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We study the effect of nanoparticles on the vapour-liquid surface tension of TIP4P/2005 water model using mo-
lecular dynamic simulations. The interactions of nanoparticles with water and volume percentage of nanoparti-
cles are varied. It is found that the surface tension increases with increasing hydrophilicity and decreases with
increasing hydrophobicity, as the nanoparticle volume percentage is increased. However, the surface tension
values do not increase at higher volume fraction, both for hydrophilic and hydrophobic interactions. We also

present the effect of temperature on the surface tension of water with nanoparticles. It is found that surface ten-
sion of water with hydrophobic nanoparticles reduces substantially faster with increasing temperature com-
pared to that containing hydrophilic nanoparticles. The behaviour is well supported by the interfacial width data.

© 2017 Published by Elsevier B.V.

1. Introduction

Surface tension is the force experienced by molecules at any surface
due to the difference in their nature on the two sides of it. It is called in-
terfacial tension when the medium on both sides of the surface is other
than air. Interfacial tension plays an important role in a number of in-
dustrial processes such as oil recovery [1,2], solid waste management
[3]. Itis useful in studying the amount of protein adsorbed at a fluid in-
terface [4,5]. Interfacial tension values also determine how the organic
wastes would dissipate in its environment [6]. The interfacial tension
is one of the important factors in determining the movement of NAPL
(non-aqueous phase liquids) within the subsurface at the sites of haz-
ardous waste disposal [7].

Nanoparticles [8], due to their high surface to volume ratio, have
brought evolution to the civilization as their “all surface” structure
brings advancement to several applications, such as food and agricul-
ture [9], drug delivery [10,11], paints [12] and emulsions [13], heat
transfer [14], and several others. Many experimental studies have
been conducted to see the effect of nanoparticles on interfacial tension.
Depending upon the nature of the nanoparticles, the surface tension
may get affected in their presence. Vafaei et al. [15] found that the sur-
face tension of water in presence of bismuth telluride nanoparticles ini-
tially decreases with increase in volume percentage of nanoparticles
(NPs), reaches a minimum and then increases. However, Tanvir and
Qiao [16] found that the surface tension of water, ethanol and n-decane
increases with increase in weight percentage of alumina NPs. Whereas
Dong and Johnson [17] investigated the effect of charged stabilized
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TiO, NPs on surface tension of water and revealed that there is a de-
crease in surface tension with the increase in weight percentage of
NPs, followed by an increase. Moreover, Okubo [18] observed that
though surface tension of water remains unaffected in the presence of
silica NPs, it is reduced by 20 mN/m in the presence of hydrophobic
polystyrene (PS) NPs. Also, surface tension of water was found to be
more susceptible to changes in the case of crystal like suspensions,
such as PS NPs in water, than in the cases of liquid and gas like suspen-
sions. In spite of the hydrophobicity of carbon nanotube, the surface ten-
sion of water with suspended CNTs was found to be higher than its
intrinsic value as shown by Kumar and Milanova [19]. Glaser et al.
[20] reported highest reduction in n-hexane/water interfacial tension
with DDT capped Au-Fe30,4 Janus particles when compared to the re-
duction by Au and Fe304 NPs individually. Also, the interfacial tension
was found to decrease with increase in the Janus NPs concentration.
Several authors have investigated the effect of nanoparticles on sur-
face/interfacial tension of different systems using molecular simula-
tions. Ranatunga et al. [21] carried out the molecular dynamics (MD)
simulation of heptane-water interface and found that the uncharged
NPs at oil-water interface do not alter the interfacial tension significant-
ly. At low concentrations of surfactants, the NPs showed harmonious
behaviour in reducing the oil-water interfacial tension, the effect
being reduced at high surfactant concentrations. Fan et al. [22] simulat-
ed decane-water interface containing homogenous and Janus silica NPs
functionalised with different percentage of methyl and hydroxyl groups
to vary their hydrophobicity and hydrophilicity. However, no significant
change in interfacial tension was reported. Luo et al. [23] too reported
insignificant change in water/TCE (trichloroethylene) interfacial ten-
sion obtained from simulation of self-assembled modified hydrocarbon
NPs at water-TCE interface. Lu et al. [24] performed MD simulations to
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study the dynamic wetting of water nano-droplet with gold NPs on a
gold substrate. They found that surface tension of water increased
with increase in the nanoparticle (NP) loading.

Thus, these reports do not reflect any specific trend in the variation
of surface/interfacial tension with the changes in NP concentrations
around or at it. This reflects that surface/interfacial tension behaviour
is specific to the systems involved in the study. MD is a powerful tool
which can be used to study the system at molecular level [25], offering
molecular insights which might not be possible through experiments. In
this paper, we study the surface tension of water in the presence NPs of
different affinities using MD simulations. In the next section, we present
the model and methodology considered in this study. We will discuss
the outcome of the work in the subsequent section followed by conclu-
sions of this study.

2. Methods and models

We have used TIP4P/2005 water model [26] to prepare our model
systems. The system consists of water with NPs. The structure of the
NP is made by cutting a spherical particle from bulk FCC structure.
Each NP is of 1 nm diameter, consisting of 43 atoms, arranged in FCC lat-
tice with lattice constant of 4.080 A. The NP is kept charge neutral and
rigid during the simulations.

The non-bonded interactions between water molecules are de-
scribed by the equation
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where, g;and oy are the energy and length parameters of Lennard-Jones
potential, respectively. The charges on the atoms i and j are represented
by g;, and gj, respectively. r; denotes center to center distance and &, rep-
resents the dielectric permittivity constant. The non-bonded interaction
between water-NP and NP-NP is represented using the Lennard-Jones
potential function.

The hydrophilic NPs are modelled as gold NPs. The hydrophobic NPs
are obtained from hydrophilic gold NPs by reducing the interaction
strength between O of water and gold atom of NP by 4 times. The
force field parameters for water, hydrophobic NPs and hydrophilic
NPs are described in the Table 1.

All the simulations are run using LAMMPS package [27]. The equa-
tion of motion is integrated using velocity-Verlet algorithm with a
time step of 0.001 ps. The simulations are carried out using NVT ensem-
ble, where the number of particles, volume and temperature of the sys-
tem are kept constant. Temperature is maintained at 300 K using Nosé-
Hoover thermostat with a relaxation time of 0.1 ps. Surface tension
values are collected over every 0.1 ps for analysis. The particle-particle
particle-mesh (PPPM) technique [28] with kspace accuracy of 1.0e —5
is used to compute the long range columbic interactions. The cutoff for
both Lennard-Jones and electrostatic interactions of water and water-
NP is 13 A. Shake algorithm is used to keep the water molecules rigid.
Periodic boundary condition is applied in all the three dimensions.

We have performed simulation for 4000 molecules of water. Initial-
ly, the box containing water molecules is simulated using the NPT en-
semble to achieve equilibrium density. The box obtained at the end of

Table 1

Interaction parameters for TIPAP/2005 water model and gold NPs.
Atom-atom ¢ (kcal/mol) o (A)
0-0[26] 0.1852 3.1589
0-Au (hydrophilic) [51] 0.59 3.6
0O-Au (hydrophobic) 0.1475 3.6
H-Au None -
Au-Au [52] 0.039 2.935

NPT run is a cube with side length of ~48 A. We have considered 8 vol-
ume percentages of nanoparticles viz., 1.72, 3.38, 4.98, 6.54, 7.67, 10.21,
12.27 and 14.87, in water to study the surface tension. The volume per-
centage is calculated as (volume of NP x 100) / (volume of liquid water),
where volume of liquid water is calculated at the end of NPT run.

In order to obtain vapour-liquid interface, the box length in the x di-
rection is increased to three times of its original value. The simulation
box becomes a cuboid (~144 x 48 x 48), with two vacuum-water
(with or without nanoparticles) interfaces. The system is then subjected
to NVT run for the estimation of surface tension.

The interfacial width is obtained by fitting the density profiles of
water as obtained from our simulations to the following equation [29],
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where p; and p, are density of water in liquid and vapour phase respec-
tively. o, Xo are the interfacial width and position of Gibbs dividing sur-
face respectively [30].

In molecular simulations, the total pressure is calculated as ensem-
ble average of the instantaneous pressure [31]. In our simulations, the
pressure is calculated using following equation [32],

N . .

The first contribution to pressure is due to the kinetic energy of the
molecules, where N is the number of the particles in the system, kg is
the Boltzmann constant, T is the absolute temperature and d is the di-
mensionality of the system. The second contribution is due to the static
forces between particles, where r; is position of ith particle and f; is the
force acting on it.

The macroscopic pressure is simply obtained by taking an ensemble
average over instantaneous pressure. Thus the macroscopic pressure is
given as

p<pkBT>+<31VZZr,jfij>, (4)

i j<1

where r;; is the intermolecular distance vector between a molecular pair
i and j; f is the corresponding force vector.

System pressure at a point can be broken down into three compo-
nents: Py, P,, and P,, which are the normal pressure components in
the x, y and z directions respectively. In our case, Py, is the normal com-
ponent perpendicular to the vapour-liquid interface. P, and P,, are the
two tangential components where the total tangential pressure P is
%(Pyy + P,;). Mechanical equilibrium requires Py, to be constant
throughout the system [33,34].

The surface tension is computed using the approach developed by
Tolman [35] and refined by Kirkwood and Buff [36], where it is comput-
ed as the difference between the normal and tangential components of
pressure as in equation below,

y- / (P"(x)—P* (x)dx) (5)

where P" and P* are the normal and tangential components of pressure.
The difference between the two components of pressure is integrated
along the axis, normal to the vapour-liquid interface. The difference
cancels out in the bulk where P"=P". In MD simulations, the integral
in Eq. (5) can be represented by the difference of the ensemble averages
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as shown below [37],
¥ =1 | Po)— 3 (P) + (P2) ©®)

The factor § accounts for the two vapour-liquid interfaces present in
the system.

Each simulation is run for 5 ns and the data is collected every 0.1 ps.
The surface tension calculated in our simulations is averaged over the
last 3 ns. For the higher volume percentage viz., 12.27% and 14.87%,
we have performed longer runs of 10 ns each to cover a large range of
data for minimising the uncertainty in surface tension values. In this
case, we have used last 8 ns data for the calculation of error bar.

In the current work, the reported surface tension values does not in-
clude tail corrections as our interest in this work is to examine the
change in the behaviour of water surface tension using a suitable
water model in presence of nanoparticles of different types.

3. Results and discussion

Fig. 1 shows the typical vapour-liquid density profile of water at
300 K with hydrophilic NPs. The plot in left panel shows the density pro-
file of water with 1.72 vol% of NPs in it, where the NPs are seen to be
within the liquid phase. The corresponding snapshot clearly shows
their presence in the liquid phase. The density profile of NPs shows dis-
crete peaks i.e., noise is rather large mainly due to lesser number of NPs
present in the system. The local density of water is found to perturb
with increase in volume percentage of NPs as seen for the case of
12.27% (see right panel of Fig. 1). The corresponding snapshot depicts
strong preference of NPs to be within the bulk phase even at increased
NP concentration. The stronger interactions between the water mole-
cules and NPs essentially leads to localization of water molecules in
the liquid phase and hence the fluctuation in liquid density. However,
in the case of hydrophobic NPs, the density profiles, as shown in Fig. 2,
clearly depict that the NPs prefer to stay at the interfaces. At a lower
concentration of 1.72 vol%, most of the NPs stay at one interface, and
so there is no symmetry in the density profile as seen in the left panel
plot of Fig. 2. The corresponding snapshot clearly depicts that NPs prefer
staying at the interface due to strong hydrophobicity. However, at a high
concentration of 12.27 vol%, the number of NPs is large enough to
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occupy both the vapour-liquid interface leading to symmetry in their
density profile as can be seen in the right panel plot of Fig. 2. This is
clearly evident in the corresponding snapshot. As the number of NPs is
more than the number, which can occupy the interfacial area, some of
them move to the vapour region as can be seen in the snapshot. More-
over, there is no preferential forces for the NPs to stay close to each
other, and thus due to small size and thermal fluctuations, they over-
come the free-energy barrier and move into the vapour phase. This is
primarily the reason for small peaks in the vapour region of the density
profile.

In the density profiles, we observed that hydrophobic NPs preferred
to stay at the interface (for 1.72 vol%) rather in either phase. At higher
NP concentrations (12.27 vol%), the NPs showed similar preference
with a few traversing the vapour phase. Thus, the NPs should have a
strong effect on the interfacial width. To this end, we calculated the in-
terfacial width using Eq. (2), the results are summarized in Table 2. Fig. 3
shows vapour-liquid interfacial width of water for both hydrophilic and
hydrophobic NPs. With hydrophilic NPs, it is found that as the NP vol-
ume percentage increases, the interfacial width decreases as can be dis-
tinctly seen in Fig. 3. It can also be observed in the same figure that at
increased NP concentrations, the interfacial width saturates and shows
a plateau. On the other hand, with hydrophobic NPs, the interfacial
width is found to increase with the increase in NP volume percentage,
as seen in the figure. In this case too, we observe that at higher NP vol-
ume percent, the interfacial width ceases to change and reflects satura-
tion in its values. For hydrophobic NPs, the interaction between them
and water is of repulsive nature, so they have a tendency to recede
from each other giving rise to perturbations at the interface. According-
ly, it can be concluded that the broadening of interfacial width in case of
hydrophobic NPs is due to the disturbances caused by the NPs at the in-
terface. For hydrophilic NPs in water, as the NP concentrations increase,
they get in close proximity to the interface. Consequently, they exert an
attractive pull at the interfacial water [38]. Due to these attractive forces,
the interface become steeper, the width leaner and hence, a decrease in
the interfacial width is observed. The broadening of interfacial width in
the presence of NPs from hydrophilic to hydrophobic interactions can
also be seen in Fig. 4.

Thus, from the interfacial data, we observed that the interfacial
width is affected in the presence of NPs for both hydrophilic and hydro-
phobic interactions. It is well known from various theories that surface
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Fig. 1. Density profiles and the corresponding snapshots for NPs with hydrophilic interactions in 4000 molecules of water at 300 K. The interaction strength between water and NPs is exp_w

= 0.59 kcal/mol. The profiles correspond to 1.72 and 12.27 vol% of NPs in water.
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Fig. 2. Density profiles and the corresponding snapshots for NPs with hydrophobic interactions in 4000 molecules of water at 300 K. The interaction strength between water and NPs is exp.

w = 0.1475 kcal/mol. The profiles correspond to 1.72 and 12.27 vol% of NPs in water.

tension is strongly dependent on the interfacial width [39]. Thus, the
surface tension of water, should get affected in the presence of such
NPs. To see the effect, we calculated the surface tension of water-NP sys-
tem as the integral of the difference of normal and tangential pressure
components given by Eq. (6), which adequately means that surface ten-
sion at any surface comes to play due to the difference between the nor-
mal and tangential components of pressure at it.

Fig. 5 shows the variation of surface tension of water at different vol-
ume percentage of NPs. It should be noted that the surface tension of the
TIP4P/2005 water model without the long range corrections obtained in
our simulations is in line with the result reported by Vega and de Miguel
[40] and Pascal and Goddard [41]. Water with hydrophilic NPs does not
show any specific trend in surface tension values up to 6.54 NP vol%.
However, as the volume percentage increases, the surface tension
value increases noticeably. At high NP concentration, the NPs exert
large effective attractive pull at the interfacial water molecules. This
leads to stiffer interface which is quantified in terms of increased
value of surface tension. The increase in surface tension of water with
these hydrophilic NPs is also well supported by the interfacial width
data (see Figs. 3 and 4) which show a decrease in average values of in-
terfacial width with the increase in NP concentration. Several experi-
ments have been carried out to study the effect of NP concentration
variation on the surface/interfacial tension of different systems. Our re-
sults reinforce the experimental observations which suggest an increase
in surface/interfacial tension of systems with increase in NP concentra-
tion for the hydrophilic NP-water interactions [16,42-44].

In Fig. 5, water with hydrophobic NPs shows a decrease in the aver-
age value of surface tension with increasing NP concentration within

Table 2

the system. The accumulation of NPs at the interface results in weaker
interaction between surface water molecules which causes reduction
in surface tension. The decrease in surface tension is well reinforced
by interfacial data which shows an increase in average values of interfa-
cial width with increase in NP concentration. However, at high concen-
tration, the changes in surface tension are not much and are observed to
be mostly overlapping. Our result is in line with the experimental obser-
vation, which suggests that surface tension decreases with increase in
hydrophobic extent of the system [45].

It was proposed by Stillinger more than three decades ago that hy-
drogen bonding of water disrupts in the vicinity of large hydrophobic
solutes (solute radius>1 nm) [46]. The NP radius considered in our sim-
ulation is of 0.5 nm but the volume percentage is varied from 1.72 (4
NPs) to 14.87 (40 NPs) percentage. In order to ascertain if the hydrogen
bonding between the water molecules at the surface get affected in our
system of water with NPs of size 1 nm, we perform a hydrogen bonding
analysis for the case of hydrophobic NPs, using the binning procedure,
similar to that used in calculating the density profiles of water. We
have considered two water molecules hydrogen bonded if the following
three conditions are satisfied [47], Roo<3.5 A, Ron<2.60 A and HO---O
angle <30, Fig. 6 shows the hydrogen bond values at the interfacial re-
gion of water and water with three different NP volume percentage
(1.72,7.67 and 12.27). It can be seen that the graphs have overlapping
values for average hydrogen bonds per molecule. Thus, the hydrogen
bonds at the interface are not affected significantly in the presence of
NPs (of size 1 nm) at different volume percentage.

In order to see the effect of temperature on the surface tension be-
haviour of water in presence of NPs, we conducted simulation at various

Interfacial width and surface tension values for water-hydrophilic NPs (exp.w = 0.59 kcal/mol) and water-hydrophobic NPs (exp.w = 0.1475 kcal/mol), for eight different volume per-

centage of NPs in water. All the values are reported at 300 K.

NP vol% Surface tension (mN/m) (hydrophilic interactions) Interfacial width (A) Surface tension (mN/m) (hydrophobic interactions) Interfacial width (A)
0 63.51 (69) 3.63 (4)

1.72 64.02 (86) 3.57 (006) 63.03 (39) 3.86 (006)

3.98 64.14 (224) 3.58 (2) 62.82 (185) 4,01 (14)

4.98 65.99 (145) 3.50 (004) 61.26 (163) 438 (11)

6.53 66.00 (314) 3.36 (005) 61.36 (229) 4,52 (16)

7.67 68.28 (352) 3.26 (009) 61.31 (192) 4,72 (009)

10.21 70.82 (175) 2.94 (13) 57.99 (158) 4.75 (11)

12.27 77.96 (391) 3.08 (17) 55.06 (303) 4.68 (007)

14.87 79.84 (353) 3.06 (17) 48.77 (241) 4,69 (17)
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Fig. 3. Interfacial width of water with NPs of hydrophobic and hydrophilic interactions, as
a function of NP volume percentage at 300 K. exp.w inset shows the value of interaction
strength between water and NPs in kcal/mol.

temperatures. Figs. 7 and 8 show the surface tension of TIP4P/2005
model of water in the temperature range of 300 K to 425 K in the pres-
ence hydrophilic and hydrophobic NPs, respectively. Though the NPs af-
fect the interfacial tension as discussed above depending on their
nature, the temperature response of surface tension remain the same
i.e,, surface tension decreases with increase in temperature. This is
also in line with several experimental works [45,48-50] which have
shown that the interfacial/surface tension of oil/water and water base
fluids decreases with increase in temperature. Nevertheless, there is
an inherent difference in the way hydrophilic NPs embedded water re-
spond to temperature as compared to the case of hydrophobic NPs. Hy-
drophilic NPs system have larger cohesive energy due to which the
temperature required to change the surface tension by unit value is
much larger than the case of hydrophobic NPs. This is more evident at
higher volume percentage. For example, at 12.27 NP vol%, the change
in the surface tension value with respect to the pure case is 23% to
43% with increase in the temperature from 300 K to 425 K. In other
words, the hydrophilic NPs make it difficult for water molecules to
move from the liquid phase to the vapour phase, leading to relatively
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Fig. 4. Interfacial width of water with different volume percentage of NPs (1.72 and

12.27 vol%) at 300 K. enp.w inset shows the value of interaction strength between water
and NPs in kcal/mol.
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Fig. 5. Surface tension of water with NPs of hydrophobic and hydrophilic interactions, as a
function of volume percentage of NP at 300 K. exp.y inset shows the value of interaction
strength between water and NPs in kcal/mol.

much higher surface tension at higher temperature with respect to the
pure case. On the contrary, this phenomenon is missing in hydrophobic
NPs + water system, where hydrophobic NPs promote water molecules
to the vapour phase by displacing it from the interface. This behaviour is
enhanced with increasing number of NPs as suggested by the drop in
the surface tension value with increasing volume percentage of NPs.
However, this behaviour is not affected by the temperature, and the
change in the surface tension value with respect to the pure case is
more or less constant; for example it is around ~1.5% and ~12% for
4.98% and 12.27% NPs, respectively.

4. Conclusion

The surface tension of TIP4P/2005 water in the presence of NPs of
hydrophilic and hydrophobic interactions is investigated using molecu-
lar dynamics simulations. The average value of surface tension is found
to increase with increasing number of NPs for the case of hydrophilic in-
teractions. However, contrary behaviour is observed for hydrophobic
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Fig. 6. Hydrogen bonding for water with different volume percentage of NPs at 300 K. enp.
w inset shows the value of interaction strength between water and NPs in kcal/mol.
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Fig. 7. Surface tension of water with different volume percentage (shown inset) of
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mol.

NPs. Such a trend is well supported by the corresponding interfacial
width data, the average value of which is found to decrease in the pres-
ence of hydrophilic NPs. This decrease in value is attributed to the at-
tractive pull exerted by the NPs in bulk over the surface water
molecules. For hydrophobic NPs, the average interfacial width is found
to increase with NPs volume percentage. For both hydrophilic and hy-
drophobic NPs, the interfacial is found to saturate at increased volume
percentage. This is also reflected in the surface tension values which
do not change significantly at higher concentration. The NPs of size
1 nm at the vapour-liquid interface, for the case of hydrophobic interac-
tions do not disturb the hydrogen bonding structure for different
volume percentage considered. The effect of temperature on the
vapour-liquid surface tension of water containing NPs is also studied.
It was found that hydrophilic NPs reduce the response of temperature
on the surface tension.
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