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Temperature effects on electrical double
layer at solid-aqueous solution interface

Despite the significant influence of solution temperature on the structure of electrical dou-
ble layer, the lack of theoretical model intercepts us to explain and predict the interesting
experimental observations. In this work, we study the structure of electrical double layer
as a function of thermochemical properties of the solution by proposing a phenomenolog-
ical temperature dependent surface complexation model. We found that by introducing a
buffer layer between the diffuse layer and stern layer, one can explain the sensitivity of zeta
potential to temperature for different bulk ion concentrations. Calculation of the electrical
conductance as function of thermochemical properties of solution reveals the electrical
conductance not only is a function of bulk ion concentration and channel height but also
the solution temperature. The present work model can provide deep understanding of

micro- and nanofluidic devices functionality at different temperatures.
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1 Introduction

The formation of the polarized solution layer, so-called elec-
trical double layer (EDL), at the vicinity of chemically reactive
solid surfaces has been a subject of debate for decades [1,2].
This layer is responsible for diverse interesting multiphysico-
chemical transport phenomena associated with natural or ar-
tificial micro- and nanoscale media [3-8]. The electrochemical
properties of the EDL can be manipulated by means of several
parameters, such as ion concentration, solution pH, metal-
oxide surface site density, chemical equilibrium constants
[9,10], and solution temperature [11-13], where the former pa-
rameters have been extensively studied through large body of
literature [1,14-16]. Quite surprisingly, temperature effects on
structure of EDL at the vicinity of a chemically active solid sur-
face have drawn less attention or ignored to expedite the anal-
ysis while it emerges as a determinative factor in many micro-
and nanofluidics applications [17-27]. Several experimental
works have shown that the zeta potential of solid-ageuous in-
terface is not only a function of bulk ion concentration and so-
lution pH but also solution temperature [13,26,28-32]. How-
ever, a few studies have tried to investigate the temperature
dependent zeta potential from theoretical point of view. Revil
and co-workers [12] proposed a simple model based on two as-
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sumptions: neglecting (I) the impact of hydronium H* and
hydroxyl OH™ ions, and (II) direct adsorption of cations K*
or Na' to the silica surface. In their model, the slope of zeta
potential versus the logarithm of salinity is solely a function
of temperature. Later, though, Revil et al. [33] discussed the
temperature effects on the streaming potentials, however, the
detailed insight into the temperature effects on the EDL was
not studied. The least understanding of temperature effects
on the EDL brings crucial necessity to propose a comprehen-
sive model which considers the detailed of thermochemical
properties of solid-aqueous interface on the EDL structure.
This work aims to investigate the effects of solution temper-
ature on the structure of EDL for different bulk ion concen-
tration. We, first, show that the well-known electrical triple
layer (ETL) model fails to predict the measured temperature
dependent zeta potentials [26] even though the temperature
dependent thermochemical properties are introduced to this
model. To overcome the drawback of ETL model in model-
ing the temperature effects on the structure of EDL, we em-
ploy a recently developed electrical quad-layer model (EQL) at
which a new layer, so-called buffer layer (BL), between outer-
Helmholtz plane (OHP) and shear plane (zeta potential plane
[ZP]) has been introduced [34]. We found that the EQL model,
as a comprehensive model, could explain the electrical con-
ductance behavior of very narrow nanochannels as well as
larger size channels [35]. In the present work model, we pro-
pose that EQL model and the flexibility of the buffer layer will
let us describe the interesting behavior of the solid-liquid sur-
face charge under solution temperature variation. Finally, we
simply obtain the electrical conductance of two nanochannel
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Figure 1. The configuration of the developed EQL model with a
flexible buffer layer (FBL). The BL represents the distance from
outer-Helmholtz plane (OHP) to zeta potential plane (ZP). The dif-
fuse layer (DL) starts from the ZP to bulk solution. The four layers,
inner-Helmholtz layer (IHL), outer-Helmholtz layer (OHL), BL, and
DL postulate three series differential capacitors.

heights as function of bulk ion concentration and solution
temperature.

2 Methods

2.1 Temperature dependent surface complexation
model

In this section, we propose the developed temperature depen-
dent EQL model. Figure 1 depicts our EQL model which is,
in fact, a modification of the ETL model [36]. Assuming the
presence of BL enables us to tackle the shortcoming of the
ETL model [10, 34, 36] at which the differential capacitance of
the diffuse layer (DL) was attributed to the differential capaci-
tance of the outer-Helmholtz layer (OHL). This brings a non-
physical large distance between the inner-Helmholtz plane
(IHP) and OHP (order of 3 nm) [37].

Naturally, the silica surface acquires electric charge due
to the chemical adsorption of ions which are dissolved in so-
lution. In a pH range of 3-9, the typical chemical reactions at
silica surface are [36]

SiOH] = SiOH + H', KT, 1)
SiOH = Si0~ + HF, K, (2)
Si0” + M* = SiOM, K, (3)

where MT denotes the concentration of cations and

Kint, Kint, Kint are the inert chemical equilibrium constants.
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Based on the law of mass action, the reaction equilibrium
constants for the chemical adsorptions are written as

. Os; _
Kt = M g v exp (<) (4)
OsioH;
. Osio- _
K= =, 1+ exp (=) » (5)
OSiOH
; osiom 1
Kot = 227 ex , 6
M Tso- My p@IHP) (6)

where o denotes the surface charge density (in C/m?) on
the 0O-plane, ¥ = ¥ /Vr the dimensionless electric potential
where Vr = kg T /e denotes the thermal voltage, and T (in K)
the temperature. It is worth pointing that Egs. (4) and (5) are
written based on the assumptions for the Boltzmann distri-
bution which are the local equilibrium, stationary state, and
insignificant fluid flow along the solid-liquid interface. Con-
sidering the total number of site density as I'° (in sites per
nm?), one can write the continuity equation for the surface
charge density as [10, 36, 38]

0
el = osion + 0sio- + Osion} 1 Tsiom- (7)

The surface charge density at silica surface for four planes of
0, IHP, OHP, and ZP (Fig. 1) could be written as

Q= Osion; — Osio- — OsioM» (8)
Qmnp = Osiom, 9)
Qonpr = —\/m sinh (O'SJOHP) — Qzp, (10)
Q= —V/8eoe pika Ty sinh (0.592) (11)

where ny 1, is the effective bulk number density of counter ions
and hydronium (in m ) which is related to the effective bulk
ionic molar concentration as ng, = 1000N4 (1, m+ + Mp 11+ ),
where N, denotes the Avogadro number. Regarding the sur-
face charge on the OHP, borrowing the idea of the Grahame’s
equation [15], we define

Xzp Xzp i /d
_ __ 4 (4
Qonp = / pedx = —goe; / o <dx)dx
Xonp Xonp
Xzp
= —&o&; Z—w (12)
X Xome

Based on the definition of surface charge on ZP, Eq. (12) gives
rise to

— Oz, (13)

Xonp

d
Qonp = &0y dfli

where if we introduce the Grahame’s equation to Eq. (13), we
finally have Eq. (10).

On the other hand, the global electroneutrality in four
layers leads to

Qo + Orp + Qoup + Ozp = 0. (14)
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Considering the presence of four planes which are in series
from the solid-liquid interface to the bulk solution, one can
postulate three series differential capacitors

Vo — Ve = C]Q:p’ (15)

Yinp — Yonp = — SOHP , (16)
OHP

Your — Yzp = —%, (17)
BL

where Ciyp, Conp, and Cpy. (F/m?) are the integral differential
capacities of the inner, outer parts of the Helmholtz layer,
and the BL, respectively, assuming constant in the region
between planes [39]. Egs. (4) to (11) and Eqs. (14) to (17) are
formed a set of nonlinear coupled equations for the EQL.
In this contribution, the constant parameters for the EQL
are considered based on the solution properties as &, . =
16.1717, &0 (T) = exp1(T) = 305.7 exp(—T/219.0) [17],
Ciur = €oérur/rx+,  Comp = €0&r,0HL/2Tk+ (37], where
rg+ = 0.125 (nm) denotes the Stokes radius of K*[10].
The EQL is a distinct surface complexation model which
allows a flexible behavior for the layer between OHP
and ZP. The thickness of the BL could be obtained
based on the best fitting with the available experimental
data [26] as

SpL(T, m) = a(my) x (T — To) + B(m), (18)

where a(n;) = 107°/(9.73 x 10*n;, — 1.1173) — 10~""  and
B(m) = 107°/(3.33 x 10°n, + 6.34 x 107°) 4+ 1.08 x 107°
denote the slope of BL thickness as a function of bulk ion
concentration and the thickness of the BL at T = T, respec-
tively. In Eq. (18), To = 323.15 (K) and n, denotes the bulk
ion concentration in molar. Eventually, we have the differen-
tial capacitance of the BL as Cpp = €o&,,51./051.- The electrical
permittivity at vacuum is g, = 8.854 x 10712 (C/V/m).
Regarding the temperature dependent equilibrium con-
stants, by employing the Van't Hoff equation [13], we
have Kot = 10~ exp((— AHO/R)(1/T — 1/298.15)),
Kint = 10 exp((—AH/R)(1/T — 1/298.15))  [10] and
Kint = 102PHezc1o8(K5) where for silica pHpzc = 2.5 and
AH® = 10° (J/mol) denotes the standard enthalpy change.
The surface site density of the silica is I'® = 5 (nm~2)[10,36].
To obtain the unknown parameters of the EQL model
(Qo> Qunps Qonrs Qzp, Yo, Yinps Your, ¥zp,  OsioHs Osio-»
Osion» Osiom), We employ Newton’s method to solve the set
of equations numerically.

3 Results and discussion

The temperature dependent surface complexation model has
been evaluated by fitting the available measured zeta poten-
tials [26] for different bulk ion concentration and solution
temperature in Fig. 2A. We should point out that the pro-
posed temperature dependent surface complexation model is
a phenomenological model, just following the logic of pre-
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vious historical models in electrokinetics, whose parameters
depend on experimental data. The model can be employed
to predict other EDL parameters (i.e., surface charge, differ-
ential capacitance) as a function of various temperatures and
bulk ion concentrations. To justify the necessity of propos-
ing a new temperature dependent model, it is essential to
demonstrate the failure of the previous models such as ETL
in prediction of the measured zeta potentials. To this end, we
introduced the relevant temperature dependent parameters
(i-e., reaction equilibrium constants, electrical permittivity)
into ETL model and obtained the predicted zeta potential ver-
sus temperature and bulk ion concentration. The ETL mod-
eling results (Fig. 2A) illustrate almost an independent slope
from bulk ion concentration for the zeta potential with re-
spect to temperature (d(3¢ /0 T)/dny, ~ 0). In other words, the
well-known surface complexation models such as ETL fails to
explain the dependency of 3¢ /0T on bulk ion concentration
even though we introduce the temperature dependent ther-
mochemical properties to this model.

It would be interesting to study the effects of tempera-
ture on the acquired surface charge at silica surface whereas
the surface charge density plays a crucial role in ion transport
[4]. Here, we consider the system is under elevated isother-
mal situation only in this work. Otherwise, the thermodif-
fusion effect or the Soret effect may play an important role
on ion transport [40-44]. Figure 2B demonstrates that the ac-
quired surface charge (09) enhances by increasing the solu-
tion temperature. Moreover, it is found that for range of low
to high bulk ion concentration, the surface charge density is
considerably sensitive to solution temperature in contrast to
zeta potential (Fig. 2A). To investigate the structure of EDL
as a function of bulk ion concentration and solution temper-
ature, Fig. 2C and D demonstrate the slope of BL’s thick-
ness with respect to temperature solution and the differen-
tial capacitance of BL and OHL, respectively. As Eq. (18) pre-
dicts, 3851 /0T = «(mp) is a function of bulk ion concentra-
tion which saturates for concentrated solutions(n, — oo =
4(88p./0T) /dny, = 0). Figure 2C shows that the slope of vari-
ation of BL thickness versus bulk ion concentration is posi-
tive for low bulk ion concentrations while tends to negative
amounts by increasing the bulk ion concentration. In one
hand, we show that the differential capacitance of the BL
increases, decreases, or remains unchanged in response to
solution temperature (Fig. 2C) under diverse bulk ion con-
centration. On other hand, the differential capacitance of the
OHL is merely a function of temperature (the dashed line
with symbol at Fig. 2D). Regarding the equivalent differential
capacitance for SLand BL (1/Csp+p. = 1/Cs. + 1/Cs1), Fig. 2D
shows that the differential capacitance of the BL dominates
which determines the behavior of Csy ,p; as function of bulk
ion concentration and solution temperature. The nonmonot-
ical behavior of the differential capacitance of BL in response
to temperature and bulk ion concentration which is predicted
by our phenomenological EDL model remains as an open
question which needs deeper theoretical (molecular dynam-
ics) and experimental (e.g., electron impedance spectroscopy)
investigations.
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Figure 2. The normalized zeta potential and surface charge density with their corresponding amounts at T = 30°C. (A) The predicted
¢ [t30-c versus solution temperature for different bulk ion concentration. Our modeling results with ;gdlg“"" =-109.2 (mV), ;31693“"" =
—91.3 (mV), and ¢J2™™ = —58.19 (mV) compared with the available experimental data from Venditti et al. [26] (symbols with error
bars). The dashed lines demonstrate the predicted normalized zeta potential by employing the ETL model at which 53061cmM = —118.7 (mV),
230 = —84.8 (mV), and ;09" = —48.84 (mV). (B) The predicted oo /00,59.c Versus solution temperature and bulk ion concentration
where o21™M = —7.9(mC/m?), o X"M = —15.69 (mC/m?), 5.)%0™M — —29.5 (mC/m?). (C) The slope of the BL thickness with respect to solu-

tion temperature versus the bulk ion concentration. (D) The differential capacitance of the BL (solid lines with symbols) and OHL (dashed
line with symbol) versus solution temperature for different bulk ion concentration. The Coy. is only function of temperature.

By employing our temperature dependent surface com- 107 exp(1713/T) [17]. To obtain local electric potential, v,
plexation model coupled with the Poisson-Boltzmann equa- we solve Poisson’s equation by the lattice Boltzmann meth-
tion, we simply calculate the electrical conductance, G = ods which presented in details elsewhere [45-47]. Figure 3A
I/E,L = (eWn/E,L) foHe“’ {(oEp) (ct () — ¢ (y))}dy [4], of two and B demonstrate calculated electrical conductance of two
distinct nanochannels (Fig. 3), where G, I, E, = 357 (V/m), nanochannels with H = 100 (nm) and H = 20 (nm). Com-
Her = H — 2(3rg+ + 8p1), L =140 (um) and Wy = 2 (um) paring electrical conductance of two nanochannels indicate
denote the electrical conductance (in S), ionic current (in that for high bulk ion concentration, electrical conductance
A), strength of applied external electric field, effective height versus solution temperature is independent of nanochannel
of nanochannel, length and width of channel, respectively. height, whereas for low bulk ion concentrations, the electrical
cE(y) = nyexp(Fey kpT) and p, = e/67ri+n denote the lo- conductance could be increased (Fig. 3A) or even decreased
cal concentration of cations, anions, and mobility of ions (Fig. 3B) by increasing the solution temperature.

[15], respectively. The ionic mobility is function of tem- This behavior of electrical conductance could be inter-
perature through the dynamic viscosity as n = 2.761 x preted by considering the overlapping of the EDLs and effects

© 2020 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim www.electrophoresis-journal.com
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Figure 3. The calculated electrical conductance of (A) 100 (nm) and (B) 20 (nm) nanochannels versus solution temperature and bulk ion
concentration.

of the flexibility of BL in response to bulk ion concentration proposed phenomenological model could provide a detailed
and solution temperature in small nanochannel height. insight into the influences of solution temperature on ac-
quired surface charge for chemically reactive surfaces and as
a result, the ionic transport through micro- and nanofluidic

4 Concluding remarks devices.
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51766107, 91634107) and the Tsinghua University Initiative
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tion Science and Technology.

In this contribution, we have investigated the effects of solu-
tion temperature on the structure of the EDL at silica-aqueous
interface by proposing a new temperature dependent
surface complexation model. We have shown that the in-
teresting behavior of zeta potential as function of solution
temperature and bulk ion concentration could not be solely The authors have declared no conflict of interest.
explained by introducing the temperature dependent solid-
aqueous properties to the well-known electrical triple-layer
model. We found that the zeta potential behavior in response
to solution temperature could be interpreted by accepting the
fact that the position of ZP is not only a function of bulk ion
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