Cl™ ion, but is only ca.
14% larger in the hydrated state.*> However, some previous
results have noted that unless specific ion—-nanochannel wall
interactions are accounted for, perfect permselectivity may not
occur.?>®* Furthermore, the larger anion also exhibits a lower
mobility and therefore the electrolyte transport presents a
lower conductance.>® Taken together, these observations
explain the difference in the conductances of CaCl,- and
CaSO,-containing nanochannels. Therefore, a new observation
from these data arises despite the prevailing view that co-ions
are excluded from nanochannels and do not contribute to ion
transport. Here, we show that the type of anion and the
respective hydrated ion sizes limit cationic transport and can
extend the concentration regime for surface-charge governed
transport.

To place these results in the context of previous work, it is
worth noting that ion transport within nanoarchitectures may
also be impacted by the entrance of ions from a larger reser-
voir to the nanochannel. Previously, the role of net charge in
the EDL near a pore surface as the source of the observed
surface conductance has been evaluated. The authors identi-
fied leakage of surface electric potential from the nanopore
into the reservoir using molecular dynamics simulations. In
another report for conical nanopores, electric fields at the
nanopore entrance and exit regions induce large surface
charges generating non-uniform EDLs with accumulation of
electrolyte ions at the orifice. Presumably, the distribution of
charges limits the transfer of ions through these nanopores.
These, and similar previous studies, emphasize that asymme-
try in the nanoscale conduit geometry or small aspect ratio

This journal is © The Royal Society of Chemistry 2025
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nanoscale conduits may significantly be impacted by the reser-
voir-entrance effects, including a role of counterions.’**»>¢

Surface charge estimation

Using the well-known governing equations described above,
the nanochannel conductance was used to compute the silica
charge as reported previously.”® As the concentration of the
bulk electrolyte increases and the transport of ions shifts from
the SCGR to the BTGR, the surface charge for silica becomes
progressively more positive indicating surface charge regu-
lation due to likely cation adsorption. In this work, no charge
inversion was observed. The lack of observed charge inversion
agrees with previous reports that have identified significantly
higher electrolyte concentrations for inversion than those eval-
uated here.>>** In contrast, another study reported that charge
inversion for divalent cations can occur at lower concen-
trations.>® Interestingly, the least negative surface charge was
observed for Ba>" as seen in Fig. 4A compared to Ca*>" and
Mg”* for the same anion (Fig. 4B and C, respectively). It is also
worth noting that for the same anion Cl~, Mg**, which pre-
sents the largest hydrated ion size among the three divalent
cations, showed the largest range of surface charge (from
~=0.2 C m™? to —0.05 C m™2) as the bulk electrolyte concen-
tration was varied. In contrast, when comparing against a fixed
anion, Ca** showed more charge regulation for the larger
anion SO,*~ (Fig. 4D). Therefore, for silica nanochannels,
anions can also be used to modulate the cationic surface
charge regulation in addition to known parameters such as pH
or externally applied wall-electric potentials.*®

Surface charge regulation impacts electroosmotic flow

It is well-known that the electroosmotic flow (EOF) displays
ion and electrolyte composition-dependent behaviour, includ-
ing for nanofluidic devices.”” Using the surface charge density
derived from the conductance measurements here, continuum
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modelling based on well-established theoretical models was
implemented and the resulting velocities are shown in Fig. 5.
Notably, the nanochannel was modelled as a symmetric
channel with the centerline in the nanochannel being the
location of the highest velocity. A no-slip boundary condition
was imposed at the nanochannel wall indicated by the 8 nm
channel height with the model geometry shown in Fig. 5A.

Fig. 5B-D show the velocity profiles for each of the four
electrolytes with divalent cations. As the bulk electrolyte con-
centration increased from 0.33 mM to 10 mM, the maximum
EOF at the centerline was also noted to increase. Dilute solu-
tions with electrolyte concentrations below 0.33 mM were not
evaluated, as in the SCGR, the EOF velocity remains con-
stant.’® Interestingly, while at the lowest concentration of
0.33 mM BaCl, shows the highest EOF velocity of nearly 30 pm
s™!, at 10 mM, the computed EOF for BaCl, and that for CaSO,
were nearly identical and both electrolytes showed a much
smaller EOF than the other two electrolytes, CaCl, and MgCl,.
Moreover, as can be seen from Fig. 5B-D, the maximum EOF
for MgCl, changes from ca. 5 pm s™* to a highest EOF of ca.
70 um s~ at 3.33 mM and reduces to ca. 60 um s~ at 10 mM.
On the other hand, CaCl, shows a near monotonic increase
with the computed EOF rising from 10 pm s~ at 0.33 mM to
70 pm s~ ' at 10 mM.

Ion-transport based on standard electromigration theories
suggests that the EOF velocities should scale inversely with the
size of the cation. The Pauli radii of the divalent cations follow
the trend Mg>* < Ca®" < Ba®". Therefore, the EOF is expected to
follow the trend Ba®>" < Ca®* < Mg** with ClI~ as the anion.
However, the calculated EOF that accounts for surface charge
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Fig. 5 Numerically calculated EOF for the silica channels. (A) Model

geometry with the silica nanochannel modelled as a symmetric channel

about the centerline. (B—E) EOF velocity profiles for the four electrolytes

at four distinct concentrations as labelled on the plots.
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regulation shows a much more nuanced picture. Specifically,
at the electrolyte concentration of 0.33 mM, the EOF trends
follow the hydrated ion size trends (i.e., Ba** < Ca®" < Mg>" for
EOFs being Mg”>* < Ca®>" < Ba®), reflecting that in the SCGR
the wall charge regulation controls the EOF, as expected.
However, when the anion was changed with CaSO, as the elec-
trolyte, it was noted that the EOF of CaCl, < CaSO,, suggesting
that anions also play a role in surface charge regulation
leading to unexpected changes in the EOF. When further
exploring the nuances of the EOF in the transition region
between the SCGR and the BTGR (i.e., 1 mM and 3.33 mM),
additional anomalous transport was observed. At 1 mM, the
EOF followed the trend MgCl, ~ CaCl, < CaSO, < BaCl,, while
at 3.33 mM the trend once again shifted to BaCl, < CaSO, <
CaCl, < MgCl,. At 10 mM which falls within the BTGR, the
EOF follows the trend BaCl, < CaSO, < MgCl, < CaCl,.

The challenges with the use of PNP equations combined
with Navier-Stokes equations in the absence of steric effects
are worth noting, and the model presents validation of the
device operation to add confidence in experimental data by
showing the generally accepted trends for nanochannel con-
ductance and EOF. Therefore, future work that accounts for
steric effects with accurate hydration models for both the cat-
ionic and anionic species used in this primarily experimental
report can likely elucidate the underlying mechanisms influen-
cing the observed EOF trends.

Collectively, the change in EOF with ionic concentration
with added dependence on the co-ion type is a new finding,
especially for dilute electrolytes where the EDLs interact. To
better understand the nuanced impact of charge regulation on
the EOF, it is worth considering that in a recent modelling
evaluation, the interplay between convection, surface-charge
regulation, and slip length was evaluated for charged nano-
pores®® to enable future design guides for operation of electro-
kinetically driven nanofluidic devices. Moreover, Li et al.
showed that in channels at 85 nm, the EOF for KCI and CacCl,
can be similar to charge regulation.*" Clearly, both cation and
anion type along with electrolyte concentration can be used to
regulate surface charge and thereby enhance control over the
EOF.

Summary and conclusions

In this study, a hybrid microfluidic-nanofluidic device was
evaluated for the transport of a variety of ions with the
purpose of enhancing the understanding of surface charge
regulation and electrokinetic transport within silica nanochan-
nels. Surface charge regulation was noted to be dependent on
the size of the hydrated cation for the negatively charged silica
nanochannels. Furthermore, when exploring size-dependent
ion transport, anomalous transport of Ba>* as a divalent cation
was noted when compared against the trends observed for
Mg>" and Ca®". The size dependent ionic conductance trends
were also verified for monovalent cations Na® and K'. The
surface charge regulation leads to the possibility of using an

This journal is © The Royal Society of Chemistry 2025
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electrolyte solution’s composition and concentration to manip-
ulate the surface charge and the subsequent electroosmotic
flow within nanochannels.
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