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In this work, a theoretical model was developed to describe the wetting behavior of
nanoparticles at liquid-vapor interface by the integration of the renormalization group
transformation, the cell theory, and the modified fundamental measurement theory with
the first-order mean spherical approximation method. The results show that the new
model can be used to investigate the global behavior and surface tensions of nanopar-
ticle/fluid systems. Particularly, the nanoparticle’s wetting behavior inside critical
region was discussed systematically. More important, this work proposed a methodol-
0gy for calculating line tension and contact angle, showing that line tension has con-
siderable influence on wetting properties for small nanoparticles, whereas it is negligi-
ble for large nanoparticles. Therefore, this work provides a general method for study-
ing the wetting behavior of nanoparticles that may find wide applications in the field
of chemical engineering. ©2009 American Institute of Chemical Engineers AIChE J, 55:
747-755, 2009
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Introduction

Nanoparticles adsorbed at fluid interface are of practical
interest in various applications such as emulsions, foams, dis-
persions, adsorption-based separations, and heterogeneous
chemical reactions.'” Because of small size, their properties
depart significantly from those of macroscopic materials.’
Unlike the wetting phenomena at the macroscopic scale that
have been well understood,"® spreading of a liquid on a
small nanoparticle involves a complex behavior in the vicin-
ity of vapor, liquid, and particle three-phase contact region.
The contact line is the frontier between the vapor-liquid,
vapor-particle, and liquid-particle interfaces. The description
of wetting requires accounting for not only the interfacial
surface properties but also the special properties of the triple
line. The line tension, a characteristic property of three-phase
interactions, has to be considered generally.

The determination of line tension has an important engi-
neering impact, such as in the separation of crushed minerals
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by floatation,” dispersion of colloidal nanoparticles in liquid
film in the petrochemical industry,® and the attachment/
detachment of metallic or semiconducting nanoparticles to
change their optical or electronic properties from liquid drops
or bubbles.’ In these systems, the variation of ionic strength
and the nanoparticle size induces large changes in the inter-
facial tension and line tension, resulting in different interface
properties of fluid-nanoparticle systems. A review on the ex-
perimental determination of line tension as well as its rela-
tion to engineering can be found in Ref. 10.

However, the accurate experimental measurement of the
line tension is still a big challenge to date. Most of these
experiments are based on microparticles, and many rely on
optical microscopes to deduce the contact angle from geo-
metric measurements.” There are obvious limitations to
extend these methods to nanoparticles; line tensions inferred
from experiments span several orders of magnitude, reflect-
ing the difficulty of experimental techniques. On the other
hand, computer simulations have proved helpful in extending
our understanding of the mechanisms of three-phase interac-
tions. Using molecular dynamics simulations, Bresme and
Quirke'"™"® obtained the line tensions by the excess free
energy calculations. The line tensions can be both positive
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and negative, depending on the particle size and the interfa-
cial tension of the fluid interfaces. In addition to quantifying
the nanoparticle line tension, they provided a molecular view
of the three phase line and enabled testing the validity of the
Young’s and the modified Young’s equations® for nanopar-
ticles at fluid interfaces. In their works, they found that the
two approaches are consistent for large nanoparticles;
whereas for small nanoparticles, obvious difference always
exists between the two methods'!; the difference is due sim-
ply to the line tension contribution. These works indicate
that an accurate line tension description of the system by mo-
lecular simulation is not easy.

Thermodynamic theory provides an alternative way to give
a comprehensive interpretation of line tensions. Marmur and
coworkers'*!° analyzed the energy associated with line ten-
sion for a vapor-liquid-particle system and defined it as the
difference between the actual interfacial energy of the system
and the sum of the interfacial energies of the individual inter-
faces. An approximate equation was constructed to deal with
the line tension as well as the contact angle of liquid drops
on nanospheres. Recently, Widom and coworkers'®!” pro-
vided a geometric interpretation of adsorption at the three-
phase contact line, and conjectured a line adsorption equa-
tion. Very recently, Schimmele and Napidrkowski'® analyzed
a droplet in contact with a gas on a solid substrate systemati-
cally. They found two different possible definitions of the
line tension: one is independent of the choice of the Gibbs
dividing interfaces, and the other is opposite. These works
show that for nanoparticles at fluid interface, the line tension
and curvature effects on the interfacial surface tension have
to be considered simultaneously, and the surface tension of
curvature expansion has to be known in advance before the
line tension could be determined.

A curved surface presents several fundamental differences
with a planar surface. Wetting of planar surface has been
investigated systematically, and the validity of the Young’s
equation for describing the wetting behavior of a fluid
adsorbed on a planar substrate has been tested.'”' While
for curved surfaces, the magnitude of the surface tension as
well as the order of wetting and drying transitions are
affected by the curvature®?%; such curvature dependence of
the surface tension can be characterized by Tolman length,23
which has been discussed in our previous work®* for a spher-
ical particle in contact with fluids.

In this work, we try to establish a general model based on
the statistical mechanics to describe the wetting behavior of
nanoparticles at the vapor-liquid interface, in which the cal-
culation of line tension will be intensively discussed. We de-
velop the theory with a nonlocal density functional method,
where the modified fundamental measurement theory
(MEMT),>>2® the first-order mean spherical approximation
(FMSA),”’! and the renormalization group (RG) transfor-
mation®** for the critical phenomena are incorporated.
Apart from a systematic description of global phase behavior
and surface tension, the present theory also gives the first
estimate of the line tension as well as the modified contact
angle of nanoparticles at fluid interface. In addition, our
model can be used to discuss the wetting behavior at temper-
ature near the critical point.

The article is organized as follows: in the part of theory,
we presented the details to predict the global vapor-liquid-
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Figure 1. lllustration of a particle at the vapor-liquid
interface.

solid phase equilibria for Lennard-Jones/spline (LJ/s) fluids,
in which a model was developed by combining the FMSA,
the RG transform, and the cell model35’36; in the result and
discussion part, we presented the results for global phase dia-
gram, fluid structure, vapor-nanoprticle, and liquid-nanopar-
ticle surface tensions, as well as the contact angles both by
the Young’s and modified Young’s equations; conclusions

were given in the final part.

Theory

The problem considered here is the nanoparticle of radius
R at a planar liquid-vapor interface. The location of the parti-
cle can be described in terms of contact angle 6, as shown in
Figure 1. The contact angle can be valued from 0 to 180,
corresponding to wetting and drying, respectively.

Potential model

To compare our theoretical calculation with the available
molecular simulation data, we adopt the same potential
model to describe the interactions of the system as in molec-
ular simulations, which is based on the Lennard-Jones/spline
potential37

u;;(r)
12 . 6
W[(2) ()] ocrren

aj(r —s— rc,z:f)2+bz:f (r—s— "c.,z:f)3

Tsij <T"—8 < Tcjj
0 rej<r—s

(1)

where r is the distance between particles, oy is the diameter
of the fluid particles, ¢; represents the potential depth for
interaction between species i and j, and s = (0, — 0y¢)/2, the
subscript “p” and “f” represent the particle and fluid respec-
tively, in which ¢, = 2R is the diameter of the particulate.
The remaining variables are given by rg;; = (26/7)1/6(7f, Teij
= (67/48)ry;, a; = *(24192/3211)(8,:,-/)’?\11), and b; =
—(387072/61009)(8,41-/1*:’71-]-). The reduced temperature is defined
as T* = kgT/esr, where kg is the Boltzmann constant, and the
reduced density is expressed as p* = po3.
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The FMSA is a general solution to the Ornstein-Zernike
equation, with especially analytical simplicity for exponential
potential function.?”*® To extend the FMSA to LJ/s potential,
we first map the potential with the two Yukawa potential, as
done before by Tang an Lu® for the Lennard-Jones potential.
With the given potential in Eq. 1, the mapping potential can
be expressed by

A — o PR )] expln o)

r/a ’ r/o

where ki, k, z;, amd z, are the mapping parameters, and the
values are given by k; = 7.7481, k, = 7.7952, z; = 5.8690,
and z, = 8.8010. The reproduction was tested to be excel-
lent,24 and may be inherited in the calculation of the thermo-
dynamic properties of LJ/s potential. In the subsequent dis-
cussion, these Yukawa potentials will substitute LJ/s poten-
tial with the mapping parameters.

FMSA with RG transformation for
vapor-liquid equilibria

The reduced excess Helmholtz free energy for a fluid from
the original FMSA can be usually expressed as a summation
of contributions from the hard sphere repulsion and the
attraction

aI‘CS — arep + aal[ (3)

where the superscripts rep and att stand for hard sphere and
dispersion, respectively. The hard sphere repulsion contribu-
tion is given by

4y — 3p?
wp _ 4123 @
(1—n)
where 7 is the packing factor with n = %pa3, and p is the

number density of fluid. The attraction contribution can be
written as>®

" = 2mpp / 8(r)
5)

where g(r) can be given with the simplified exponential
approximation

]umap(r)rzdr + 27'cpﬁ/ uu/“(r)rzdr

8(r) = go(r) exp[g1(r)] (6)
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where the details of C(n,ns,n3,7) and D(ny,n,,ns,z,r) are
defined in Ref. 30. With Eq. 3, the obtained phase coexis-
tence curve outside the critical region is believed to be
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reasonable. While inside the critical region, the density long-
wavelength fluctuation has to be considered and FMSA, as a
mean-field theory, will be inevitable to bring deviations. To
remedy the deficiency, we take into account the fluctuation
by general renormalization group iterations.***’

a[p(r)] = a,_1[p(r)] + da,[p(r)] )

1
BV

" dxexp{ =V, Pa,— 1.0(p,x —|—27rC4x2/<2 2nCex’k?
0 n

day(p)=—

*Ln fo dxexp{ V,,[,Ba,, 1.0(px )+2nC2x2]}
(10)
arcrlp(e). o = LA =g o)
(11)
jl)!/c(r)r"dr (12)
0

where V,, is the phase space volume of n-order RG iteration,
k, is the fluctuation magnitude,41 c(r) is the DCF as defined
in Reference 35, and the initial iteration @, can be calculated
by Eq. 3. After several times of iteration, the excess free
energy due to long-range density fluctuation is incorporated
into the short-range contribution. With the total Helmholtz
free energy after transformation, the global vapor-liquid
diagram and critical thermodynamic properties can be
calculated.

FMSA with cell model for the solid phase

To describe the thermodynamic properties of solid phase,
we follow the FMSA approach similar to that for fluid phase,
and assume the solid phase has a face-centered-cubic struc-
ture as described by the cell model.**~° The Helmholtz free
energy includes a contribution from the reference hard-sphere
crystal and a perturbation term by taking into account the LJ/
s interaction. It writes

RO

[o.8]

+1211073/gs(r)u(r)mapdr (13)

a

where gs(r) is the radial distribution function around an ar-
bitrary tagged particle in crystals, and can be represented
by42

o . 1
) = e L /o
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in Eq. 14, n; is the number of particles in the ith neighbor-
ing layer from the tagged particle, R; represents the center-
to-center distance between a particle in the ith layer and the
tagged particle, and the determination of o, oy, and R; are
given elsewhere.*?

Fluid structure and surface tension

For the fluid in contact with a spherical particle, the sys-
tem is always in equilibrium and the radius of curvature is
simply varied as a boundary condition. The calculation of
fluid structure and surface tension require the estimation of
Helmholtz free energy. For inhomogeneous fluids, the essen-
tial task is to derive an analytical expression for the grand
potential Q[p(r)], or equivalently, the intrinsic Helmholtz
free energy al[p(r)] as a functional of density distribution.
The grand potential Q[p(r)] can be expressed as the follow-
ing general form of density functional

Qlp(w)] = [ drp(e) in(p(0)A%) — 1] + amy[p(r)] + alp(r)
+ [ drlp)Veulr) = ] (13)

where p(r) denotes the density distribution with configuration
I, applp(r)] stands for the hard-sphere reference system,
a.u[p(r)] accounts for the attractive interactions, u represents
the chemical potential in the ensemble, and V. (r) is the
external potential for the fluid-nanoparticle interaction, as
given by Eq. 1.

The hard-sphere functional can be well described by
MEMT,**® which gives more accurate density profiles in a
number of inhomogeneous systems. It writes

niny — NypNy,

arep[p(r)] = / dr {—noln(l —nm) +

l—n3
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1
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where n,(r), o« = 0,1,2,3,V1,V2 are the scalar and vector
weighted densities from the fundamental measure theory.*?

For the attractive part, the explicit analytical direct correla-
tion function (DCF) from the FMSA provides an accurate
description for curved surface

tulp(0)] = aulpy) + 1 / " Ap(e) d,

1

_E/%Ap(rl)drl/:—jc(rl —r3)Ap(ry)dry  (17)

where the subscript “b” represents the bulk fluid, or the
equilibrated fluid, and Ap(r) = p(r) — py,. The reliable bulk
physical properties can be given by the FMSA outside the
critical region, and by the FMSA with RG transformation
inside the critical region. With the above expression for the
intrinsic Helmholtz free energy, the density distribution can
be obtained by minimizing the grand potential
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dp(r)

p(r) = p,exp {[)’ub.ex -8 - ﬂVex[(r)]

(18)

Equation 18 can be calculated by use of Picard iteration,*
and the iterations terminate when the maximum difference
betv&éeen two subsequent density profiles is smaller than
10"

With the obtained density profile, the grand potential can
be obtained by Eq. 15. The surface tension 7 can be calcu-
lated with the grand potential and the saturation pressure of
fluid (P)

Q+ PV
Ve=—p

19)

Here A is the surface area. For curved surface, it writes

-
R

[,%] lalp(r)] = pr)+ p()Ven(r) + Pldr (20)

Line tension and modified Young’s equation

Young’s equation provides a simple description of wetting
and drying transitions in terms of the surface tensions of the
different interfaces. These transitions have been studied
extensively to evaluate the contact angle for fluid-wall
systems with the vapor-wall y,,, and liquid-wall yy, surface
tension*’

cos = w — iw (21)
Py

This expression is called as the Young’s equation, which is
very accurate for fluid-wall system. It is known that the
Young’s equation fails to some systems, where the line ten-
sion has a considerable influence on the wetting transition,
and therefore it has to be considered as a correction in a
more general treatment.'' The corresponding modified Young
equation is

‘ccos@_
Rsin0

ypv - ’ypl — Yy €OS 0+ 0 (22)

where y,y, ypi» and 7, denote the surface tension of the
vapor-particle, liquid-particle and vapor-liquid interface
respectively, T represents the line tension and defined as the
excess energy that is associated with the three-phase line,
and 0 is the modified contact angle between liquid and parti-
cle. Following Marmur’s analysis,m’15 the line tension can be
defined as the difference per unit length of the contact line
Iy between the actual interfacial energy U, of the system
and the independent interfacial energy, which is calculated
based on the assumption that there is no effect on the surface
tensions between any two phases from the third phase

thy = Upy — (U, + Uy, + Uy) (23)
where Uy, is the sum of all molecular interactions, U;_j is
the independent interfacial energy between phases i and j,
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Figure 2. The geometrical definitions of integral
regions for different interfacial energy cal-
culation.

(a) Actual interfacial energy, (b) independent interfacial
energy.

Iy 1s the length of the contact line and can be denoted with
the radius R of the particle and the contact angle by

Ipy = 27R sin 0 24)

However, as discussed in the introduction, each interfacial
tension in a wetting system is affected to some extent by the
presence of the third phase; this is particularly true in the
close vicinity of the contact line. To derive the line tension,
we assume the actual total interfacial energy of the system
can also be divided to three dependent terms, each of which
is affected by a nearby third phase

Uplv =Uy + Upv + Upl (25)

For the specific case of a vapor-liquid-particle system, the
difference between the vapor-liquid interfacial energy with or
without the effect of the third phase is very small, and can
be neglected for simplicity. Then, Eq. 23 is revised to

tlyiy = Upy + Uyt — (Up, + UY) (26)

Furthermore, we find that the total and independent vapor-
particle and liquid-particle energies can be calculated within
different integral regions as shown in Figure 2. Thus, they
can be expressed with
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U+ Up = [ Veullp )i+ [Vt 1)

Vy Vi

and

Ul + Ul = / Vew(F)p(r)dr + / Veu(D)py(r)dr — (28)
v, VI

where V,, Vi, V., and V| are corresponding integral regions.
If we use Eqs. 26-28 to calculate the line tension directly,
the accumulative error from those integrals may be consider-
able. To avoid error accumulation, Eq. 26 can be transformed
into a derivative form

dt dlyy  dU, dUy (dU,, dUy,
— Iy = —_—— — 2
R™ TR TSR TR R TR (29

and t can be further expended to

ax

(k1) = =(Ro) +

(Ri —Ro) + -~ (30)

where the high order terms are neglected. Combining Egs.
29, 30 with Eq. 22, we can solve t, cos 0, and j—,@ simultane-
ously by a simply Picard iteration method* with AR =
0.00250y. The solution indicates that the line tension depends
not only on the contact angle, but also on the curvature of
the particle surface.

Results and Discussion

To calculate the wetting angle of nanoparticle at the equi-
librated vapor-liquid interface, the independent surface ten-
sions should be obtained in advance. However, surface ten-
sion calculation needs the equilibrium properties of fluids as
input. As a result, we begin our discussion with the phase
behavior.

Global vapor-liquid-solid phase diagram

We first predicted the global vapor-liquid phase behavior
for LJ/s fluids using the FMSA with RG transformation
(FMSA+RG), and compared with molecular simulation
data*®*’ to validate its predictive ability. The results are
shown in Figure 3, in which those from the original FMSA
are also given for comparison. Outside the critical region, the
original FMSA behaves similar to the FMSA+RG; whereas
inside the critical region, FMSA overestimates liquid den-
sities and underestimates vapor densities. The FMSA+RG,
however, reproduces quite well the molecular simulation
results. As pointed out before, the original FMSA remains to
be a mean-field type, in which the long-range density fluctua-
tion inside the critical region cannot be considered. Evi-
dently, it overestimates the critical point as well as the sur-
rounding region. In contrast, the FMSA+RG, by considering
the inhomogeneity and the long-range density fluctuations of
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Figure 3. The global vapor-liquid-solid equilibria of

LJ/s fluids.

fluids, is capable of predicting the critical properties cor-
rectly.

On the other hand, it is very difficult for molecular simula-
tion to calculate the properties in the vicinity of the critical
point because of the large density fluctuation. The critical
temperature, pressure and density are commonly estimated
by fitting the subcritical coexisting data. For example, the
critical temperature estimated by Rgsjorde et al.,*® is 0.897
in reduced units, whereas by Bresme*’ the value is 0.91. The
theoretical model, however, can predict criticality in consis-
tence with the global phase behavior. In this work, the criti-
cal temperature theoretically calculated is 0.879. Although
the true value is unknown, it seems that the theoretical value
is more reasonable by fully evaluating Figure 3. The figure
indicates that the FMSA+RG can accurately describe the
global vapor-liquid phase behavior in a simple and flexible
way.

To give a global phase description for LJ/s fluids, Figure 3
also shows the fluid-solid transition predicted by the FMSA
combined with the cell model. In this case, the phase dia-
gram includes a triple point where vapor, liquid, and solid
are in equilibrium. Obviously, the calculated freezing line is
in good agreement with simulation results*®; this demon-
strates that the FMSA can also be extended to solid phase.

The structure of fluid and independent surface tension

As well addressed before,24 our density functional method
can predict the fluid structure accurately. Especially, with the
RG transform, the method has the advantage over other tradi-
tional density functional theories in the description of critical
region of fluids. Even compared with molecular simulation,
the feature in critical property calculation makes the model
have strong advantage. Figure 4 shows the density profiles
for fluid around a nanoparticle, where the liquid is in equilib-
rium with the coexisting vapor. The size of nanoparticle is
op = 30y, and the reduced temperature is 7* = 0.85, very
close to the critical point. From the figure one can see that
the oscillating density in the liquid-particle interface is
caused by the repulsive force, and the impact of the attrac-
tive force from the particle on the structure of the liquid
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Figure 4. Calculated local density profiles of fluid
around a nanoparticle with ¢, = 305 in critical
region (T* = 0.85).

Solid lines correspond to equilibrium liquid; dash lines
correspond to equilibrium vapor phase.

extends over 5oy this indicates that nanoscale contact prob-
lem cannot be ignored in the Young’s equation.21

With the accurate fluid structure, the chemical potential,
Helmholtz free energy, and grand potential were obtained
using our model. Accordingly, the independent vapor-liquid,
vapor-nanoparticle, and liquid-nanoparticle surface tensions
were calculated. It is well known that the accurate vapor-lig-
uid surface tension can be easily predicted by a variety of
density functional methods. Thus, only the vapor-nanopar-
ticle and liquid-nanoparticle surface tensions were discussed
in this work. Figure 5 shows the two surface tensions as a
function of the inverse of particulate size with strong fluid-
nanoparticle interactions (eyr = 1.75¢), as well as the results
from molecular simulations.*> For the vapor-nanoparticle
part, the agreement is excellent; while for the liquid-nanopar-
ticle part, it shows slight deviations from the simulation

02
00
e 3 -
D‘ ----- S . i .
02l -.._‘_“-_-“ e §
Ts —_—, e, ]
------- YLP T,

04 . . = %
® simulation data®® i
® simulation data*®

06 |

i i i
00 01 02 0.3 04

UFIGP

Figure 5. Comparison of vapor-nanoparticle and liquid-
nanaparticle surface tensions for gy; = 1.75s
and T* = 0.75.
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data,* and the deviation increases with decreasing nanopar-
ticle size. The deviation may be attributed to two aspects:
the inaccurate interfacial energy calculation in the theoretical
model is due to the strong density oscillation at the interface,
and the uncertainty in molecular simulations is due to the
complexity of the system. Nevertheless, the predicted liquid-
particle surface tension is still reasonable. These comparisons
show that our method is a good approach to calculate inde-
pendent surface tensions.

Further predictions of independent vapor-nanoparticle and
liquid-nanoparticle surface tensions in the critical region (T*
= 0.85) were performed. Figures 6 and 7 show the contour
lines of vapor-nanoparticle and liquid-nanoparticle surface
tensions, respectively. From the two figures, one can find
that, if the strength of fluid-nanoparticle interactions
increases, or the nanoparticle size decreases, the surface ten-
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Figure 7. The calculated contour lines of liquid-nano-
particle surface tension with size ratio on the

ordinate and energy ratio on the abscissa (T*
= 0.85).
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sions can be changed from positive to negative. Generally
speaking, negative surface tensions can be interpreted in
principle as a tendency of the nanoparticle to disperse in the
fluid.*> Therefore, decreasing the nanoparticle size and
increasing the fluid-nanoparticle interaction energy are favor-
able to the dispersion of nanoparticles in fluid.

Line tension and the modified contact angle

With the independent vapor-liquid, vapor-particle, and lig-
uid-particle surface tensions as input, the calculated contact
angles by the Young’s and the modified Young’s equations
as a function of the fluid-particle interaction strength for o,
= 50y and 0}, = 100y are given in Figure 8. One thing should
be highlighted is that, in the modified Young’s equation, free
energy was included in the line tensions for three-phase con-
tact. It seems that the contact angles obtained by the Young’s
and the modified Young’s equations are all in good agree-
ment with the simulation data,'" and the two equations yield
nearly undistinguishable curves. The results demonstrate that,
from another point of view, the three independent surface
tensions calculated with our theoretical model are reliable.
The unobvious modification of contact angles reveals that the
line tension is very small, and the Young’s equation is still
suitable for large nanoparticles. Figure 8 also shows that, for
a given interaction strength, an increase in size of the nano-
particle produces an increase in the contact angle.

To give insight into the effect of the curvature of the
nanoparticle, the contact angles for smaller nanoparticles
were further investigated. Figure 9 depicts the calculated
contact angles as a function of the nanoparticle size. For
comparison, the two molecular dynamic simulation results,
by direct measurement of the contact angle and by the excess
three-phase contact energy calculation respectively, are also
given. The results for the contact angles obtained from the
theory and the two simulation methods agree well for nano-
particles larger than 5oy In this case, both the Young’s and
the modified Young’s equations are valid. However, for
smaller nanoparticles, the deviation between the two simula-

'y c:pa'cr|=1l]
o crp.l'ﬂr=5

o5 L modified Young's equation
= = =Young's equation

#,

cosb
L=}
=]

o5

Figure 8. Comparison of the predicted contact angles
by the theoretical model, molecular simula-
tion, the Young’s and the modified Young’s
equations with T* = 0.75.
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Figure 9. Comparison of the contact angles by the the-
oretical model, molecular simulation,’ the
Young’s and the modified Young’s equations
as a function of the nanoparticle size with ¢
= 1.25¢; and T* = 0.75.

tion results becomes obvious. We think that, for molecular
simulation, the direct observation results are more reasonable
because the energy route includes some assumptions and can
easily bring accumulative error. On the other hand, the modi-
fied contact angles obtained by considering the line tension
in our theoretical model are similar to the values from direct
measurement of contact angle simulations.'' Figure 10 shows
the estimates of the line tension, which are also comparable
to the simulation results.'’ These results validate our line ten-
sion derivation and calculation based on the independent
vapor-liquid, vapor-particle, and liquid-particle interfacial
tensions. If the line tension factor is neglected, the contact
angles yielded by the Young’s equation shown in Figure 9
become worse with the decrease of the nanoparticle size.
The deterioration could be more serious in stronger fluid-
nanoparticle interaction region at higher temperature. On the
other hand, Figure 10 also indicates that the shift in the angle
is consistent with the line tension sign.
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Figure 10. The calculated line tensions as a function of
contact angle (cos 6) with T = 0.75.
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Figure 11. Influences of the fluid-nanoparticle interac-

tion strength on the contact angle (cos 6) at
different fluid temperatures.

Further investigation was performed to evaluate the influ-
ence of fluid temperature, especially in the critical region.
Figure 11 plots the modified contact angle as a function of
the interaction strength for o, = 30y with T* = 0.75 and T*
= 0.85, respectively. As expected, the influence of interac-
tion strength on wetting transition increases with increasing
temperature. The results suggest that, outside the critical
region, the wetting transition tends toward the first order,
whereas inside the critical region, it tends toward the second
order, similar to the fluid phase transition.

Conclusions

In this work, a theoretical model was developed based on
density functional method to deal with the wetting behavior
of nanoparticles at fluid interface. Particularly, a new method
for line tension calculation was derived. In this model, the
FMSA theory, the RG transformation, the cell model, and
the MFMT are integrated. As our RG transformation was
constructed with the same background of the FMSA, the
whole theoretical framework is rigorous and consistent.

The predictive capability of the model for global vapor-
liquid-solid phase equilibria of LJ/s fluids was discussed.
With the accurate equilibrated densities, the structures of
fluid around the nanoparticles were calculated, and the inde-
pendent vapor-liquid, vapor-nanoparticle, and liquid-nanopar-
ticle surface tensions were obtained. Comparisons with mo-
lecular simulation data show that the vapor-liquid and vapor-
nanoparitcle surface tensions are accurate, and the liquid-
nanoparticle results are also reliable.

The new line tension calculation method was extended to
analyze the wetting angle and to revise the Young’s equa-
tion, and the results were validated with molecular simulation
data. The present work shows that the line tension has large
influence on wetting properties for small nanoparticles;
whereas for large nanoparticles, the effect is negligible. In
summary, this work presents a theoretical model that can
deal with the global three-phase behavior, interfacial surface
tensions, the line tension of the three-phase contact, as well
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as the contact angle simultaneously for nanoparticles at fluid
interfaces.
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