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oil detachment from rough
surfaces in an aqueous solution†

W. K. Xie, Y. Z. Sun, H. T. Liu * and F. H. Zhang

Herein, detachment of oil molecules from perfect and defective aluminum oxide surfaces in an aqueous

solution was investigated using atomistic molecular dynamics simulations. On the basis of the a-Al2O3

(0001) plane, three types of surface defects, pits, grooves, and protrusions, were created and applied to

explore the effects of surface defects on the detachment of oil molecules in an aqueous solution. Our

simulation results indicate that the surface defects with various topographies affected the oil detachment

to different degrees. The adsorption conformation of oil molecules on each defective alumina surface

evidently changed during the entire simulation. The effect of each type of surface defect on oil

detachment follows the order grooves < pits < protrusions. After this, the oil–alumina and water–

alumina interactions were investigated to determine the effects of the surface defects on the driving

forces responsible for the conformational change of oil molecules on each type of defective alumina

surface. The microscopic conformational changes and detachment of oil molecules from the defective

alumina surface discussed herein are believed to be helpful to enrich the mechanism of oil detachment

from a rough substrate surface.
1. Introduction

Understanding of the detachment mechanism of oil molecules
at the oil/water/solid interface is a topic that has attracted
signicant attention from many application elds such as
detergency,1 enhanced oil recovery (EOR),2 and high-power laser
facility.3 Over the past few decades, experimental studies carried
out via quartz crystal microbalance (QCM),4 X-ray photoelectron
spectroscopy (XPS),5 and laser confocal microscopy,6 along with
theoretical investigations conducted via computational simu-
lation methods, have been extensively employed to understand
the microscopic detachment process of oil molecules. On the
basis of these investigations, the role of a wide range of factors,
such as applied potential,7 nanouids,8 pH,9 ionic strength,10

and physicochemical characteristics of substrate surface,11 in
the conformational change and detachment of oil molecules
has been emphatically interpreted.

In addition, the effect of the local morphology of the
substrate surface should be taken into account. As is well-
known, the substrate surfaces machined via various types of
traditional processing methods, such as milling,12 turning,13

and electrical discharge machining (EDM),14 are rough. It is
expected that different surface morphologies can affect the
adsorption behavior and detachment of oil molecules from the
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substrate surface. To date, it is not clearly elucidated that how
the surface structures at the nanoscale affect the detachment
mechanism of the oil molecules. Are there differences between
the microscopic detachment processes of oil molecules from
defective and perfect surface?

It is still a challenge to directly observe the microscopic
details of the detachment of oil molecules from a substrate
surface at the very small nanoscale. Owing to the rapid devel-
opment of computer science and technology, computational
simulation methods, including molecular dynamics (MD),15,16

Monte Carlo,17 and dissipative particle dynamics (DPD),18 have
been extensively applied to accurately describe the microscopic
details of the conformational change and detachment mecha-
nism of the molecules. For instance, Wang et al. have deeply
studied the effect of charged nanoparticles in cleaning
suspensions on the oil detachment viaMD simulations.19 It was
observed that the addition of charged nanoparticles can effec-
tively promote oil detachment. In addition, they found that the
surface wettability and charge of the nanoparticles are signi-
cant for oil detachment in charged nanoparticle suspensions. In
the study conducted by Mohammad Sedghi et al., the effects of
wall–uid interactions on the threshold capillary pressure of
oil–water/brine displacements in a nanopore with a square
cross-section were investigated.20 Zhang et al. compared the
mechanisms of oil detachment from a pure hydrophilic and
hydrophobic silica surface, and the role of the surface wetta-
bility in oil detachment was elucidated.21 However, the
substrate surfaces that are used to study the adsorption
behavior and detachment mechanism of oil molecules are
RSC Adv., 2017, 7, 31049–31060 | 31049
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Table 1 Parameters of the oil/water/a-Al2O3 models

System Surface Defect/�A3 Oil Water

A Perfect 0 85 5504
B Pit �24.2 � 20.17 �

12.97
85 5504

C 160 10 000
D Groove 24.2 � 57.108 �

12.97
85 5504

E 160 10 000
F Protrusion +24.2 � 20.17 �

12.97
85 5504

G 160 10 000
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typically restricted to nanoporous or perfect surfaces without
any defects. In addition, little attention has been paid to the
detachment of oil molecules from a rough substrate surface.

Due to these reasons, we present an MD study on the
dynamic conformational change of oil molecules on defective
Al2O3 surfaces in an aqueous solution. To the best of our
knowledge, the abovementioned topic has been not computa-
tionally addressed to date. Al2O3, which is an oxide layer formed
on the aluminum alloy surface, was selected as the substrate
material due to its important inuence on the interfacial
properties of an aluminum alloy surface.22 This study will
provide a fundamental understanding of the conformational
changes on and migration and detachment of the oil molecules
from the defective surface. In addition, a direct comparison
between the conformational change processes of the oil mole-
cules on perfect and various defective alumina surfaces was
made to determine the effects of the surface defects on oil
detachment in an aqueous solution.

The rest of the study is organized as follows. Detailed infor-
mation for the simulation models and methods is provided in
Section 2. In Section 3, our new ndings, which provide evidence
for the strong effects of surface defects on water-driven oil
detachment, have been presented and discussed. Finally, in
Section 4, we have summarized the main conclusions.
2. Simulation methodologies
2.1. Model details

The aluminum oxide surface is simulated using the (0001)
crystallographic plane of a-Al2O3 (space group) that is generally
considered to be the most stable phase of aluminum oxide.23,24

In addition, the oil molecules are represented by hexadecane
molecules (C16) that have been adopted in our pioneering
work.25 To nd out the inuences of surface defects on the
dynamics of conformational change and detachment of oil
molecules in an aqueous solution, we created three types of
surface defects as well as a perfect aluminum oxide surface
according to the typical defects on the aluminum surface, as
shown in Fig. S1.† As shown in Fig. 1, the perfect Al2O3 surface
with an xy-size of 57.687 � 57.108 �A2 was placed in the x–y
plane, whereas the defective alumina surfaces with pits,
protrusions and groove defects were created by articially
removing the top layers of the perfect Al2O3 surface.

The constructed substrate surfaces were contaminated by oil
molecules. As stated in our previous study,25 the surface coverage
of oil molecules onto the perfect alumina surface has an evident
inuence on water-driven oil detachment. The defective alumina
Fig. 1 Images for the four alumina surfaces with different topogra-
phies: (a) perfect, (b) pits, (c) grooves, and (d) protrusions.

31050 | RSC Adv., 2017, 7, 31049–31060
surfaces with two oil adsorption contents were established to
eliminate the effect of the oil surface coverage. In this study, we
mainly focused on the possible effects of surface defects on the
detachment of oil molecules in an aqueous solution. A total of
seven oil/alumina/aqueous solution systemswere built by placing
the water solution over the contaminated defective alumina
surfaces. The detailed parameters for each oil/alumina/aqueous
solution system are provided in Table 1.
2.2. Simulation setup

We performed MD simulations of the oil/alumina/aqueous
solution systems at 300 K in the NVT ensemble using the free
LAMMPS simulation package.26 In the simulations, the total
potential energy consists of the potential energies arising from
bond stretching, angle bending, torsion, and non-bonding
interactions. Moreover, the non-electrostatic interactions
between atoms were calculated using the Lennard-Jones
potential, and the standard geometric mean combination
rules were used for the van der Waals interactions between
different atomic species. The system was accurately modeled
using the CHARMM force eld for the oil molecules27 and the
CLAY force eld for the alumina surface.28 A simple point-
charge (SPC) model was used to describe the water mole-
cules.29 The Nose–Hoover thermostat with a coupling time
constant of 0.1 ps was adopted to control the system tempera-
ture with a time step of 2 fs. The particle–particle particle-mesh
(PPPM)30 solver was utilized to provide the long-range electro-
static interactions using a cut-off distance of 10 Å. In this study,
all the atoms of the defective alumina surface were kept rigid
during the entire simulation. The SHAKE algorithm was adop-
ted to constrain the bond lengths of the oil molecules and water
molecules.31 Periodic boundary conditions were applied in the x
and y directions, whereas the reecting boundary condition was
adopted in the z direction. In our simulations, all the atoms of
the defective alumina surface were held frozen. The oil/
alumina/aqueous solution systems were rst energy mini-
mized, and then, the aqueous solution was relaxed over 500 ps,
with position restraints on the oil molecules. In the following
simulations, the position restraints were removed, and then,
the MD simulations were carried out for oil detachment. Aer
each 2 ps, an image of the system conformation was obtained to
deeply analyze the microscopic details of the dynamics of
conformational changes, migration, and detachment of the oil
molecules.
This journal is © The Royal Society of Chemistry 2017
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During the entire simulation, the interaction energy between
the oil molecules and alumina surface was calculated according
to the following equation:

E_inter_OS ¼ Eoil+surface � Eoil � Esurface (1)

where E_inter_OS denotes the interaction energy between the
oil molecules and alumina surface in the applied system and
Eoil+surface refers to the system total energy of oil molecules and
alumina surface. Eoil and Esurface are the energies of the isolated
adsorbed oil molecules and the clean alumina surface, respec-
tively. In this study, the interaction energy between water and
the aluminum surface (E_inter_WS) was also calculated.
3. Results and discussion
3.1. Analysis of the effects of surface defects on the oil
detachment process

The focus of this study was to examine the effects of various
types of surface defects on the detachment of oil molecules and
the adsorption of water molecules from an aqueous solution to
the alumina surface. Hence, detailed analysis of the time-
dependent detachment process of the oil molecules was rst
performed. Fig. 2 and 3 show the images for the instantaneous
conformations of oil molecules onto the defective alumina
surfaces with pits, grooves, and protrusions. They provide an
Fig. 2 Images for the adsorption configuration of the oil molecules, at a
grooves as a function of the simulation time. The atoms are colored as f
Al2O3 surface are shown by the CPK mode, whereas the water molecule
surface were deleted.

This journal is © The Royal Society of Chemistry 2017
intuitive vision of the time-dependent changes in the adsorp-
tion conformations of the oil molecules on each defective Al2O3

surface. It can be clearly observed that evident changes in the
adsorption conformation of the oil molecules occurred in all the
cases. However, due to the effects of various surface defects, the
nal adsorption conformations of the oil molecules on the
perfect alumina surface and three defective alumina surfaces
exhibited signicant differences.

At low oil adsorption content, the oil molecules on the
protruded alumina surface rolled up into an oil droplet. At the
end of the simulation, they thoroughly detached, as displayed
in Fig. 2. On the pitted alumina surface, except for those
remaining inside the pits, most of the oil molecules detached.
As for those adsorbed onto the grooved surface, an evident
change in the adsorption conformation of the oil molecules
occurred although they were not thoroughly detached.
However, on the perfect alumina surface, no evident change in
the adsorption conformation of the oil molecules was identied
during the entire simulation. From abovementioned analysis, it
can be inferred that the surface defects on the alumina surface
have effectively promoted the conformational change of the oil
molecules in the aqueous solution. Moreover, at low oil
adsorption content, the effects of the protrusions and pits on
the conformational changes of the oil molecules are much
larger than those of the grooves.
low adsorption content, on alumina surfaces with protrusions, pits, and
ollows: O, red; C, cyan; Al, green; and H, white. The oil molecules and
s are shown by line style. For clarity, parts of atoms of pitted alumina

RSC Adv., 2017, 7, 31049–31060 | 31051
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Fig. 3 Images for the adsorption configuration of the oil molecules, at a high adsorption content, on the alumina surfaces with protrusions, pits,
and grooves as a function of the simulation time. The color of each type of atom is consistent with those shown in Fig. 2.
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With an increase in the oil adsorption content, the detach-
ment of oil molecules adsorbed onto each defective alumina
surface exhibits some new features. As shown in Fig. 3, aer the
entire simulation, the oil molecules adsorbed on the protruded
alumina surface thoroughly detached, similar to that observed
at low oil adsorption content. On the pitted alumina surface,
despite the obvious change in their adsorption conformation,
all the oil molecules on the pitted alumina surface were not
thoroughly detached. Instead, one relatively stable adsorption
conformation of the oil molecules was obtained. For the oil
molecules adsorbed on the grooved alumina surface, their
adsorption conformation approximately remained unchanged.
On the basis of the abovementioned observations, it can be
inferred that the surface defects have an evident inuence on
the oil detachment process regardless of different oil adsorp-
tion contents. Moreover, the effects of the surface defects on the
conformational change of the oil molecules follow the order
grooves < pits < protrusions.
3.2. Analysis of water adsorption on the defective alumina
surface

As extensively addressed in previous studies,16,25 the water
channel that connects the oil/solid interface and oil/aqueous
solution interface is vital for the detachment of oil molecules.
From the MD trajectory les, it was observed that on each
defective alumina surface, the formation of a water channel
rapidly occurred aer the simulation, which was much faster
than that on the perfect alumina surface. Hence, it can be ex-
pected that the surface defects are helpful for the adsorption of
water molecules onto the substrate surface, thereby effectively
promoting the oil detachment process. In this section, the
31052 | RSC Adv., 2017, 7, 31049–31060
microscopic details of the adsorption process of water mole-
cules onto the different defective alumina surfaces have been
comprehensively analyzed.

From the trajectory les, we found that the adsorption
process of water molecules on the defective alumina surface
exhibited different characteristics depending on the surface
topographies and oil adsorption contents. Moreover, on the
defective alumina surface, the water molecules could be
adsorbed on not only the uppermost surface, but also the defect
surfaces. To quantitatively study the difference between the
adsorption processes of the water molecules onto the defect
surface and the uppermost surface, the number of water
molecules adsorbed on the entire defective alumina surface
(Num_all), the number of those inside the surface defect
(Num_defect), and the number of those in the rst adsorption
layer (Num_rst) were calculated. According to the topography
of each type of surface defect, the Num_defect were labeled as
Num_groove, Num_pit, and Num_protrusion. In the present
study, the oil molecules at different adsorption contents were
mainly located below the z values of about 10 or 20 Å. The
regions below the z values of about 10 and 20 Å were used for the
calculation of Num_all. In addition, the region below the z value
of 0 Å was adopted to count the number of water molecules
inside the surface defects.

3.2.1. Water adsorption on a grooved alumina surface. The
rst analysis was performed for the adsorption process of water
molecules on the contaminated grooved alumina surface. At
high oil adsorption contents, evident changes in the adsorption
conformation of oil molecules and the adsorption of water
molecules onto the grooved surface were not observed during
the entire simulation. Thus, the adsorption process of water
molecules on the grooved alumina surface at low oil adsorption
This journal is © The Royal Society of Chemistry 2017

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/c7ra04766e


Fig. 4 Time evolution of Num_all, Num_groove, and Num_first on the
grooved alumina surface at low oil adsorption contents.
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contents was mainly considered. As shown in Fig. 4, both the
Num_groove and Num_rst immediately increased aer the
simulation, indicating that the water molecules were simulta-
neously adsorbed on the uppermost substrate surface and the
inner surfaces of the grooves. However, the adsorption of water
molecules on the uppermost surface was much faster than that
on the inner surfaces of the groove defects, which could be
determined by the larger slope of the Num_groove prole.
Moreover, the slopes of the Num_all and Num_all prole at the
end of the simulations are relatively larger, illustrating that the
adsorption of the water molecules is still being conducted. It
should take longer time to nish the adsorption of water
molecules onto grooved alumina surface. Fig. 5 shows the
typical images for the adsorption of water molecules onto the
grooved alumina surface. From the images, the adsorption
process of water molecules onto the uppermost surface of the
Fig. 5 Evolution of the water channels on the grooved alumina surface
white. The water molecules are shown by the vdWmode, whereas the oi
parts of atoms of the protruded alumina surface were deleted.

This journal is © The Royal Society of Chemistry 2017
grooved alumina surface and the inner surfaces of the groove
defects can be clearly observed.

3.2.2. Water channels on the protruded surface. On the
contaminated protruded surface, the same adsorption process
of water molecules was observed regardless of the different oil
adsorption contents. From the trajectory les, it was found that
the formation and expansion of the water channels along the x
and y directions exhibited different characteristics. It can be
seen in Fig. 6 that the water molecules are immediately and
rstly adsorbed on the outside surfaces of the protrusion and
two water channels are rapidly formed at 60 ps. From the y-
direction, we can clearly observe that the contact area between
the oil molecules and the alumina surface tends to decrease,
with the continuous widening of the water channel. As
a consequence, the oil molecules are gradually detached from
the protruded alumina surface. The consecutive images for the
system congurations clearly illustrate a typical detachment of
oil molecules via roll-up.

3.2.3. Water channels on the pitted alumina surface. On
the pitted surface, the adsorption of water molecules becomes
much more complicated due to the effect of different oil
adsorption contents. According to the trajectory les, the water
channel undergoes different evolution processes at different oil
adsorption contents. At low oil adsorption contents, the
adsorption process of the water molecules on the pitted
alumina surface was found to be a composite of two cases: the
early adsorption of water molecules on the inner surfaces of the
pit defects and that on the uppermost surface. From Fig. 7, it
was observed that the adsorption process of the water molecules
inside the pit approximately nished at about 2 ns, whereas the
expansion of the water channel on the uppermost surface was
started. Fig. 8 shows the time evolution of Num_all, Num_pit,
and Num_rst on the pitted alumina surface at low oil
adsorption contents. As shown, all the Num_all, Num_pit, and
Num_rst started to rapidly increase once the simulation
began, thereby indicating that the adsorption of water
. The atoms are colored as follows: O, red; C, cyan; Al, green; and H,
l molecules and alumina surface are shown by the line style. For clarity,

RSC Adv., 2017, 7, 31049–31060 | 31053
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Fig. 6 Evolution of the water channels on the protruded alumina surface. The atoms are colored as follows: O, red; C, cyan; Al, green; and H,
white. The water molecules and alumina surface are shown by the vdW mode, whereas the oil molecules are shown by the line style.

Fig. 7 Evolution of the water channels on the pitted alumina surface at low oil adsorption contents. The color of each type of atom is consistent
with those shown in Fig. 6. For clarity, parts of atoms of the protruded alumina surface have been deleted.

Fig. 8 Time evolution of Num_all, Num_pit, and Num_first on the

RSC Advances Paper

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 1

5 
Ju

ne
 2

01
7.

 D
ow

nl
oa

de
d 

on
 2

/8
/2

02
6 

1:
19

:5
5 

PM
. 

 T
hi

s 
ar

tic
le

 is
 li

ce
ns

ed
 u

nd
er

 a
 C

re
at

iv
e 

C
om

m
on

s 
A

ttr
ib

ut
io

n-
N

on
C

om
m

er
ci

al
 3

.0
 U

np
or

te
d 

L
ic

en
ce

.
View Article Online
molecules onto the inner surfaces of the pit defects and that on
the uppermost surface of the defective alumina immediately
occurred at the same time. The rapid convergence of Num_pit
prole means that the adsorption of the water molecules on the
inner surfaces of the pit defects mainly occurs at the early stage.
Moreover, it can be observed from the Num_rst prole that the
rst hydration layer on the uppermost surface is gradually
formed during the entire simulation.

Upon increasing the oil adsorption content, the adsorption
process of the water molecules on the pitted alumina surface
tends to becomemore complex. Fig. 9 displays the time evolution
of Num_all, Num_pit, and Num_rst on the pitted alumina
surface at high oil adsorption contents. As shown, the Num_all
prole was divided into seven stages via evident turning points
(A0–A7). Each stage represents one case in the evolution process
pitted alumina surface at low oil adsorption contents.

31054 | RSC Adv., 2017, 7, 31049–31060 This journal is © The Royal Society of Chemistry 2017
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Fig. 9 Time evolution of Num_all, Num_groove, and Num_1 on the pitted alumina surface at high oil adsorption contents: (a) 0–16 ns and (b) 0–
4 ns.

Fig. 10 Time evolution of the water channels on the pitted alumina surface at high oil adsorption contents. The color of each type of atom is
consistent with those shown in Fig. 6.
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of the water channel. Moreover, note that the Num_all, as shown
in Fig. 9, approximately remains unchanged in the stages of (A2–
A3), (A4–A5), and (A7–), which indicates that the adsorption of the
water molecules onto the pitted surface is not continuous.

Fig. 10 shows the typical images for the water channels at
each stage of the entire simulation. As shown, parts of water
molecules have been adsorbed on the inner surfaces of the pit
defects via two small water channels at about 1 ns. Subse-
quently, one water channel disappeared at 2 ns. At 3 ns, the
remaining channel also disappeared and the adsorption of
water molecules on the pitted alumina surface temporarily
ended. At 5 ns, one water channel was formed again. At the
same time, the adsorption of the water molecules on the pit
defects completed. In the following stages, the water molecules
mainly adsorbed on the uppermost surface of the pitted
alumina substrate. Moreover, the water channel undergoes an
evolution process consisting of formation, expansion,
shrinkage, and disappearance.
This journal is © The Royal Society of Chemistry 2017
In addition, it can be seen from Fig. 9 that the Num_rst
approximately remains unchanged during the rst 4 ns,
whereas Num_pit largely increases, illustrating that the water
molecules are preferentially adsorbed on the inner surfaces of
the pits at the early stage of simulation. As the adsorption of the
water molecules on the pits is approximately completed at
about 4 ns, a large amount of water molecules are subsequently
adsorbed on the uppermost surface of the substrate, thereby
forming the adsorption layers of water molecules. At about 12.5
ns, the Num_all gradually converges to about 804, indicating
the end of the adsorption of water molecules from the aqueous
solution on the pitted alumina surface.

From abovementioned analysis, it can be concluded that the
surface defects effectively affect the adsorption of the water
molecules on the alumina surface. The adsorption process of
water molecules on the defective alumina surface exhibits
different characteristics depending on the surface topographies
and oil adsorption contents.
RSC Adv., 2017, 7, 31049–31060 | 31055
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Table 2 Non-bonded interaction energies (E_inter_OS), van der Waals energies (Evdw), and electrostatic energies (Ecoul) between the oil
molecules and the alumina surfaces

Oil–alumina
interaction energy (kcal mol�1)

Low oil adsorption content High oil adsorption content

E_inter_OS Evdw Ecoul E_inter_OS Evdw Ecoul

Perfect �851.91 �618.33 �233.58
Groove �1124.91 �791.70 �333.21 �1157.73 �816.98 �340.75
Protrusion �1497.95 �733.15 �764.80 �1749.81 �901.17 �848.64
Pit �1443.85 �751.35 �692.50 �1534.03 �781.88 �753.15

RSC Advances Paper

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 1

5 
Ju

ne
 2

01
7.

 D
ow

nl
oa

de
d 

on
 2

/8
/2

02
6 

1:
19

:5
5 

PM
. 

 T
hi

s 
ar

tic
le

 is
 li

ce
ns

ed
 u

nd
er

 a
 C

re
at

iv
e 

C
om

m
on

s 
A

ttr
ib

ut
io

n-
N

on
C

om
m

er
ci

al
 3

.0
 U

np
or

te
d 

L
ic

en
ce

.
View Article Online
3.3. The effects of the surface defects on the driving forces of
the oil detachment process

According to the abovementioned discussion, note that the
surface defects greatly inuence the microscopic processes of
oil detachment and water adsorption. As is well-known, the
conformational changes and detachment of oil molecules on
the solid surface are the result of the hybrid oil–solid, water–
solid, and water–oil interactions. It can be expected that the
surface defects change these interfacial interactions, thereby
affecting the microscopic detachment process of oil molecules
in an aqueous solution. For this reason, the effect of surface
defects on the oil–alumina and water–alumina interactions for
each alumina surface was mainly investigated.

3.3.1. Analysis of the oil–alumina interactions. The effect
of surface defects on the driving forces for the adsorption of oil
molecules was rst analyzed. Table 2 lists the non-bonded
interaction energies between oil molecules and the four
alumina surfaces. The E_inter_OS, Evdw, and Ecoul represent the
non-bonded interaction energy between the oil molecules and
the alumina surface and its van der Waals and electrostatic
components, respectively. Herein, a smaller negative value
means stronger adsorption energy. From Table 2, it can be seen
that when compared with the perfect surface, the E_inter_OS of
each defective alumina surface tends to be much smaller,
implying that the surface defects could strengthen the interac-
tions between the oil molecules and the alumina surface.
Moreover, ignoring the effect of the oil adsorption contents, the
effects of the surface defects on the E_inter_OS follows the order
Fig. 11 Time evolution of E_inter_OSs for each system during the molec
adsorption content.

31056 | RSC Adv., 2017, 7, 31049–31060
perfect < grooves < pits < protrusions, which quantitatively
indicates the effects of the different surface defects on the oil–
alumina interactions. In addition, on the perfect and grooved
alumina surfaces, Ecoul is much larger than Evdw. However, on
the pitted and protruded alumina surfaces, Ecoul is approxi-
mately equal to Evdw. From this, it can be concluded that the
adsorption of oil molecules on the perfect and grooved surfaces
mainly depends on the vdW interactions, whereas that on the
protruded and pitted alumina surfaces is the result of the vdW
and electrostatic interactions.

When the contaminated alumina surface was immersed in
an aqueous solution, the adsorption strength of the oil mole-
cules on the solid surface tended to change. Fig. 11 illustrates
the time-dependent changes of E_inter_OS in each system. As
seen in Fig. 11(a), once the simulation began, the E_inter_OSs
of the pitted and protruded alumina surfaces at low oil
adsorption contents rapidly increased. Then, they nally
converged to about �1.56 and �32.78 kcal mol�1. It clearly
illustrates the end of the conformational change and detach-
ment of the oil molecules. On the grooved alumina surface, the
E_inter_OS largely increases from �1124.91 to �490.89 kcal
mol�1 during the entire simulation. The large slope of the
E_inter_OS prole at 16 ns indicates that the detachment of the
oil molecules is still being carried out, the completion of which
should take much more time. As for the perfect alumina
surface, the E_inter_OS approximately remains unchanged,
except for the slight decrease of about �15.62 kcal mol�1.

At high oil adsorption contents, as displayed in Fig. 11(b),
the E_inter_OS of the protruded alumina surface nally
ular dynamics simulation: (a) low oil adsorption content and (b) high oil

This journal is © The Royal Society of Chemistry 2017
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Table 3 The non-bonded interaction energies E_inter_WS, van der Waals energies Evdw, and electrostatic energies Ecoul between the water
molecules and alumina surfaces

Water–alumina
interaction energy (kcal mol�1)

Low oil adsorption content High oil adsorption content

E_inter_WS Evdw Ecoul E_inter_WS Evdw Ecoul

Perfect �5.44 0 �5.44 0 0 0
Groove �49.43 0 �49.43 �0.59 0 �0.59
Protrusion �5329.18 �530.56 �4798.62 �887.41 �0.13 �887.28
Pit �1431.77 �25.11 �1406.66 �183.40 0 �183.40
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converges to about�4.15 kcal mol�1. On the pitted surface, due
to the increase of oil adsorption content, the E_inter_OS of the
pitted surface nally increases to about �173.13 kcal mol�1,
clearly indicating that the oil molecules are not thoroughly
detached from the solid surface. On the grooved alumina
surface, the E_inter_OS slightly decreases to about �1249.31
kcal mol�1, similar to that of the perfect alumina surface at low
oil adsorption contents.

3.3.2. Analysis of the water–alumina interactions. Accord-
ing to the abovementioned discussions, it can be concluded
that the surface defects have evidently promoted the confor-
mational change and even detachment of the oil molecules. As
stated in the previous studies, the interaction between the
aqueous solution and alumina surface is the main driving force
for the conformational changes and detachment of the oil
molecules.11,25 It can be inferred that the surface defects have an
important inuence on the conformational change of the oil
molecules as they affect the adsorption of the water molecules
from the aqueous solution on the alumina surface.

In this present study, it was observed that at high oil
adsorption contents, one oil adsorption layer with a thickness of
about 20 Å was formed. On the perfect alumina surface, the oil
adsorption layer at this thickness effectively prevented the
adsorption of water molecules from the aqueous solution on the
alumina surface. The adsorption of the water molecules onto the
perfect alumina surface was not observed during the entire
simulation. However, the water molecules were rapidly adsorbed
on the pitted and protruded alumina surfaces aer the
Fig. 12 Evolution of E_inter_WS in each system as a function of time du
and (b) high oil adsorption content.

This journal is © The Royal Society of Chemistry 2017
simulation regardless of high oil adsorption contents. Thus, it
can be inferred that the surface defects are helpful for the early
adsorption of water molecules on the alumina surface. For this
reason, the effects of the surface defects on the driving forces,
including the non-bonding and hydrogen-bonding interactions
between water and the alumina surface, for water adsorption
were deeply analyzed.

Table 3 shows the non-bonded interaction energy
(E_inter_WS), van der Waals energy (Evdw), and electrostatic
energy (Ecoul) between water and each alumina surface at 0 ns
based on the effects of the surface defects and oil adsorption
contents. As shown, the E_inter_WSs of the perfect and each
defective alumina surface follows the order perfect < grooves <
pits < protrusions despite the different oil adsorption contents.
The higher E_inter_WS of each defective alumina surface indi-
cates that the surface defects evidently strengthen the water–
alumina interactions, facilitating the early adsorption of the
water molecules from the aqueous solution on the alumina
surface. At low oil adsorption contents, the E_inter_WS of the
protruded or pitted alumina surfaces is approximately equal to
Ecoul, and the Evdw is very small, implicating that the water–
alumina interactions of the protruded and pitted alumina
surfaces are mainly contributed by the electrostatic interactions.
On the perfect and grooved alumina surfaces, although the Ecoul
was also much larger than Evdw (0 kcal mol�1), the E_inter_WSs
were very small and could be neglected. As a consequence, the
early adsorption of the water molecules on the perfect and
ring the molecular dynamics simulation. (a) Low oil adsorption content

RSC Adv., 2017, 7, 31049–31060 | 31057
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grooved alumina surfaces tends to bemuchmore difficult, which
occurs aer a relatively long relaxation process.

At high oil adsorption contents, as illustrated in Table 3, the
Evdw of each surface was about 0 kcal mol�1 despite different
surface defects. However, the water molecules are still rapidly
adsorbed on the pitted and protruded alumina surfaces aer the
simulation. Thus, it can be inferred that at high oil adsorption
contents, the early adsorption of the water molecules on the
defective alumina surface was driven by the electrostatic inter-
actions between the aqueous solution and alumina surface.
Moreover, the Ecoul of each alumina surface follows the order
perfect < grooves < pits < protrusions, clearly indicating that the
surface defects can enhance the electrostatic part of the oil–
alumina interactions to different degrees. On the basis of
abovementioned discussions, it can be concluded that the early
adsorption of the water molecules on the alumina surface is
mainly driven by the electrostatic interactions, ignoring the
different surface defects and oil adsorption contents.

Fig. 12(a) and (b) provide the time evolution of the
E_inter_WS for each alumina surface at low and high oil
adsorption contents, respectively. From the gures, it can be
clearly observed that the interaction strength between the water
molecules and alumina surface undergoes different changes
due to the effects of the pit, protrusion, and groove defects. At
low oil adsorption contents, as shown in Fig. 12(a), the
E_inter_WSs of the pitted and protruded alumina surfaces have
dramatically decreased by about�26 354.1 and�28 822.05 kcal
mol�1, respectively. However, the E_inter_WS of the perfect
alumina surface slightly decreased to about �167.42 kcal
mol�1, implying that just several water molecules passed
through the oil adsorption layers and adsorbed on the alumina
perfect surface at 16 ns. Moreover, the nal slope of the
E_inter_WS prole of the perfect alumina surface was very
small; thus, the water channel was not fully formed. As for the
grooved alumina surface, despite the sharp decrease from about
�49.43 to about �6890.87 kcal mol�1, the E_inter_WS tends to
decrease with a large slope, indicating that the adsorption of the
water molecules onto the alumina surface is still being carried
out. In addition, note that the slope of the E_inter_WS of each
Fig. 13 Evolution profiles of the H-bond number in different systems
adsorption content.

31058 | RSC Adv., 2017, 7, 31049–31060
alumina surface follows the order – perfect < -grooves < -pits <
-protrusions. It clearly indicates that the adsorption velocity of
the water molecules from the aqueous solution on each surface
also follows the order – perfect < -grooves < -pits < -protrusions.

With the increase in the oil adsorption content, the impact of
each type of surface defect tends to become much more
signicant, which can be clearly determined from Fig. 12(b). As
shown, on the grooved alumina surface at high oil adsorption
contents, the water molecules do not penetrate into the oil
adsorption layer during the entire simulation; thus, the
E_inter_WS stabilizes to be about 0 kcal mol�1. The E_inter_WS
of the protruded alumina surface rapidly converges to a stable
value of about �34 182.95 kcal mol�1, approximately equaling
to the converged values of E_inter_WS at low oil adsorption
contents. On the pitted alumina surface, the E_inter_WS largely
decreased to about �25 494.1 kcal mol�1.

Therefore, the surface defects evidently affect the non-
bonding interactions between the water solution and alumina
surface to different extents. Moreover, the effect of each type of
surface defect follows the sequence grooves < pits < protrusions.

3.3.3. Hydrogen-bond interaction analysis. In the oil/
alumina/aqueous solution systems, hydrogen-bonds (H-bond)
can be formed between the water molecules and alumina
surface. Monitoring of the time evolution of the number of H-
bond can be used to indicate the adsorption process of the
water molecules on the alumina surface. The adsorption of
water molecules on the perfect alumina surface was not
observed during the entire simulation. Hence, the number of H-
bonds between the water solution and perfect alumina surface
was zero.

Fig. 13 shows the evolution proles of the number of H-
bonds between the water solution and defective alumina
surface in each system. As shown, the number of H-bonds in
each system tends to change with various trends due to the
effect of the surface defects and oil adsorption contents. As
observed from Fig. 13(a), at 0 ns, the number of H-bonds on the
protruded alumina surface at low oil adsorption contents was
20. This means that the protruded alumina surface was not fully
covered by the oil molecules and parts of the water molecules
as a function of time: (a) low oil adsorption content and (b) high oil

This journal is © The Royal Society of Chemistry 2017
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came into direct contact with the bare part of the alumina
surface. Moreover, the number of H-bonds formed on the pitted
and protruded alumina surface nally converges to about 378
and 406, respectively. The difference in the converged H-bond
numbers indicates that more H-bonds can be formed between
water and the protruded alumina surface. Thus, the H-bond
interactions play a more important role in the detachment of
oil molecules from the protruded alumina surface when
compared with that from the pitted surface. With the increasing
oil adsorption content, as shown in Fig. 13(b), the number of H-
bonds on the protruded alumina surface also converged to
about 406 at about 2 ns. However, the number of H-bonds on
the pitted alumina surface still rapidly increased, whereas that
on the grooved surface was always zero during the entire
simulation. This clearly indicates that the formation of the H-
bonds between the water solution and alumina surface was
affected by the surface defects. Moreover, from the time evolu-
tion of the H-bond number, it can be determined that the effects
of the surface defects on the H-bond interactions follow the
sequence grooves < pits < protrusions.

To summarize, the detachment of the oil molecules was
effectively promoted by the surface defects on the substrate
surface. Due to the effects of the surface defects, both the
interaction strength of the oil–alumina and that of the water–
alumina interactions were effectively improved. As is known,
the strengthening of the oil–alumina interactions is helpful for
the oil adsorption process; thus, the defective alumina surfaces
have higher adsorption energy with the oil molecules. However,
the detachment of the oil molecules from the defective surface
tends to be much easier than that from the perfect alumina
surface. This should be ascribed to the surface defect-induced
improvement of the water–alumina interactions. It can be
concluded that the surface defects have effectively promoted the
oil detachment via evidently enhancing the water–alumina
interactions.

4. Conclusions

In this study, the conformational changes on and detachment
of oil molecules from the perfect and defective Al2O3 surfaces
were studied via classical MD simulations. A perfect alumina
surface and three types of defective alumina surfaces with pits,
protrusions, and grooves were built to indicate the effects of
various types of surface defects on the oil detachment process.

Evident conformational changes on and even detachment of
the oil molecules from the Al2O3 surfaces occurred in each
defective alumina surface. Our simulation results suggest that
surface defects can evidently improve the interactions between
the oil molecules and alumina surface, thereby restraining the
oil detachment process. However, due to effect of the surface
defects, the interactions between the aqueous solution and
alumina surface are also evidently strengthened, effectively
facilitating the diffusion of water molecules towards the
alumina surface and further promoting the oil detachment
process. When compared with the perfect alumina surface, the
detachment of the oil molecules from the defective alumina
surface tends to become much easier. Thus, from the view of oil
This journal is © The Royal Society of Chemistry 2017
detachment, the enhancement of the aqueous solution–
alumina interactions is more important than the improvement
of the oil–alumina surface. The effect of the surface defects on
the oil detachment process follows the order perfect < grooves <
pits < protrusions.

Further, due to different topographies of the various defects,
the adsorption processes of the water molecules on the defec-
tive surfaces exhibit new features. On the pitted alumina surface
and protruded surface, the water molecules are preferentially
adsorbed on defect surfaces. On the grooved alumina surface,
the water molecules are absorbed on the uppermost surface and
the defect surface of the defective alumina surface at the same
time.
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