
micromachines

Article

Effect of pH on Effective Slip Length and Surface Charge at
Solid–Oil Interfaces of Roughness-Induced Surfaces

Porui Tian and Yifan Li *

����������
�������

Citation: Tian, P.; Li, Y. Effect of pH

on Effective Slip Length and Surface

Charge at Solid–Oil Interfaces of

Roughness-Induced Surfaces.

Micromachines 2021, 12, 752. https://

doi.org/10.3390/mi12070752

Academic Editor: Nam-Trung

Nguyen

Received: 29 May 2021

Accepted: 25 June 2021

Published: 26 June 2021

Publisher’s Note: MDPI stays neutral

with regard to jurisdictional claims in

published maps and institutional affil-

iations.

Copyright: © 2021 by the authors.

Licensee MDPI, Basel, Switzerland.

This article is an open access article

distributed under the terms and

conditions of the Creative Commons

Attribution (CC BY) license (https://

creativecommons.org/licenses/by/

4.0/).

College of Metrology and Measurement Engineering, China Jiliang University, Hangzhou 310018, China;
s1802080431@cjlu.edu.cn
* Correspondence: liyifan@cjlu.edu.cn; Tel.: +86-181-0654-5217

Featured Application: Drag reduction in many applications of micro-/nano-fluidic channel.

Abstract: In the development of micro/nano fluid control systems, fluid resistance has always been
one of the key factors restricting its development. According to previous studies, it is found that
the boundary slip effect of the solid-liquid interface can effectively reduce the resistance of the
microfluid and improve the transport efficiency of the microfluid. The boundary slip length is mainly
affected by surface wettability, roughness, and surface charge density. Among them, the influence
mechanism of surface charge density on the boundary slip is the most complicated, and there is
a lack of relevant research, and further investigation is needed. In this paper, we present research
on quantification of effective slip length and surface charge density, where the roughness effect is
considered. The electrostatic and hydrodynamic force data obtained from atomic force microscopy
(AFM) measurements were fitted and processed for comparative analysis. We obtained the variation
of surface charge density and effective slip length when different oleophobic surface samples were
immersed in ethylene glycol with different pH values. The effect of pH on the surface charge density
and effective slip length was investigated by their variations. The mechanism of the effect of pH on
the surface charge density was discussed. The experimental results show that in the ethylene glycol
solution, no matter whether the pH value of the solution increases or decreases, the charge density of
the surface with the same properties decreases, and the effective boundary slip length also shows a
downward trend. In deionized water, the surface charge density and effective boundary slip length
decreases with the decrease of PH value.

Keywords: solid–oil interface; surface charge density; pH value; boundary slip; AFM

1. Introduction

The transportation of fluids in the micro/nanochannels of micro-/nano-fluidic devices
have are wide range application in biological, chemical, and medical fields. Micro/nano
flow is subjected to high drag with decreasing dimensions and large surface-to-volume
ratio, and the reduction of drag is a crucial issue for the transport of micro/nano fluid [1].
Advancements in the fabrication of micro-/nano-fluidic systems rely on understanding
the physical mechanisms of boundary conditions at solid–liquid interfaces. Boundary
slip suggests that the relative velocity between the solid surface and the fluid flow at
the interface is not zero, which is characterize ed by the so-called slip length [2], via
v = b dv

dy

∣∣∣
y=0

, where b is the slip length, v is the tangential velocity, and y is the axis

perpendicular to the wall. It is obvious that boundary condition at the solid–liquid interface
has direct influence to the hydrodynamic drag, as published studies show that boundary
slip plays an important role in inhibiting hydrodynamic drag [3–6]. The slip length of
various solid–liquid interfaces has been measured, and the slip lengths of the order of few
nanometers to several micrometers are reported [7–14].
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The surface charge is considered to be another factor that affects the resistance of
microfluidics. Most solid surfaces immersed in an aqueous solution can change the charge
density of the solid surface through actions such as adsorption of ions, dissociation of
ionizable groups, and acid-base reactions. When the solid and liquid are in contact with
each other, the solid surface absorbs a part of ions from the liquid and ionizes a part of its
own ions, so that the two sides of the solid–liquid interface have ions of different polarities,
forming an electric double layer (EDL) at the solid–liquid interface structure. It is precisely
because of the existence of this electric double layer structure that the resistance of the
microfluidic movement changes. Many phenomena at the solid–liquid interface are related
to interface charges, such as boundary slip, nanobubbles, and surface wettability. These
phenomena also provide the possibility for the future microfluidic resistance control. The
influence of surface charge on the resistance of microfluidic channels is widely believed
to exist. It can be based on the direct influence of the electric double layer structure,
and can also be indirectly influenced by the boundary slip coupling [15–19]. Joly et al.
used molecular dynamics simulation to study the relationship between surface charge
and boundary slip length [20]. Rezaei et al. studied the electroosmosis effects at the
interface of an aqueous NaCl solution and a charged silicon surface [21]. They reported
that the effective slip length is found to be changed linearly dependent on the surface
charge density. Manoel et al. derived an analytical formula to extract the saturation
surface charge density and the slip length from experimental conductance measurements
in nanopores [22]. Quantitatively studies of the surface charge changes when the OTS
and glass surface were immersed in two salt solutions with different ion concentrations
and deionized water with different pH values by Jing [13]. In his research, the interface
charge density was changed by applying an electric field and changing the PH value of
the solution. The final results show that the absolute value of the charge density of the
solid–liquid interface is inversely proportional to the boundary slip length [23].

In previous studies, the electrolyte solution was used as the main research object.
Oils with low surface tension are also commonly used in many fluid flow applications.
Micro/nano channels use special oleophobic surfaces to guide low surface tension liquids.
The roughness of oleophobic and super-oleophobic surfaces is greater than that of lipophilic
surfaces. However, previous studies have focused on smooth surfaces, and have not studied
the relationship between the effective slip length of rough surfaces and the surface charge
density. Considering the problem of roughness, the effective boundary slip measurement
model is different from the smooth surface measurement model. It is necessary to set a
suitable reference surface and perform additional calculations. In addition, due to the
dielectric properties of these oils, there are no research reports detailing the effect of surface
charge on the effective slip length of the sample immersed in the oil.

In this paper, considering the roughness of the sample, the effect of surface charge
density on the effective boundary slip when super-oleophilic, oleophobic and super-
hydrophobic surfaces are immersed in ethylene glycol with different pH values is studied
and analyzed. The surface charge density was varied by changing the pH of the glycol
solution. The electrostatic and hydrodynamic force data between the probe and the sample
were obtained using atomic force microscopy (AFM) measurements. After fitting the
measured data, the surface charge density and effective boundary slip length are obtained
by calculation. At the same time, the mechanism of the influence of the pH value of the
solution on the surface charge density is discussed. Combining the surface charge density
and effective boundary slip length measurements, we found that the surface charge density
is closely related to the effective boundary slip. Due to the wide application of ethylene
glycol with low surface tension, we chose to be the liquid study subject, and deionized (DI)
water was chosen as the comparison reference.
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2. Experimental
2.1. Experimaltal Setup

An AFM (D3000, Bruker, Billerica, MA, USA) operated in contact mode under liquid
was used to measure the hydrodynamic force and the electrostatic force [23]. In this
experiment, a colloidal probe sphere was used for measurement. First, a borosilicate sphere
(GL018B/45-33, MO-Sci Corporation, Rolla, MO, USA) is glued to the end of the AFM
probe (ORC 8, Bruker, Billerica, MA, USA) with epoxy resin (LG-330, Araldite, Shanghai,
China). The diameter of the small sphere is about 57.6 µm. As shown in Figure 1, the
colloidal probe with borosilicate sphere was driven toward the surface immersed in the
liquid at a certain driving velocity. Then, the force applied on the sphere as a function
of deflection was obtained by detecting the laser reflection of cantilever. The measured
deflection data of the probe was used to calculate the hydrodynamic force data using
Hooke’s law. For a flat surface with non-slip, the deflection can be expressed as [24–26],

De f =
Fhydro

k
=

6πηR2

kD
V, (1)

where Fhydro is the hydrodynamic force, k is the stiffness of the cantilever, Def is the
deflection of the cantilever, η is the dynamic viscosity of the liquid, R is radius of the
borosilicate sphere, D is the separation distance between the bottom of sphere and the
surface, and V is the approaching velocity of the sphere. For a flat surface at boundary slip
condition, the hydrodynamic force can be express as,

V
Fhydro

=
1

6πηR2 (D + b), (2)

where b is the slip length. Fit the V/Fhydro curve and extend it to the X-axis (separation
distance). At this time, the intercept of the curve on the X-axis (separation distance) is the
boundary slip length.

Micromachines 2021, 12, x FOR PEER REVIEW 3 of 16 
 

 

2. Experimental 
2.1. Experimaltal Setup  

An AFM (D3000, Bruker, Billerica, MA, USA) operated in contact mode under liquid 
was used to measure the hydrodynamic force and the electrostatic force [23]. In this ex-
periment, a colloidal probe sphere was used for measurement. First, a borosilicate sphere 
(GL018B/45-33, MO-Sci Corporation, Rolla, MO, USA) is glued to the end of the AFM 
probe (ORC 8, Bruker, Billerica, MA, USA) with epoxy resin (LG-330, Araldite, Shanghai, 
China). The diameter of the small sphere is about 57.6 μm. As shown in Figure 1, the col-
loidal probe with borosilicate sphere was driven toward the surface immersed in the liq-
uid at a certain driving velocity. Then, the force applied on the sphere as a function of 
deflection was obtained by detecting the laser reflection of cantilever. The measured de-
flection data of the probe was used to calculate the hydrodynamic force data using 
Hooke’s law. For a flat surface with non-slip, the deflection can be expressed as [24–26], 

2

 6hydroF
VD

k
Ref

kD
πη= = , (1)

where Fhydro is the hydrodynamic force, k is the stiffness of the cantilever, Def is the deflec-
tion of the cantilever, η is the dynamic viscosity of the liquid, R is radius of the borosilicate 
sphere, D is the separation distance between the bottom of sphere and the surface, and V 
is the approaching velocity of the sphere. For a flat surface at boundary slip condition, the 
hydrodynamic force can be express as, 

( )2
1

6hydro

V D b
F Rπη

= + , (2)

where b is the slip length. Fit the V/Fhydro curve and extend it to the X-axis (separation dis-
tance). At this time, the intercept of the curve on the X-axis (separation distance) is the 
boundary slip length. 

 
Figure 1. Schematic diagram of measurement of AFM colloidal probe in contact mode. The arrows 
in the cross-sectional view of the solid–liquid interface represent the size and direction of the fluid 
flow. 

During the measurement of the boundary slip length, the speed of the probe ap-
proaching the sample surface is 38.5 μm/s. The force on the probe mainly includes hydro-
dynamic force, electrostatic force, van der Waals force (van der Waals force can be ig-
nored). When the approach speed of the probe decreases, the hydrodynamic force de-
creases, while the electrostatic force remains unchanged. Surface charge density measure-
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static force, because the hydrodynamic force at low velocity is negligible as compared to 

Figure 1. Schematic diagram of measurement of AFM colloidal probe in contact mode. The arrows in
the cross-sectional view of the solid–liquid interface represent the size and direction of the fluid flow.

During the measurement of the boundary slip length, the speed of the probe approach-
ing the sample surface is 38.5 µm/s. The force on the probe mainly includes hydrodynamic
force, electrostatic force, van der Waals force (van der Waals force can be ignored). When
the approach speed of the probe decreases, the hydrodynamic force decreases, while the
electrostatic force remains unchanged. Surface charge density measurement, a low velocity
of 0.22 µm/s was used. The hydrodynamic force on the probe is less than 0.1 nN and
can be neglected. Thus, the measured force can be considered as electrostatic force, be-
cause the hydrodynamic force at low velocity is negligible as compared to the electrostatic
force. The electrostatic force data is used to obtain the surface charge density according
to the modeling to be presented later. Therefore, the force data (including hydrodynamic
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force and electrostatic force) measured at the higher approach velocity of the probe minus
the force data (mainly electrostatic force) at the lower approach velocity can obtain the
hydrodynamic force, and then get the boundary slip length.

2.2. Quantitation of Surface Charge Density and Effective Slip Length on the Rough Surface
2.2.1. Surface Charge Density

The surface charge density at the solid–liquid interface cannot be directly measured.
According to previous studies, the surface charge density is closely related to the ion
concentration in the liquid environment and its ion Debye length. In addition, there
are various differences on the surface of different properties. A method to calculate the
charge density on the surface of glass and silica in contact with an aqueous electrolyte
is proposed [27]. Charge regulation of silica was found to be effective when separations
well beyond Debye lengths in common solution conditions. It also proved to be very
sensitive to the chemical properties of relative surfaces. Dove et al. conducted a study on
the surface charge density of silica in alkaline metal chloride solutions [28]. Alex et al. used
particle-based Brownian dynamics simulation tools to characterize ion groups in nanopores
and simulate the conduction through nanopores at various bulk electrolyte concentrations
to calculate the surface charge density of silica [29].

In this paper, the surface charge density is calculated indirectly by using AFM to
measure the interface electrostatic force. For rough surfaces, the electrostatic force applied
on the sphere is investigated to obtain surface charge density. The AFM experimental
system can be simplified to be a sphere-rough surface system, as shown in Figure 2. We
assume that the system is charged. Consider a sphere having surface charge density σ1
and a particle rough surface having surface charge density σ2, where the surface charge
densities are constant and uniform. According Coulomb’s law, the electrostatic force
between an arbitrary point at given horizontal section of the sphere and the surface can be
expressed as [30]:

F(L) =
2

εε0

[(
σ2

1 + σ2
2
)
+ σ1σ2

(
eκL + e−κL)

(eκL − e−κL)
2

]
, (3)

where L is the separation distance between an arbitrary horizontal section of the sphere
and the reference surface, ε is the relative permittivity of the fluid, ε0 = 8.85 × 10−12 is the
vacuum permittivity, e is the elementary charge, and κ−1 is the Debye length of the liquid,
which is given by:

κ−1 =

√
εε0k0T
2n0e2z2 , (4)

where k0 = 1.38 × 10−23 is the Boltzmann constant [31], T is the temperature, n0 is the
original ionic concentration of the liquid, e is the elementary charge, and z is the valence
number of ions. Thus, the total electrostatic force Felectro applied on the sphere can be
derived by integrating the Equation (1) along the vertical axis as,

Felectro(L) =
∫ D+ds+2R

D+ds+2R
F(L)2πr0dr0, (5)

where D is the separation distance between the bottom of sphere and the peak of surface,
ds is the distance between the reference surface and the peak of surface, R is the radius of
the sphere, and r0 is the radius of the given horizontal section of the sphere.
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Figure 2. Schematic illustration of the charged sphere-rough surface system with electrostatic force
between the sphere and the surface.

The amplitude parameters of rough surface are the peak to valley roughness (Rz),
and the root mean squared (RMS) value Rq. Rz is defined as the distance between the
highest value of vertical position on the surface, i.e., the peak (Zmax), and the lowest value
of vertical position on the surface, the valley (Zmin), as indicated by Rz = Zmax − Zmin. The
reference surface is the surface from which the separation distance between the sphere and
the rough surface is determined.

In order to obtain the electrostatic force, the sphere is divided into an upper section and
a lower section to obtain the differential of r0 in Equation (5). Assume the given horizontal
section of the upper and lower hemisphere having radius of d1 and d2, separately. The
relationship between the radius and the vertical distance can be expressed as:

√
R2 − r2

1 = D + Rz − Rq + R− L1√
R2 − r2

2 = D + Rz − Rq + R− L2

, (6)

where L1 is the distance between a given horizontal section of the upper hemisphere, L2 is
the distance between a given horizontal section of the lower hemisphere. By taking the
derivative with respect to r1 and r2 for fixed D, the differential of r0 can be express as: r1dr1 =

√
R2 − r2

1dL1 =
(

R + D + Rz − Rq − L1
)
dL1

r2dr2 =
√

R2 − r2
2dL2 =

(
R + D + Rz − Rq − L2

)
dL2

, (7)

The solution of Equation (5) considering the Equations (2) and (7) leads to an expres-
sion about the electrostatic force applied on the upper section and the lower section of
sphere respectively as:

(Felectro(D))1 =
∫ D+Rz−Rq+2R

D+Rz−Rq
F(L1)2πr1dr1

=
∫ D+Rz−Rq+2R

D+Rz−Rq
F(L1)2πr1

(
R + D + Rz − Rq − L1

)
dL1

(8)
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(Felectro(D))2 =
∫ D+Rz−Rq+2R

D+Rz−Rq
F(L2)2πr2dr2

=
∫ D+Rz−Rq+2R

D+Rz−Rq
F(L2)2πr2

(
R + D + Rz − Rq − L1

)
dL2

(9)

Thus, the total electrostatic force between the sphere and the sample can be expressed
by combining Equations (8) and (9) as:

Felectro(D) = (Felectro(D))1 + (Felectro(D))2

= 4πσ1σ2
ε0εκ [ R

eκ(D+2R+Rz−Rq)−e−κ(D+2R+Rz−Rq) +
R

eκ(D+Rz−Rq)−e−κ(D+Rz−Rq) ]

− 2πσ1σ2
ε0εκ2 ln[ 1−e−κ(D+2R+Rz−Rq)

1+e−κ(D+2R+Rz−Rq) ·
eκ(D+Rz−Rq)+1
eκ(D+Rz−Rq)−1

]

+
2π(σ2

1+σ2
2 )

ε0εκ [ R
e2κ(D+2R+Rz−Rq)−1

+ R
e2κ(D+Rz−Rq)−1

]

−π(σ2
1+σ2

2 )
ε0εκ ln[ e−2κ(D+2R+Rz−Rq)−1

e−κ(D+Rz−Rq)−1
]

(10)

Equation (10) shows the relationship between the electrostatic force applied on the
sphere and the surface charge density, where the surface charge density of sphere σ1 and
the surface charge density of the rough surface σ2 are unknown values.

We assume that both the sphere and the surface are flat and made of borosilicate. Due
to the same material, the charges of the probe and surface are considered equivalent, i.e.,
σ1 = σ2, while the separation distance is larger than 1/10 of Debye length. Equation (3) can
be simplified and written as:

σ1
2 =

F(L)e−κLεε0
(
e2κL − 2eκL + 1

)
2

(11)

σ1 =

∣∣∣∣∣
√

2
2

√
F(L)e−κLεε0 ×

(
1− eκL

)∣∣∣∣∣ (12)

The surface charge density of the rough surface σ2 can be obtained by substituting
Equation (12) into Equation (9) as:

σ2 =

∣∣∣∣12 e−2κL
[
−eκLσ1

(
e2κL + 1

)
+
√

e2κL(2Felectro(D)εε0 + σ1
2)
(

e2κL − 1
)]∣∣∣∣ (13)

Equation (13) can be used to fit experimental AFM data for the measured electrostatic
force as a function of separation distance to obtain the surface charge density. It should be
noted that only the absolute value of surface charge density is provided here.

2.2.2. Effective Slip Length

For the technique using hydrodynamic forces to derive slip length on a rough surface,
the measured slip length should be replaced by the effective slip length because of rough-
ness effect. The positions of the reference surface the surface from which slip velocity is
occurred should be addressed.

For rough surfaces, drainage of thin film between sphere and rough surface is inves-
tigated to obtain effective slip length. Consider the sphere-rough surface system as was
shown in Figure 2 immersed in the Newtonian liquid. We assume that the particles are
sufficiently rigid that any deformation due to hydrodynamic pressure is negligible. The
distance D between two particles is assumed to be much less than radius R of sphere (D <<
R). The sphere approaches the surface along the vertical axis with a velocity v (the Reynolds
problem). In order to characterize the state of the fluid flow, the boundary conditions
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of solid–liquid interface of two surfaces are set as Navier slip condition. By solving the
motion equation, the hydrodynamic force applied on the sphere can be expressed as [32]:

Fhydro =
6πµR2v(

D + ds + b2 + be f f

) (14)

where b2 is the slip length of the sphere, beff is the effective slip length of the rough surface.
It should be noted that the effective slip length is obtained by investigating the velocity

of liquid flow at the reference surface. Therefore, the velocity at the reference surface should
be representative of the average velocity of liquid flow between the peaks and valleys of
the rough surface. It is obvious that the velocity of liquid flow depends on the topography.
Thus, the Rq roughness of the surface profile is a typical case to describe surface roughness
based on the standard of International Organization for Standardization (ISO), and is
suitable to describe the average velocity of liquid flow.

Therefore, the reference surface is defined as the position of Rq roughness, and the
effective slip length is defined by beff = b − b2 − ds, via ds = Rz − Rq. Note that the slip
length of the sphere b2 can be obtained by measuring the hydrodynamic force between the
borosilicate glass sphere and borosilicate glass sample. In this case, it can be found that
b2 = b, and slip length of sphere b2 is obtained.

2.3. Preparation of Liquids and Surfaces
2.3.1. Liquids

In this experiment, ethylene glycol and deionized water were selected as liquid objects.
We use the method of titration to prepare ethylene glycol solutions with different pH values
and deionized water with different pH values. Among them, deionized water is used as a
reference. Table 1 shows some properties of ethylene glycol and deionized water.

Table 1. Property of liquids used in the experiments [31].

Liquid Density
(g/cm3)

Surface Tension
(mN/m)

Dynamic Viscosity
(mPa s)

DI water 0.9970 71.99 0.980
Ethylene glycol 1.1135 47.7 16.100

Solid trichloroacetic acid (TCA) and sodium hydroxide (NaOH) were selected as the
acidic and the alkaline substance, respectively, to vary PH values. In the liquid titration
process, A pH meter (SG23 SevenGo Duo, Metler-Toledo, Zurich, Switzerland) with a
specialist electrode (Inlab 427, Metler-Toledo, Zurich, Switzerland) was used to determine
the pH value of aqueous and oil solutions in high precision. The initial pH of ethylene
glycol and deionized water was measured to be 7.

First, put the trichloroacetic acid (TCA) crystals in the ethylene glycol at a volume ratio
of 1:1000, and perform ultrasonic vibration for 10 min to stir to complete the preparation
of the acidic solution required for the titration. Then put sodium hydroxide (NaOH) into
ethylene glycol at a volume ratio of 1:1000, and perform ultrasonic vibration for 10 min to
stir to complete the alkaline solution required for titration. Then, add the prepared acidic
solution and alkaline solution to ethylene glycol by titration. Use a pH meter to obtain an
acidic solution of ethylene glycol with a pH in the range of 3–7 and an alkaline solution of
ethylene glycol with a pH in the range of 7–11.

Then the prepared acidic solution and alkaline solution are added to deionized water
by titration to obtain deionized water with a pH value of 3–11.

The ionic concentration of the experimental liquid used to calculate the Debye length
in Equation (13) is obtained by using the simple formula n = (V1n1 + V2n2)/(V1 + V2),
where V1 and n1 were the volume and ionic concentration of ethylene glycol and DI water
solution, respectively; V2 and n2 were the volume and ionic concentration of TCA and
NaOH used to vary the pH values respectively.
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2.3.2. Sample of Surfaces

In this experiment, a flat borosilicate gales sample and three samples with different
degrees of lipophobicity were prepared, which were nanoparticle composite coatings
with superoleophilic, oleophobic, and superoleophobic, respectively. Soda-lime glass with
1.0 mm thickness was used as substrate.

For the preparation of flat borosilicate glass sample, borosilicate glass samples (CAT.
NO. 7101, Sail Brand) were immersed in a piranha solution for 30 min for the removal of
surface organic matter. Then, it was rinsed using DI water and ethanol and dried with
clean air.

For the preparation of superoleophilic sample, SiO2 nanoparticles with a diameter of
55 ± 15 nm and methylphenyl silicone resin binder were used to form a coating on the flat
borosilicate glass substrate via dip-coating method [33]. For the preparation of oleophobic
and superoleophobic samples, SiO2 nanoparticles with a diameter of 55 ± 15 nm and
fluorinated acrylic copolymer binder were used to form a coating on the flat borosilicate
glass substrate via spraying method. The nanoparticle-to-binder ratio of the oleophobic
surface was 0.3 by weight, for the superoleophobic surfaces it was 0.6 by weight. The
increased particle to binder ratio leads to a larger roughness, thus enhance the degree of
lipophobicity. Figure 3 shows the scanned AFM images of the five samples in the range
of 1 um × 1 um size with the RMS roughness Rq of the samples and the peak to valley
distance Rz calculated.
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(a) superoleophilic, (b) oleophobic, and (c) superoleophobic surfaces.

The 290-F4 contact angle measuring instrument (Rame-Hart Inc., Randolph, NJ, USA)
was used to measure the contact angle and contact angle hysteresis of glycol solution and
aqueous solution (pH range of 3–11) droplets on the samples.

Table 2 show that the contact angle (CA) and contact angle hysteresis (CAH) of the
ethylene glycol droplets and the aqueous droplets on the samples remained constant with
the change of pH value. Therefore, the effect of wettability on the solid–liquid interface can
be negligible while the pH value of the solution is changed, and the coupling influence
caused by surface wettability is separated.
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Table 2. CA, CAH of sample surfaces immersed in DI water and ethylene glycol.

Type of Coating Composition

DI Water Ethylene Glycol

CA CAH CA CAH

(deg) (deg) (deg) (deg)

superoleophilic SiO2 and methylphenyl silicone resin 159 ± 5 7 ± 3 64 ± 2 9 ± 2
oleophobic SiO2 and fluorinated acrylic copolymer 160 ± 4 12 ± 3 89 ± 3 22 ± 3

superoleophobic SiO2 and fluorinated acrylic copolymer 162 ± 4 4 ± 1 150 ± 7 8 ± 3

pH had no effect on contact angles.

3. Results and Disscusion
3.1. Flat Borosilicate Glass Experiments

Experiments were firstly carried out on the flat borosilicate glass to obtain the surface
charge density and the slip length of the sphere. Due to the same material, the surface
charge densities and slip lengths of the probe and surface are considered equivalent, i.e.,
σ1 = σ2 and b2 = b, respectively.

When the AFM colloidal probe approaches the flat borosilicate glass sample immersed
in ethylene glycol and deionized water with varying pH value, the electrostatic forces
applied on the sphere can be obtained. Under the assumption of σ1 = σ2, Equation (13) can
be used to fit the electrostatic force to obtain the surface charge density of the sphere. As
the present method only provides the absolute value of surface charge density, the point
of zero charge (PZC) is needed. Previous studies showed that the PZC of glass is about
pH = 2–3, so the sphere and borosilicate glass immersed in the solutions with pH = 3 are
assumed to be negatively charged. Then the sign of the surface charge density of sphere
can be given. The result is shown in Table 3.

Table 3. Surface charge density and slip length of sphere immersed in ethylene glycol and deionized water at the pH range
of 3 to 11.

Liquid pH = 3 pH = 5 pH = 7 pH = 9 pH = 11

Surface charge density (mC/m2)

Ethylene glycol −0.625 ± 0.274 −0.254 ± 0.092 −0.104 ± 0.028 −0.446 ± 0.138 −1.096 ± 0.323
Deionized water −1.047 ± 0.215 −0.438 ± 0.126 −0.217 ± 0.045 −0.565 ± 0.229 −2.143 ± 0.317

Slip length (nm)

Ethylene glycol 20 ± 5 34 ± 12 35 ± 10 28 ± 14 12 ± 4
Deionized water ~0 ~0 ~0 ~0 ~0

When the AFM colloidal probe approaches the flat borosilicate glass sample immersed
in ethylene glycol and deionized water with varying pH value, the hydrodynamic forces
applied on the sphere can be obtained. Under the assumption of b2 = b, Equation (2) can be
used to fit the hydrodynamic forces to obtain the slip length of the sphere. The result is
shown in Table 3. It can be noted that the slip lengths of the sphere immersed in deionized
water maintain constant to be ~0, it thus can be ignored while using Equation (14) to fit
the hydrodynamic force to obtain the effective slip length of rough surfaces immersed in
deionized water.

3.2. Rough Surface Experiments
3.2.1. The Measured Electrostatic Force

Figure 4 shows the measured electrostatic forces Felectro applied on the AFM probe
approaching the surfaces immersed in ethylene glycol with varying pH values as a function
of separation distance D. For the oleophilic, oleophobic and superoleophobic surfaces,
when the liquid PH value is in the range of 3–7, the electrostatic force is proportional to the
liquid PH value. When the liquid PH value is in the range of 7–11, the electrostatic force
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is inversely proportional to the liquid PH value. There is crossover on the curve of the
electrostatic force applied on the colloidal probe because the different ionic concentrations
lead to a varying Debye length. The measured electrostatic forces Felectro can be used to
obtain surface charge density according to Equation (13).
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This result represents the effect of pH on surface charge density, and it can be explained
by the charging mechanism of the sample in the ethylene glycol solution as shown in
Figure 5. As a non-electrolyte liquid, the ethylene glycol contains very few ions. When
the surface of the sample is immersed in ethylene glycol, due to the electric double layer
effect, the surface has a strong adsorption capacity for negative ions. By adsorbing a small
amount of hydroxyl ions, it will be charged with a weak negative charge. The increasing
ionic concentration can lead to an increase in the capacity of EDL, and thus results in an
increase in the magnitude of surface charge density. When the sample surface is immersed
in an ethylene glycol acid solution, due to the addition of TCA, the ion concentration of the
liquid is significantly increased. When the pH value increases from 3 to 6, the decrease in
the magnitude of the surface charge density with decreasing bulk ionic concentration, and
the absolute value of surface charge density decreases. In despite the presence of acidoid
inhibiting the absorption of hydroxyl ions, it will not affect the adsorbing of Cl− from the
decomposition of TCA on the surface. When the sample surface is immersed in an alkaline
solution of ethylene glycol, due to the addition of sodium hydroxide, the number of OH−

ions adsorbed on the surface increases. When the pH value increases from 6 to 10, both the
increasing absorption of hydroxyl ions and the increasing bulk ionic concentration with
increasing pH leads to an increase in the final magnitude of surface charge density.

Figure 6 shows the measured electrostatic forces Felectro applied on the AFM probe
approaching the surfaces immersed in DI water with varying pH values as a function of
separation distance D. For the oleophilic, oleophobic and superoleophobic surfaces, the
electrostatic force decreases with the increasing pH value from 3 to 11.
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Figure 6. Electrostatic force of (a) superoleophilic, (b) oleophobic, and (c) superoleophobic surfaces immersed in DI water
with different pH value obtained at a sphere velocity of 0.22 µm/s.

The experimental results of the DI water are different from that of the ethylene glycol
solution, which can be explained by the difference in the properties of the two liquids.
When the sample surface is immersed in water, due to the dissociation of the silanol
groups on the surface, the sample surface adsorbs OH− ions and becomes negatively
charged, and the amount of adsorbed OH− ions is much greater than that of ethylene
glycol. When the sample surface is immersed in an acidic aqueous solution, the increase
in H+ ion concentration inhibits the dissociation of silanol groups on the surface, and the
OH− ion concentration decreases as the pH value decreases. However, since the coverage
of OH— affects the surface adsorption of CCl3COO− and Cl− from the decomposition
of trichloroacetic acid, the number of adsorbed negative ions is less than the decrease of
OH−, the absolute value of surface charge density decreases with the decreasing pH value.
When the sample surface is immersed in an alkaline aqueous solution, the number of OH−

ions adsorbed on the surface increases due to the addition of sodium hydroxide, thereby
increasing the ion concentration on the surface, so the absolute value of the surface charge
density increases with the increasing pH value.
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3.2.2. Measured Hydrodanamic Force

For experiments of samples immersed in ethylene glycol with different pH value,
when the colloidal AFM probe approaches to the superoleophilic, oleophobic, and super-
oleophobic surfaces at a velocity of 38.5 µm/s, the hydrodynamic force Fhydro and V/Fhydro
applied on the sphere are shown in Figure 7. Effective slip length is obtained by measuring
the hydrodynamic force.
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Figure 7 shows the measured hydrodynamic force Fhydro and V/Fhydro as a function of
separation distance. It can be found that the results of the experiment on the superoleophilic,
oleophobic, and superoleophobic surfaces are similar. In the pH range of 3 to 7, the
hydrodynamic force Fhydro applied on the colloidal probe increases with an increasing pH
value. The plots of the V/Fhydro curve shifts to the left with the increasing pH value. This
means that the interception of the plot on the separation distance shifts to the left and leads
to the increase in slip length. In the pH range of 7 to 11, as the pH value increases, the
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hydrodynamic force Fhydro applied on the colloidal probe decreases with an increasing pH
value. The plots of the V/Fhydro curve shifts to the right with the increasing pH value. This
means that the interception of the plot on the separation distance shifts to the right and
leads to the decrease in slip length.

For experiments of samples immersed in DI water with different pH value, in the pH
range of 3 to 11, the hydrodynamic force Fhydro applied on the colloidal probe increases
with an increasing pH value. The plots of the V/Fhydro curve shifts to the left with the
increasing pH value. This means that the interception of the plot on the separation distance
shifts to the left and leads to the increase in slip length. V/Fhydro can be used to obtain the
effective boundary slip length beff on the solid–liquid interface with different pH values
according to Equation (14).

3.3. The Effect of Surface Charge on the Effective Slip Length

The surface charge density and effective boundary slip length of samples immersed in
ethylene glycol and DI water with various pH value are obtained, where the roughness
effect is considered, as shown in Figure 8. It can be noted that the effective slip lengths
of surfaces immersed in DI water are negative, and the effective slip lengths of super-
oleopphilic surfaces immersed in Ethylene glycol are negative. The effective slip length of
roughness-induced surface is more complicated than that of flat surface, as it is obtained by
investigating the velocity of liquid flow at the reference surface. In this article, the position
of reference surface within the surface at the height of Rq roughness, which has been
discussed earlier. This means that the flow velocity at the reference surface is discontinuous
due to the rough structure. The negative slip length data do not represent the inexistence
of slippage, it means the effective slip length is smaller than that of positive data obtained
by using the quantitative method in Equation (14).
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For ethylene glycol with different pH, the plots of effective slip length and surface
charge density at solid–oil interface show a similar trend. When the pH value in the range
of 3 to 7, the effective slip length increases with the increasing surface charge density;
when the pH value in the range of 7 to 11, the effective slip length decreases with the
decreasing surface charge density. For DI water, similar results can be obtained. When
the pH value in the range of 3 to 7, the effective slip length decreases with the decreasing
surface charge density.

It can be explained with the existence of surface charge at the solid–liquid interface
can lead to the change electrostatic force, and introduce an interaction. The increasing
surface charge density enhances the interaction between the solid surface and the liquid,
and decrease the slip length. Therefore, an increasing magnitude of surface charge density
leads to a decrease of slip length.

4. Conclusions

The colloidal probe of an atomic force microscope was used to study the effect of
surface charge on the effective slip length of the solid–liquid interface. A quantitative study
of the relationship between surface charge density and effective slip length is proposed.
Experiments were conducted using glycol (liquid with low surface tension) and deionized
water on super oleophilic, oleophobic and super oleophobic surfaces with different surface
charge densities. Experiments were carried out respectively on two liquids with a pH in
the range of 3–11. The potential mechanism of the effect of surface charge density on the
effective slip length were discussed and analyzed.

The results of study on the solid–oil interface of this experiment show that, either the
acid solution or the alkaline solution of oil will lead to an increasing slip length, which
provides a powerful means of drag control of transportation of low-surface tension liquids
in the in many applications of micro-/nano-fluidic channels, including micro-/nano-
electro-mechanical systems (MEMS/NEMS), micro-/nano- fluidic systems, and confined
biological systems, etc.

Author Contributions: Y.L. conceived the idea to perform this research and guided the experiment
scientifically and technically throughout. P.T. performed all experiments and analyzed data. P.T. and
Y.L. wrote the paper. All authors discussed the content of this work and reviewed the manuscript.
The manuscript was written through contributions of all authors. All authors have read and agreed
to the published version of the manuscript.

Funding: This research was funded by National Natural Science Foundation of China, grant num-
ber 5190551.

Conflicts of Interest: The authors declare no conflict of interest.

References
1. Bhushan, B. Springer Handbook of Nanotechnology, 3rd ed.; Springer: Berlin/Heidelberg, Germany, 2010; pp. 1–5. ISBN 9787560339498.
2. Navier, C.L.M.H. Memoire Sur les Lois du Mouvement Des Fluides. Mem. Acad. R. Sci. Inst. Fr. 1823, 6, 389–440.
3. Wolynes, P.G.; Deutch, J.M. Slip boundary conditions and the hydrodynamic effect on diffusion controlled reactions. J. Chem.

Phys. 1976, 65, 450–454. [CrossRef]
4. Watanabe, K.; Udagawa, Y.; Udagawa, H. Drag reduction of Newtonian fluid in a circular pipe with a highly water-repellent wall.

J. Fluid Mech. 1999, 381, 225–238. [CrossRef]
5. Ou, J.; Perot, B.; Rothstein, J.P. Laminar drag reduction in microchannels using ultrahydrophobic surfaces. Phys. Fluids 2004, 16, 4635–4643.

[CrossRef]
6. Shirtcliffe, N.J.; McHale, G.; Newton, M.I.; Zhang, Y. Superhydrophobic copper tubes with possible flow enhancement and drag

reduction. ACS Appl. Mater. Interfaces 2009, 1, 1316–1323. [CrossRef] [PubMed]
7. Bonaccurso, E.; Kappl, M.; Butt, H.J. Hydrodynamic force measurements: Boundary slip of water on hydrophilic surfaces and

electrokinetic effects. Phys. Rev. Lett. 2002, 88, 76103. [CrossRef] [PubMed]
8. Cottin-Bizonne, C.; Cross, B.; Steinberger, A.; Charlaix, E. Boundary slip on smooth hydrophobic surfaces: Intrinsic effects and

possible artifacts. Phys. Rev. Lett. 2005, 94, 056102. [CrossRef] [PubMed]
9. Zhu, L.; Neto, C.; Attard, P. Reliable measurements of interfacial slip by colloid probe atomic force microscopy. III. Shear-rate-

dependent slip. Langmuir 2012, 28, 3465–3473. [CrossRef]

http://doi.org/10.1063/1.432788
http://doi.org/10.1017/S0022112098003747
http://doi.org/10.1063/1.1812011
http://doi.org/10.1021/am9001937
http://www.ncbi.nlm.nih.gov/pubmed/20355928
http://doi.org/10.1103/PhysRevLett.88.076103
http://www.ncbi.nlm.nih.gov/pubmed/11863917
http://doi.org/10.1103/PhysRevLett.94.056102
http://www.ncbi.nlm.nih.gov/pubmed/15783663
http://doi.org/10.1021/la204566h


Micromachines 2021, 12, 752 15 of 15

10. Neto, C.; Craig, V.S.J.; Williams, D.R.M. Evidence of shear-dependent boundary slip in Newtonian liquids. Eur. Phys. J. E 2003, 12, 59–62.
[CrossRef]

11. Pan, Y.; Bhushan, B.; Zhao, X. The study of surface wetting, nanobubbles and boundary slip with an applied voltage: A review.
Beilstein J. Nanotechnol. 2014, 5, 1042–1065. [CrossRef]

12. Vo, T.Q.; Barisik, M.; Kim, B.H. Near-surface viscosity effects on capillary rise of water in nanotubes. Phys. Rev. E 2015, 92, 053009.
[CrossRef] [PubMed]

13. Jing, D.; Bhushan, B. The coupling of surface charge and boundary slip at the solid-liquid interface and their combined effect on
fluid drag: A review. J. Colloid Interface Sci. 2015, 454, 152–179. [CrossRef]

14. Bakli, C.; Chakraborty, S. Slippery to sticky transition of hydrophobic nanochannels. Nano Lett. 2015, 15, 7497–7502. [CrossRef]
[PubMed]

15. Bowen, W.R.; Jenner, F. Electroviscous Effects in Charged Capillaries. J. Colloid Interface Sci. 1995, 173, 388–395. [CrossRef]
16. Yang, C.; Li, D. Analysis of electrokinetic effects on the liquid flow in rectangular microchannels. Colloids Surf. A Physicochem.

Eng. Asp. 1998, 143, 339–353. [CrossRef]
17. Yang, J.; Kwok, D.Y. Microfluid Flow in Circular Microchannel with Electrokinetic Effect and Navier’s Slip Condition. Langmuir

2003, 19, 1047–1053. [CrossRef]
18. Soong, C.Y.; Wang, S.H. Theoretical analysis of electrokinetic flow and heat transfer in a microchannel under asymmetric

boundary conditions. J. Colloid Interface Sci. 2003, 265, 202–213. [CrossRef]
19. Cai, F.; Pan, L.; Hua, D.; Gao, C.U.; Wang, W. Research on Boundary Slip of Hydrodynamic Lubrication in Micro-nano Scale

System with Considering Double-layer Force. Lubr. Eng. 2016, 41, 65–70.
20. Joly, L.; Ybert, C.; Trizac, E.; Bocquet, L. Liquid Friction on Charged Surfaces: From Hydrodynamic Slippage to Electrokinetics.

J. Colloid Interface Sci. 2006, 454, 152–179. [CrossRef] [PubMed]
21. Rezaei, M.; Azimian, A.R.; Pishevar, A.R. Surface charge-dependent hydrodynamic properties of an electroosmotic slip flow.

Phys. Chem. Chem. Phys. 2018, 20, 30365–30375. [CrossRef]
22. Manoel, M.; John, P.; Khadija, Y.; Francois, H.; Jourdain, V. Role of charge regulation and flow slip in the ionic conductance of

nanopores: An analytical approach. Phys. Rev. E 2018, 98, 012605.
23. Jing, D.; Pan, Y. Electroviscous effect and convective heat transfer of pressure-driven flow through microtubes with surface

charge-dependent slip. Int. J. Heat Mass. Transf. 2016, 101, 648–655. [CrossRef]
24. Vinogradova, O.I. Drainage of a thin liquid film confined between hydrophobic surfaces. Langmuir 1995, 11, 2213–2220. [CrossRef]
25. Vinogradova, O.I.; Yakubov, G.E. Surface roughness and hydrodynamic boundary conditions. Phys. Rev. E 2006, 73, 045302.

[CrossRef]
26. Behrens, S.H.; Grier, D.G. The charge of glass and silica surfaces. J. Chem. Phys. 2001, 115, 6716–6721. [CrossRef]
27. Dove, P.M.; Craven, C.M. Surface charge density on silica in alkali and alkaline earth chloride electrolyte solutions. Geochim.

Cosmochim. Acta 2005, 69, 4963–4970. [CrossRef]
28. Smolyanitsky, A.; Saraniti, M. Silicon nanopores as bioelectronic devices: A simulation study. J. Comput. Electron. 2009, 8, 90.

[CrossRef]
29. Vinogradova, O.I.; Belyaev, A.V. Wetting, roughness and flow boundary conditions. J. Phys. Condens. Matter 2011, 23, 184104.

[CrossRef] [PubMed]
30. Parsegian, V.A.; Gingell, D. On the electrostatic interaction across a salt solution between two bodies bearing unequal charges.

Biophys. J. 1972, 12, 1192–1204. [CrossRef]
31. Haynes, W.M. Handbook of Chemistry and Physics, 95th ed.; Academic Press: New York, NY, USA, 2014.
32. Li, Y.; Pan, Y.; Zhao, X. Measurement and quantification of effective slip length at solid–liquid interface of roughness-induced

surfaces with oleophobicity. Appl. Sci. 2018, 8, 931. [CrossRef]
33. Ebert, D.; Bhushan, B. Transparent, Superhydrophobic, and Wear-resistant Coatings on Glass and Polymer Substrates Using SiO2,

ZnO, and ITO Nanoparticles. Langmuir 2012, 28, 11391–11399. [CrossRef] [PubMed]

http://doi.org/10.1140/epjed/e2003-01-018-0
http://doi.org/10.3762/bjnano.5.117
http://doi.org/10.1103/PhysRevE.92.053009
http://www.ncbi.nlm.nih.gov/pubmed/26651781
http://doi.org/10.1016/j.jcis.2015.05.015
http://doi.org/10.1021/acs.nanolett.5b03082
http://www.ncbi.nlm.nih.gov/pubmed/26468881
http://doi.org/10.1006/jcis.1995.1339
http://doi.org/10.1016/S0927-7757(98)00259-3
http://doi.org/10.1021/la026201t
http://doi.org/10.1016/S0021-9797(03)00513-7
http://doi.org/10.1063/1.2397677
http://www.ncbi.nlm.nih.gov/pubmed/17144732
http://doi.org/10.1039/C8CP06408C
http://doi.org/10.1016/j.ijheatmasstransfer.2016.05.087
http://doi.org/10.1021/la00006a059
http://doi.org/10.1103/PhysRevE.73.045302
http://doi.org/10.1063/1.1404988
http://doi.org/10.1016/j.gca.2005.05.006
http://doi.org/10.1007/s10825-009-0275-1
http://doi.org/10.1088/0953-8984/23/18/184104
http://www.ncbi.nlm.nih.gov/pubmed/21508475
http://doi.org/10.1016/S0006-3495(72)86155-1
http://doi.org/10.3390/app8060931
http://doi.org/10.1021/la301479c
http://www.ncbi.nlm.nih.gov/pubmed/22765167

	Introduction 
	Experimental 
	Experimaltal Setup 
	Quantitation of Surface Charge Density and Effective Slip Length on the Rough Surface 
	Surface Charge Density 
	Effective Slip Length 

	Preparation of Liquids and Surfaces 
	Liquids 
	Sample of Surfaces 


	Results and Disscusion 
	Flat Borosilicate Glass Experiments 
	Rough Surface Experiments 
	The Measured Electrostatic Force 
	Measured Hydrodanamic Force 

	The Effect of Surface Charge on the Effective Slip Length 

	Conclusions 
	References

