Physical Chemistry Chemical Physics

¢~ PCCP

Flow effects on silicate dissolution and ion transport at an
aqueous interface

Journal: | Physical Chemistry Chemical Physics

Manuscript ID | CP-ART-02-2019-000640.R1

Article Type: | Paper

Date Submitted by the

Author: 02-Mar-2019

Complete List of Authors: | Lian, Cheng; East China University of Science and Technology,
KONG, Xian; Institution of Biochemical Engineering, Department of
Chemical Engineering

Liu, Honglai; East China University of Science and Technology,

Wu, Jianzhong; University of California, Riverside, Chemical and
Environmental Engineering

SCHOLA

JONE™
Manuscripts




Page 1 of 19 Physical Chemistry Chemical Physics

Flow effects on silicate dissolution and ion transport at an aqueous interface
Cheng Lian'2, Kong Xian?, Honglai Liu!*, and Jianzhong Wu?*
I'State Key Laboratory of Chemical Engineering, and School of Chemistry and Molecular
Engineering, East China University of Science and Technology, Shanghai, 200237, P. R. China
2 Department of Chemical and Environmental Engineering, University of California,
Riverside, CA 92521, USA
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Abstract

Flow effects on chemical reactions at a solid-liquid interface are fundamental to diverse
technological applications but remain poorly understood from a molecular perspective. In this
work, we demonstrate that the coupling between laminar flow and surface chemistry can be
adequately described using the classical density functional theory for ion distributions near the
surface in conjunction with kinetics modeling and the Navier-Stokes equation. In good agreement
with recent experiments, we find that flowing of fresh water over a silica surface may result in
drastic changes in the rate of silica dissolution and, consequently, the surface charge density and
the interfacial structure. A nonlinear streaming current is predicted when the surface reactions are

disturbed by a laminar flow.
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1. Introduction

Understanding the interfacial properties of aqueous solutions in contact with solid surfaces has
been actively pursued in various fields of scientific studies, including surface sciences!?,
electrochemistry*, catalysis”- 8, colloid science® '°, molecular cell biology!!, and geochemistry!?
13, The interfacial structure and chemical reactions taking place at a solid surface are dependent on
a wide spectrum of physicochemical parameters!> 4 15, While conventional studies are mostly
focused on the influences of thermodynamic conditions such as temperature, pH, and the chemical
composition on the interfacial behavior, relatively little is known on how the liquid flow over the
interface affects the local solution conditions and surface reactions. A faithful description of the
flow effects is important for design and optimization of a broad range of electrochemical and
geochemical processes ranging from ionic motions in different electrochemical and microfluidic
devices to hydraulic fracturing and carbon dioxide sequestration.

An inorganic solid in contact with an aqueous solution often bears an electrostatic charge at
the surface due to various physiochemical processes such as ion dissolution, substitution and
chemical adsorption. The surface charge, along with mobile ions in the aqueous solution, forms an
electric double layer (EDL), which plays a dominant role in the interfacial behavior. A
conventional wisdom is that neither the EDL structure nor the surface reactivity will be
significantly influenced by the solution flow over the solid surface. While there have been a
number of previous investigations on the coupling between surface reactions, flow-driven
transport and electric double layer structure!6-1?, a recent experimental study based on surface-
specific sum frequency generation spectroscopy (SFG) and microfluidics indicates that a rapid
laminar flow may lead to the reversible modification of the surface charge and, subsequently,

realignment of the interfacial water molecules!. The coupling between flow dynamics, EDL
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structure and surface chemistry is not unexpected in the presence of a strong flow but such effects
are typically ignored in conventional models of electrokinetic phenomena?®-24,

In this work, we investigate the flow effects on the surface structure and reactivity using a
theoretical procedure that combines the classical density functional theory (CDFT) for ion
distributions, kinetic modeling of the surface reactions, and the Navier-Stokes equation for the
fluid velocity. The new theoretical framework takes into account not only electrostatic correlations
and ion size effects that are ignored in the conventional space-charge model but also coupling
effects between surface reactions, ion distributions and the electroosmotic flow. The theoretical
predictions are found in good agreement with the SFG detection of the surface charge density. The
implications of flow-induced surface reactions on the EDL structure and the streaming current are
also discussed.

2. Model System and Theoretical Methods

Consider a laminar flow for an aqueous electrolyte solution through a rectangular silica channel
of height H in nanoscale but both width w and length L in macroscopic dimensions. The
microfluidic setup was commonly used in previous studies of surface reaction and ion flow by
theoretical or experimental means®. As shown schematically in Figure 1, the aqueous solution
flows along the silica surface driven by a pressure gradient VP. Although SiO, solubility in water
is extremely small, the surface bears a negative charge when the solution pH is higher than the
point of zero charge (pzc), i.e., the pH value at which the surface is electrostatically neutral. The
pzc value is about pH=2 for a fused silica surface?®.

In the presence of an electrolyte solution, the silica charge density dictates ion distributions as
well as the orientation of water molecules near the surface. In addition to pH, the surface charge

density can be influenced by the electrolyte concentration in the bulk (Fig. 1b) and the local solvent
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velocity (Fig. 1c). As illustrated in Figure 1, the surface charge density and the local ion

distributions are coupled with the electroosmotic flow through the kinetics of surface reactions.

(a) . (b) u(z,x)
o® » , a®
2°p v @ v(z,%)
ﬁ' . o : o
Z .[-Si(OH)go'].». () p.(z,x)

Figure 1 (a) A schematic view of an aqueous solution flowing along a fused silica surface. The
flow affects the surface reaction kientics and charge density, the electric double layer (EDL)
structure, and ion transport, which in terms influence the solvent velocity. (b) A qualitative
description of local electrostatic potential w(z,x) and solvent velocity u(z,x). (c) The electric

double layer struture as represented by the local density of counterions, o (z,x), and the local

density of coions, p (z,x).

For fused silica in an aqueous solution, the surface charge arises from dissolution and
deprotonation reactions!> 3 273 When for pH>pzc, SiO, dissolution is dominated by the

hydrolysis of the Si-O-Si bond

=8i-0-Si(OH),0" + H,0 % = Si-OH + Si(OH),0"(aq) (2)
where "=" denotes the connection of a chemical group with the solid surface, &k, and k | stand

for the rates of forward and backward reactions, respectively. A similar equation can be written

for the deprotonation of silanol groups at the surface:
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=Si-OH Zﬁ =Si-O" + H' (aq) 3)

The surface reactions are different when pH<pzc. In that case, silica hydrolysis has little effect on
the surface charge density.

We can calculate the surface charge density based on the overall concentrations of = Si-O™ and

= §i-O-Si(OH),O  residues at the silica surface:

0= _e(N=Si-O +N =Si-o-Si(0H)zO) N

where €=1.602x10"" C is the unit charge, N_ = and N_ o . stand for the number

densities of=Si-O" and = Si-O-Si(OH),0" groups at the surface, respectively. For a given silica
surface, the number density of silicon atoms includes contributions from three types of functional
groups,

N +N

= ) +
total =Si-OH =Si-0 NESi-O—Si(OH)ZO' : (5)

While the total number density is fixed, the number density of silicon atoms in each functional
group may change due to surface reactions.

As the total number density of different silicon functional groups N, . is not affected by
surface reactions, it can be shown that, at the steady-state condition, the surface charge density is

related to the surface electrical potential i, the bulk pH, and the Si(OH),0O" concentration in the

bulk, C

SOm,O" From Eq.(1)~(5), we could obtain the expression of surface charge density:

v k2 1077 eXp(—,Be%) - k—1CSi(0H) 0
"k, + k107" exp(~fey )~k —k ,C

~17Si(OH),0"

Q= (6)

Page 6 of 19



Page 7 of 19

Physical Chemistry Chemical Physics

where f = kgT, kg is Boltzmann constant, and 7 is the temperature. In writing Eq.(6), we have

utilized the condition of mass balance for = Si-OH

kN —k N o C.  =k,N_ C_—k,N (7)

=Si-0" =Si-OH ™ Si(OH),0" T 2" ssio Y +27 " =Si-OH
and the Boltzmann equation for the proton ion concentration at the silica surface.
In the presence of a laminar flow, Si(OH),O" ions dissolve from the solid surface leading
to an increase of silica concentration along the flow direction. At the steady-state condition, the
rate of Si(OH),O" dissolution per unit area, R, is balanced by the change in the rate of mass

convection

H/2

C._
R,=k,N__ -k N_.C —%ju(z)dz (8)
0

=Si-0" -1 "=Si-OH Si(OH),0"

where u(z) stands for the average flow velocity, and L is the length in the nanochannel. In writing

Eq.(8), we assume that C_ - is uniform in the direction perpendicular to the surface. Assuming

a linear variation of the surface charge density in the flow direction, we can rewrite Eq.(7) in terms
of the average surface charge density and ion concentrations.
To find the solvent (water) velocity near the pore surface, we use the Navier-Stokes (NS)

equation

&u oy OP

au_ ¥ 2 9
0 PO T ©)

where u(z) stands for the velocity profile in the direction perpendicular to the surface z, 7
represents the solvent viscosity, o, (z) represents the local charge density of the aqueous solution,
Oy /Ox and OP/Ox are the gradients of the electric potential and pressure in the flow direction

(x-direction), respectively. The local charge density is related to the local concentrations of ions
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P2)=2.Zep(2) (10)

where Z; is the valence of i ionic species. For all systems considered in this work, we have

Oy /0x =0 and OP/Ox is aconstant. As a result, we can solve the velocity profile near the surface

analytically by using the following boundary conditions (BCs)

{bu(z)' =u(0), atz=0 (an

u(z)'=0, atz=o0
where b represents the slip length for water flowing along the solid surface. In general, the slip
length is negative if the surface is hydrophilic and positive if it is hydrophobic3!. Here the slip
length has relatively small effects on ion transport and electric current, and b = 0 is adopted for all
calculations in this work.

With the assumption of local equilibrium in the direction perpendicular to the surface, the ion
density distributions in the electric double layer (EDL) can be predicted from CDFT?% 3234 The
thermodynamic method calculation is based on the primitive model for electrolyte solutions
whereby all ions are treated as charged hard spheres and the solvent is modeled as a dielectric

continuum?3. The ion density profile is given by

p,(2) = p"™ exp| ~pZ ey (2) - pAu(2) | (12)

bulk

where p*" stands for the bulk concentration for the i type ion, w(z) is the local electric potential

at position z, and Au“(z) corresponds to the deviation of the local excess chemical potential from
that corresponding to the bulk system. In the Poisson-Boltzmann equation (PB) or the space-charge
model, Au“(z) is ignored so that they are not able to account for the effects of electrostatic

correlations and ionic excluded volumes. The local excess chemical potential Ax“(z) includes a

contribution from the modified fundamental measure theory (MFMT)?¢ to account for excluded
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volume effects of ions, and a second-order perturbation theory for electrostatic correlations®’. The
details of CDFT for inhomogeneous ionic systems could be found in our previous work3>-37,
Throughout this work, the diameters of hydrated cations and anions are set to 0.5 nm, which is

reasonable for an aqueous NaCl solution. At the ambient temperature, the dielectric constant for

liquid water is & =78.4.4

We can solve for the ion distributions and the local electric potential self-consistently from

the Poisson Equation

d’y(z) 4re
_ 13
dz* £,€, pe(z) (13)
with the boundary conditions
v(0)=w(H)=y, (14)
CUACH (15)
0z | nu

z=—

Here ¢,= 8.8542x10712 F/m is the vacuum permittivity, £ =78.4 is the water dielectric constant.

In the absence of ion flow, the surface charge density on the wall can be obtained according

to the electrostatic neutrality

oy (z)
0z

z=0

O=-¢,¢, (16)

In that case, we can estimate the total number density of the silicon atoms at the surface N, , as

well as the kinetic constants for the surface reactions based on experimental data for the surface

charge density. Given a pressure gradient, the velocity profile can be solved from Eq.(9).
Subsequently, the ionic density profiles p.(z), the surface charge density O, and the local
electrical potential w(z) throughout the pore could be calculated from Eqgs.(12)-(13) in

9
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conjunction with the boundary conditions shown in Egs.(14)-(15) and the kinetic model for surface
reactions, Eq.(6).

For a laminar flow through a silica nanochannel of height H in nanoscale and width w and
length L in macroscopic dimensions, the streaming current arises from primarily the convective
flow dragging the excess counterions at top and bottom surfaces of the channel. Based on the ionic

density profiles in the slit pore, we can calculate the total streaming current3®
H
I, =w[Y Zep()u()dz. (17)
0 i

while u,(z) = u(z) is the velocity of i ion at different positions. Because w >> H, we assume that

the sidewall effects may be ignored and that the solvent velocity and the ion density profiles can
be treated as uniform along the direction of the flow (viz., ion diffusion in the flow direction is
neglected).

3. Results and Discussions

We first consider the surface charge density for a silica nanochannel (height H =29nm,
width w=5.8um, the length L = 40um) in contact with an aqueous NaCl without flow at the
concentration of 0.01 M. Because the EDL thickness is much smaller than the channel height, the
surface charge density of the nanochannel is expected to be identical to that of a planar silica

surface. As a result, the theoretical results can be directly calibrated with experimental data.

10
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Figure 2 Surface charge density Q of SiO, substrate versus pH without flow. The line is

predicted by CDFT and these points are experimental results*®. The bulk NaCl concentration
is 0.01 M.

Figure 2 shows the dependence of the surface charge density on pH from the theoretical
calculations in comparison with experiment for a planar silica surface®®. Here Ny, = 8 nm2 is
estimated according to the surface structure of SiO,, and the kinetic constants, k;=1x10¢ s71, k.
1=3x104 s T ML kp=5%10"12 571, k,=2.2x10* s M-, are obtained by fitting the relation between
surface charge density and pH shown in Figure 2. The fitting parameters are subject to the
constraints of equilibrium constants that are also known experimentally (K =k.i/k.1, K;=k/k>,).
Apparently, the simple kinetic model is able to capture the experimental data quantitatively. In
addition, the kinetic parameters is well agreed with the relaxation time of silica surface'. As the
solution pH increases, more negatively charged SiO™ are dissociated from the functional groups

SiOH resulting in a more negative surface charge density.

11
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Figure 3 Flow effect on the surface charge density. (a) Surface charge density versus pH with
or without flow effect. (b) Flow effect on the change of surface charge density under different
pH.

Figure 3a shows the flow effect on the surface charge density. The presence of a laminar flow
(shear rate = 5 x 103 s7!) reduces surface charge density, in particular at high pH. According to Eq.
(2), the Si0, surface is negative for pH>3 as the hydrolysis leads to the negative surface charge.
Without the flow, the effective forward and backward reaction rates are balanced with each other,
1.e., the solution near the surface is saturated with silicic acid. The flow reduces the silicic acid

concentration near the surface by introducing fresh water, driving the dissociation equilibrium

toward the right side of Eq. (2). This effectively removes negative charges from the surface and

thereby lowering the surface charge density. However, the subsequent deprotonation of the

newly formed neutral Si-OH surface state in Eq.(3) restores the negative surface charge.

These two competing reactions establish a steady state with a reduced surface charge.

The change of the surface charge density is shown in Figure 3(b). Here AOQ=0-Q, is the difference
between that with and that without flow Q,, i.e., the surface charge density for water at rest. The

relative change of surface charge density displays a maximum at pH=4~6 due to the flow effect.

12
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Although the flow effect is most significant at large pH, the absolute value of the surface charge
density also increases.

The results shown in Figure 3 can help understand the flow effect on the sum frequency
generation spectroscopy (SFG) intensity at SiO, surface'. The magnitude of the SFG signal reflects
the degree of alignment of water molecules due to the electrostatic field at the surface, which is
mainly influenced by the change in relative surface charge density. At both low and high pH (pH=3
or 11), the reduction in SFG intensity upon flow is very small; it shows a maximum at pH=6.5

when the flow effect on the fluctuation of water orientations is most significant.

oo ~~°¢ (a) ooe| ~77C (b)
——Na

0 5 10 15 20 25 30
z(nm)

Figure 4 Flow effect on the EDL structure at pH=6.5 (a) without flow and (b) under a flow
with the shear rate of 5x10%/s.
As discussion above, flowing an eletrolyte solution over a surface can change the surface

reactions and thus the surface charge density. The latter is related not only to the EDL structure

but also to the alignment of water molecules in terms of both the degree of water orientation

and fluctutations. Figure 4(a) shows the EDL structure of the SiO,-water interface at pH=6.5 when

the water is at rest, and Figure 4 (b) presents EDL structure under a flow with the shear rate of
5x103%/s. The flow reduces the surface charge density and thus the contact density of cations near

13
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the silica surface. The flow effect on the density profile of CI- ions is relatively insignificnat

probably because the surface charge is screened by Na* ions and the change in the surface charge

density is closely affiilated with the dissociation of Si(OH),0" ions.

0.000

-0.003
‘.\T\
-0.006
e
—
O
S
O -0.009
-0.012
L i sl i A aaaaal L i s sl " Loiiiaaa
10° 10° 10“1 10° 10°
r(s’)

Figure 5 Surface charge density QO of SiO, substrate versus the pressure drop. Here the

nanotube height A =29nm, width w=5.8um the length L = 40pum. The bulk concentration of
NaCl is 0.01M and pH=6.5.

Figure 5 shows the surface charge density of SiO, substrate versus the shear rate (pressure drop)
when pH is 6.5. When the shear rate is less than 1 x 10° s7!, the surface charge density almost
remains the same because the slow flow cannot significantly alter the concentration of silicic acid
which determins the surface chemical reactions. However, the flow with a high shear rate (larger
than 1 x 103 s7!) causes a very large decrease in the surface charge density. With the extremely
high shear rate, which might be difficult to archieve in real experiments, the surface charge density
decreases almost to zero. In that extreme case, the flow washs away essentially all silicic acid
molecules near the surface, and the reaction in Eq.(2) dominates the surface reaction.

As discussed above, a streaming current is induced by application of a pressure gradient across
a charged channel, which can be calculated from the ion density profiles and velocities. The

conventional equation for the streaming current is given by*°

14
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I =#(AP/L) (18)

str

where ¢ is the zeta potential, 4 and L are the cross-section area and the length of the channel,
respectively. Without surface reactions, ¢ is a constant, thus Eq.(18) predicts a linear relationship

between the stream current and the pressure gradient*!. A number of recent publications indicate
that Eq.(18) may break down due to various non-slippery boundary conditions*?-*, However, it
remains unclear how the streaming current is affected when surface reactions are coupled with the
flow. Many factors can cause the non-linear streaming conductance phenomenon*>4%, could the

linear streaming current phenomenon be affected by surface reactions?

T T

100

BJ 1
AP (Bar)

Figure 6 Dependence of streaming current on the pressure drop for SiO, substrate. Here the
nanotube height H =29 nm, width w=5.8 um the length L = 40pm. The bulk salt concentration
is 0.01M and pH=6.5.

Figure 6 shows the streaming current as a function of applied pressure. Iy, increases linearly
with applied pressure under ~3 bars. As discussed above, with flow effect on pore surface reactions,
the negative surface charge density decreases thus decreasing the streaming. While Eq.(17)
predicts that the streaming current is linearly proportional to the pressure gradient of the channel,

we find a non-linear streaming current phenomenon in a single nanopore by condsidering the flow

effect on the chemical reactions of pore surface when the driven pressure is very large.

15
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4. Conclusions

In summary, the flow effects on surface chemical reactions at solid-liquid interface could be
quantitatively described with classical DFT plus conventional equations of fluid mechanics and
reaction kinetics. The theoretical results show that the solvent flow over a solid surface can
dramatically change the rate of surface reactions and subsequently the surface charge density and
the EDL structures. Because the flow influences the surface charge density, the surface reactions
perturbed by the flow lead to a nonlinear streaming current at high driven pressure. It is our hope
that this work provides a better understanding of the coupling effects of surface reactions, EDL
structure and flow behavior that is essential for a faithful description of transport phenomena near

solid surfaces including ion mobility in the micropores of electrode materials.
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