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An electrical four layer model taking into account surface chemical reactions and adsorption of the metal
and Tris buffer cations is developed for the first time to investigate the buffer effect on the ionic conductance
in a pH-regulated nanochannel. Predictions from the analytical model agree well with experimental data of the
conductance in silica nanochannels. The buffer effect is significant at low salt concentration, and the behaviors of

zeta potential, surface charge density, and conductance in a nanochannel with buffer are distinctly different from
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1. Introduction

Nanofluidics have received significant attention due to their sub-
stantial applications in energy conversion [1-3], ionic diodes [4-6],
manipulation of chemical species [7-12], and analysis of (bio)particles
[13]. Many of these applications analyze the ionic conductance through
the nanochannel, demanding a fundamental understanding of its ionic
conductance [14-16]. Many theoretical studies investigated electroki-
netic ion transport phenomena and conductance in a nanochannel
[15-29], and concluded that they exquisitely depend on the solution
properties due to the surface reactions on the nanochannel wall.

In nanofluidic experiments, buffers (e.g., Tris base) are generally in-
corporated to maintain a stable pH [11,13,16,30-32]. The addition of
buffers increases the ionic strength, yielding a decrease in the Debye
length due to the simultaneous formation of buffer ions (e.g., TrisH™).
Moreover, the buffer ions may be adsorbed on the channel wall,
which in turn affects its surface charge property. All these effects may
significantly affect the ionic conductance in a nanochannel. Limited
studies, however, have been performed on the buffer effect on the surface
charge property and ionic conductance in a nanochannel.

In this study, an electrical four layer (EFL) model is developed to de-
scribe the surface charge property of the nanochannel wall. The model
considers the surface equilibrium reactions between the functional
groups of the channel wall and all counterions (protons, metal cations,
and the buffer cations). Analytical expressions based on the EFL model
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are derived for the first time to predict the ionic current/conductance
with the consideration of the electroosmotic flow (EOF) and the
presence of buffer cations, H", OH™, and the ions dissociated from the
background salt.

2. Mathematical model

As schematically depicted in Fig. 1, we consider the electrokinetic
transport of an electrolyte solution of permittivity & in a long
nanochannel of length [, height h, and width w subject to a uniform elec-
tric field, E = V/I, with V being the potential bias applied across the
nanochannel. Suppose that the channel height is in nanoscale and
both its length and width are in microscale (i.e., [ > h and w > h);
therefore, the problem can be simplified as a nanoslit with two parallel
plates. Cartesian coordinate, (x, y), is adopted with the origin fixed at
one of the channel walls, and E is directed in the y — direction.

Buffers are used to maintain the solution pH in the nanofluidic
experiments [11,13,16,30-32]. We assume that a buffer cation BH™
(e.g., TrisH™, BisTrisH™, PyridineH*, and PiperidineH "), which un-
dergoes the following dissociation reaction BH* — B + H* with equilib-
rium reaction constant Kg,y = [B]o[H™ Jo/ [BH o, is first introduced to the
aqueous solution, followed by adding acid (e.g., HCI) to adjust its pH to
the required value. Here, [B]o, [BH]o, and [H"]o = 10~ PH are the
bulk molar concentrations of the buffer (B), buffer cations (BH™), and
H™ ions, respectively. The initial buffer concentration is Cpyy =
10% x [BH]o(1 + Kpyg/[H]o). If MA (e.g., KCl or NaCl) is the back-
ground salt with the background salt concentration Cya, five major
ions, including H*, BH", M, OH ™, and A™, should be considered. Let
Ci0, Co0, C30, C40, and Csg be the bulk concentrations of these ions, re-
spectively. Electroneutrality of the bulk electrolyte solution yields
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Fig. 1. Schematics of the ion transport in a pH-regulated nanochannel. BH™ represents buffer cations (e.g., TrisH"), and M+ and A~ represent metal cations (e.g., K* or Na*) and anions
(e.g., C17) from the background salt, respectively. {5, Y, ¥, and ¢4 (05, Om, Op, and 0,) represent, respectively, the potential (charge density) at the s-, m-, b-, and d-planes. Adsorption of

the metal and buffer cations occurs, respectively at the m- and b-planes.

Cio = 107 PH*+3 (= CBuﬂ‘/(l + 1OPH7PK‘?“”> » G0 = Cua, Ca0 =
10~ (4 =P +3 and Csp = Cya + 107PHH 4 Cyyp /(1 + 10P“—P’<Buﬁ) —

10~ (14=PH+3 \where PKpyy = — 1og(Kpyy). Note that all of the above G
are based on the SI unit (in mM).

Similar to the treatment of electrical triple layers [26,33], we extend
that to the EFL model with consideration of the deprotonation/proton-
ation of dissociable functional groups (Si — OH) at the silica nanochannel
surface (s-plane), the adsorption reactions between Si — O~ and M at
the m-plane, and Si — O~ and BH™ at the b-plane, as shown in Fig. 1.
Based on this model, four major surface equilibrium reactions are consid-
ered:

Si—OH; < Si—OH + H", (1)
Si—OH«<Si—0~ +H", (2)
Si—0 + M <Si—0M, 3)
Si—0~ + BH' «<Si—O0BH, (4)

with corresponding equilibrium constants K, = [0y [H*L/I’SiOHZ-,

Koz = Tsi0- [H+]s/r5101-1 + Ky =Tsiom/Tsio- [M*]m, and Kgy = Tsiopn/
I5io- [BH],, respectively. Here I is the surface site density of the
kth functional group, k = Si — OH, Si — OH7, Si — O™, Si — OM,
and Si — OBH. [H"]s, [M" ], and [BH™], are the surface molar
concentrations of HY, M*, and BH™ in the unit of M, at the s-plane,
m-plane, and b-plane, respectively. Assuming that Debye lengths of
the nanochannel are not overlapped (i.e., A\p < h/2), [H" s, [MT ],
and [BH™], can be described by the Boltzmann distribution,
[H"]; = 107% x Cio exp(—2ziFys/RT), [MT], = 1077 x
C30 exp(—z3Fym/RT), and [BH'], = 1073 x Cyg exp(— zoFs,/RT).
Here z; is the valence of the ith ionic species; s, i, and s, are the elec-
trical potential at the s-plane, m-plane, and b-plane, respectively; R, T,
and F are the gas constant, absolute temperature, and Faraday constant,
respectively. Note that the adsorption of anions by the Si — OHJ sites is
negligible because of rare amount of Si — OH3™ at the usual solution
pH used in experiments, which is typically higher than the isoelectric
point (ca. 2-3.5) of the silica nanochannel. Moreover, the reaction rate
of Si — OH3 and anions is very small at typical pH 3-9 [26] and, there-
fore, adsorption of anions by the Si — OH sites can be neglected. If we

letl'; = Tsion + Tsion,+ + Isio- + I'siom + [siopn be the total site density of
the functional groups on the nanochannel surface, then

H,  Ke
[, =Tgou| 1+ S48
‘ 5‘°“< Ky H

The EFL model in Fig. 1 yields the charge densities at the s-, m-, b-,
and d-planes are, respectively,

KK M), KpyKgp[BH) b) )
[H*]; (H*];

O, =¢€ (rSiOHZ’ —Tsio- —Tsiom _rSiOBH>7 (6)
O = elsiom, (7)
0} = eliopn; (8)
and
5
. z;F
oy = —ggn(lpd)J2szTZc,-0{exp<—‘R—¥’d>—1} )
i-1

where e is the elementary charge and s, is the zeta potential of the
nanochannel. The electroneutrality within the four layers yields

05+ 0, +0,+0y=0. (10)

Assuming that ions and fluid inside the immobile Stern layer are sta-
tionary, we can obtain the following correlations between the represen-
tative electrical potentials and charge densities within the four layers
[26,33],

05 = Co (Y5 =), (11)
Os+0p = CsZ(‘/Jm_l/jb)v (12)
Os+0p+0p :Cs3(¢’b_¢’d)v (13)

In the above, G4, Cs,, and Cgs are the surface capacitance of the inner,
middle, and outer layers of the immobile layer, respectively. For the
given pH, Gua, Cpyg: and values of the parameters Csy, Csa, Cs3, Ka1, Koz,
Ky, Kpy, and T, one can use the MATLAB function fsolve to determine
the electrical potentials ({5, ¥m, Pp, and r4) and charge densities
(05, Om, Op, and 0y) by simultaneously solving Eqs. (6)-(13).
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