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Abstract

Two simple equations have been developed using the lattice theory and the regular solution assumption to predict the solid—vapor an
solid-liquid interfacial tension. The required parameters are the liquid critical temperature and volume, the solid melting temperature and
the molar volume of liquid and solid compounds. To confirm the models, the predicted solid—fluid interfacial tension values have been used
to predict the contact angle of the liquid drop on the solid surface applying Young'’s equation. Agreement of the predicted contact angle with
the experimental data reveals the reliability of the developed models.
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1. Introduction they called it “critical surface tension.” The liquids that have
a lower surface tension than this critical value spread and

Solid—liquid and solid—vapor interfacial tensions are two completely wet the solid surface and those that have a higher
important properties of solid surfaces that cannot be deter-value of surface tension can only partially wet the substrate,
mined experimentally. The difference in solid-liquid and resulting in a three-phase contact point with an apparent
solid—vapor interfacial tension values relates to the liquid contact angle. Experimental contact angles have been exten-
surface tension and the contact angle of the liquid drop on sively used to develop models for estimation of solid surface
the solid surface by Young[d] equation. Since the liquid— energieg3-5] and some of them, such as the equation of
vapor surface tension and the contact angle are measurablestate approacf#,6], have been subject of considerable con-
it has been generally agreed that the most practical methodtroversy[7-12].
of evaluating the solid surface energy is the measurement The observation of Zismann and co-workers suggests that
of the contact angle of the liquid drop on the solid sur- the contact angle of a liquid drop on a particular solid sur-
face. face can be determined solely by the liquid—vapor surface

The contact angle method of solid surface energy eval- tensjon. Recently van Giessen et[aB] found theoretically
uation Started, hiStOl‘ica"y, with observations of Zismann the same trend of C@) versus |iquid_vap0r surface tension
and co-workerg2]. They found that the cosine of the con-  py ysing a generalized van der Waals theory and concluded
tact angle, ca®), decreases monotonically with increasing - that “poth the contact angle and the liquid—vapor surface ten-

liquid—vapor surface tension. They extended the linear plot gjo depend on the properties of the fluids and one cannot
of cog0) versus liquid—vapor surface tension to @s= 1 simply be a function of the other.”

to find the corresponding liquid—vapor surface tension and  This work aims to find a method for prediction of the

contact angle. We employ the lattice theory and regular so-
* Corresponding author. Fax: +44-131-451-3127. Iution-ass-umptions to-develop Fwo quations for prediction
E-mail address: ali.danesh@pet.hw.ac.({R. Danesh). of solid-liquid and solid—vapor interfacial tension. The pre-
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dicted values are then used in Young’s equation to predict using some algebraic simplification, as
the contact angle.
1 1 1 S
ytoel = SNn® Zea + ENnﬁ Zexo+ ENn“f“’z > (xPeir)
i=1

2. Theory 1 1
+ En“ﬂl(X‘fﬂXgﬁ)alz + En“’smotlz, (8)
2.1. SolidHiquid interfacial tension
where
We consider the liquida) and solid $) phases totally ~ ,, = NZ(2e12 — 11— €22). 9

immiscible, whereas both solid and liquid phases are pure

systems of different compounds. We assume the interfacen” (= k“n®?) andn? (= knf) are the number of moles
(aB), where solid and liquid phases meet, as a monomole-in the bulk liquid and solid phases, respectively. The first
cular plane composed of both liquid and solid compounds. two terms in Eq(8) are the internal configurational ener-
Hence, the only mixture phass the interface. We further gies of bulk phases and the third term is that of interface as
consider the liquid and solid phases as a series of plains,@ perfect solution. Therefore the last two terms in E&).
each with the same number of molecules, parallel to the in- are the excess internal configurational energy of the system
terface plain. Each molecule in the lattice interacts only with attributed to the interface. Assuming zero excess volume
Z nearest neighbors, whidiZ of them are situated in the ~and zero excess entropy, we obtain equality of the excess

same plain aneh Z in the adjacent plain. Therefore, free energy and the excess internal configurational energy.
Consequently, the activity coefficient of compounds in the
l+2m=1 (1) interface is determined as
Th.e internal configurational energy (_)f the ipterface plain due gt In(yf‘ﬂ) = l—aaﬂ <}naﬂXilﬂXgﬂa12>
to interaction of molecules situated in the interface is on; 2 T,P,n‘;.”
1 1 .
Up= E(Nn“’g X3P (12x5F)e11 +omanz, =12 (10)
1 Analogously to regular solutions we assume
+ 5 (N X5) (12X5" )22 gouslytored
a 1
op ap RT In(y**) = “pof x P x 9P . 11
+ (Nn® XY (12 X2 )1, ®) (") 7 (2" pXTez) (11)

wheren is Avogadro’s numbew"‘ﬁ is the number of moles  gypstitution of Eq(11) in Eq. (10) and then employing
situated in each plainy®” is the mole fraction in the inter- Eq.(1)yield

face ande is the interaction energy. The subscripts 1 and 2

refer. to the liquid and solid cpmpounds, respectively. The RTIn(yl.”‘ﬂ) _ }0112, i=1.2 (12)
configurational energy of the interface due to interaction of 4

interface molecules with metules situated on the adjacent Equation(12) enables us to find the chemical potential of
plains is components in the interface. The chemical potentialtiof

component in the interface is
Uz = (Nn*? X3P ) mZ)e11 + (Nn*P X3P ) (m Z)e12

af O af  af __ap .

+ (NP XS\ mZ)e12+ (Nn®f X3P ) (mZ)e2a.  (3) wit = TP+ RTIN(XGTyT) = o%ai, (13)

wherepa?’o"S is the standard chemical potential of pure com-

ponent; at the interfacey; is the partial molar surface area

of that compound and“? is the solid-liquid interfacial ten-

sion. Since the system is in equilibrium, the chemical po-
1o o tential of each component has the same value in all phases.

Us = QN” [Ze, (4) Using the equality of chemical potentials along with E®)

and Eq(13)yields

Similarly to Egs.(2) and (3)we can show the internal con-
figurational energy of thbulk phases in each plaib/z and
Uy, and the adjacent plaings andUs, as follows:

Us= % Nn®1Zezs, (5) Py — oty — (WO —

Us=Nn**mZe11, (6) Xl:)Llﬂ = exp( R RT L . >, (14)

Us = NnmZez,. 7) wherep is the chemical potential in the liquid phase.

We suppose the liquid phase comprigéslayers and the The expression for concentration of the solid compound
solid phaset? layers. The total internal configurational en- i the interface X5°, is of the same form as E¢14), but

ergy of the system is the summation of all these energies,changing the subscript 1 to 2 apg to /Lg.
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EmployingX"‘ﬁ + X“’g =1resultsin 2.2. Solid-vapor interfacial tension
Bagy — 1 — — . . .
exp(aa g1 — 7912 (“ “@) We consider the lattice of solid to be covered by a
RT monomolecular interface plane. The molecules of the vapor
c%Bap — Logp— (Mg’ _ Mz) phase are far from each other (at low pressure conditions);
+ exp( 4 RT ) 1 (15) therefore, their interaction with the interface plain is ignored.

_ o . The same procedure, described above, used for solid-liquid
For practical purposes, we simplify E@L5) by making the | result in the activity coefficients of solid and vapor com-

following two assumptions: pounds at the interface as follows,
(a) The partial molar surface area of the liquid compound RTm(yVﬂ) _ }NZ(elz— £11) — }NZSZZ (21)
in the interface is equal to that of solid compound, that 1 2
is, a1 = a2 = ag). In applying the method, however, we and
useas) = 0.5(ay + a;). This assumption will be the case 1
if the solid and liquid compounds are of the same mole- RT In(yz’”ﬂ) = —ZNZszz, (22)

cular size.
(b) The difference between the chemical potential of lig- Where the superscript denotes the vapor phase. Since the

uid compound in the bulk liquid phase and the standard liquid and vapor compounds are the same substance, the sub-

chemical potential in the interface is the same as that of SCript number 1 denotes the vapor compound as well as the

solid compound, that is, liquid compound. Using Eq(22) to evaluate the chemical
potential of the solid compound at the solid—vapor interface,
0,a8 0,08 B _ M 16 .
ny =y —py =M. (16) we obtain
1
The above assumptions will become more valid as the g7 |n(XVﬁ) =o"Pap— (Mg#ﬁ _ Mg) + ZNZr?zz- (23)
solid and liquid compounds become more similar, that is,
similar in molecular size, lattice point distance, molecular It has been well demonstrated that the solid—vapor interfa-
packing and interaction potential model. cial tension is independent of the vapor type (e.g., see Refs.
Using these two assumptions Ef5) simplifies to [4,6]). Therefore it is reasonable to assume that the solid—
1 1 vacuum surface tension has the same value as the solid—
o = — <In(0.5)RT + ZOZlZ + M). a7 vapor interfacial tensiony®. Hence, from the definition of
as|

the standard state chemical potential, we obtain
We assume the solid-liquid potentiaf in Eq.(19), obeys
the Berthelot'y14] rule: uy"? — b =Sy =0"ay. (24)

€12 = /€11€22. (18) Equationg24) and (23)esult in the mole fraction of solid

The Berthelot’s rule applieshen the forces between mole- compound at the interface, as

cules are of dispersion typgk5,25,26] Since in our model yﬂ 1NZ
we characterize the compounds by their interaction potentlal = exP(ZﬁWZ) (25)

and molecular size, the model wilfedict no interface (zero , , )

interfacial tension) when the interaction potential and the Evaluation of the chemical potential of the vaporcompound
molecular size are the same for both compounds. We haveat the interface, using E21)and remembering that]”

already assumed that the partial molar surface area of solidl — Xgﬂ , and SUbStItUtIOI‘leﬂ from Eg. (25) give us the
and liquid compounds is the same. If we apply the model to equation

a system composed of molecules of equal interaction poten-

. ; . ; . INZ 1
tials, Eq.(17)should result in zero interfacial tensionand .\ (1 3 exp[ D A N Zers— oSy

— €22
—In(0.5)RT. (19) 4RT 4
! . . 1
Equation(19)along with Eq(9) and Eq(17)yields = “1 M? VB _ 5NZ(elz — £11). (26)
o — 1Nz <812 _ M) (20) Considering our assumption that the solid surface tension is
2 as| 2 independent of the vapor type and our assumption on the va-

Equation(20) is the final equation to be used for prediction por lattice points, the right-hand side of the E26) should

of solid—liquid interfacial tension. The required parameters be zero. The molar surface areas of both compounds are
are the molar surface area of solid-liquid interface, the co- considered to be the samie, accord with the assumption
ordination number and the interaction potentials. In the last we made for the solid—liquidhterface, and equal to the mo-
section we will discuss how to approximately obtain these lar solid surface area. These assumptions make the left-hand
parameters. side of the Eq(26)independent of vapor compound. Hence,
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Eq. (26) reduces to the final equation of the solid—vapor in- whereV is the molar volume in cihmol~1, 1 is a constant

terfacial tension, as coefficient related to the geometry of the molecular packing
at the lattice and is in A.
1NZ RT I1NZ i iti i
oS=_% 4 In(1—exp( =260 ) ).  (@7) que the critical volume of the solid compound may not
4 qq s 4 RT be available, mostly, we may use the molar volume of solid,

o i ) instead of the critical volume, to calculate thg@arameter.
This simple equation enables us to evaluate the solid surface fyrther suppose the distance of the molecules at the solid

tension at any temperature. The required parameters are thg 46 such that the solid potential falls to the well depth po-
interaction potential of the solid, the coordination number iantial of the Lennard—Jones model thatis,

. = €0.
and the molar solid surface area.

Equation(29) can be used to calculate the energy pa-
rameters of both solid and liquid systems but since some
solid compounds may have no critical point (e.g., polymers)

3. Resultsand discussion a similar approach that correlates the solid energy para-
o meter to the melting point may be used. Recently Morris
3.1. Application and Song[17] calculated the equilibrium melting line of

Lennard—Jones fluids by molecular dynamic simulation and
Application of Egs.(20) and(27)equires the values of  concluded, using different truncation potentials, that
energy parameter and molar surface area of all the com-
pounds. According to the assumption (b), described in the 7,,— = 0.654...0.683 (32)
solid-liquid section, the same interaction potential model €22
should be used for both liquid and solid molecules. The in-  The above values have been obtained at zero pressure,
teraction between two molecules has been supposed to béut may be extended to the atmospheric melting point, as
independent of their orientation and only depends on their the melting temperature change with pressure is small.
distances and their molecular sizes. Any potential modelthat  To ensure the reliability of the above approach, the
considers only these two parameters can be used to calculatée€nnard-Jones energy parameters of some simple liquids
the interaction energies. The parameters of the model maysuch as Ar, Kr, Ne, Xe, Bland methane, determined from
also be calculated from thermodynamic properties of the the viscosity dat@18], were selected and a least squares fit
compounds using lattice models. For simplicity we consider was employed to find the right-hand side value of €33) at
the liquid and the solid phases to be reasonably adequately@tmospheric pressure. The obtained value was 0.75, which
described by the Lennard—Jones model, which is was close to the values at zero pressure but as expected
slightly higher.
S\ /5\° The molar surface area can be estimated from the molar
&= 4¢0 (;) - <;) : (28) liquid and solid volumey;. In this work we used the sim-
plest relation, proposed by Sprow and Praugiii¢q,
wheregg is the absolute value of the well depth potential and 23 1/3
§ is the distance at zero potentenergy. The parameters of @i =V;""N 13, (33)
Lgnnard—gones model for many compounds havg been.deter-rhe coordination numbeZ, can vary between 4 and 12
mined, using methods such as matching the predicted viscosypject to the packing structure of the lattice. For the face-
ity or the second virial coefficient to experimental data, and centered cubic, which is the densest lattice, the coordination
reported in the literature. They can also be determined sim-pmperis 12 and for the least dense lattice, i.e., the diamond
ply from available correlations, particularly in the absence girycture, the coordination number is 4. The liquid surface
of reported data, such as the ones suggested by Chung et alension can enable us to estimate the coordination number

[15]: as follows.
T. Although Eq.(27) has been developed for solid—vapor, it
fo=kioren (29) can be reasonably generalized for determination of the sur-

face tension of any condensed phase, as the assumption used

and for the solid phase is mostly general and applicable to the
_ 1/3 liquid phase.

8 =0.809Ve)™™, (30) Table 1shows the results of the predicted surface tension

wherek is the Boltzmann’s constant, is the critical tem- values for some hydrocarbons and two polar liquids, water

perature in Kelvin andV. is the critical molar volume in  and glycerol, using Eq27). It is noted that Eq(27) does

cm®mol~1. not have any solution for nondense packing, that is, the sim-
The distances of the adjacent molecules at the lattice canple cube and diamond structure, for the tested compounds

be found by the following expressi¢h6], except for water.

13 13 Although the results are ssitive to the lattice geom-
r =1 (V)3 )73, (31) etry, the experimental values fall into the predicted data
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Table 1
Experimental liquid—vapor surface tension d@a] and the predicted values using Eg7) and different lattice geometries at 20
Liquid Exp. Diamond structure, Simple cubic, Body-centered, Face-centered,
(mMNm1) Z=4and Z=6andr=1 Z=8and Z =12 and
)L:2—131/2 A :2—2/331/2 A :21/6
Dodecane 280 - - 2642 4144
Tetradecane 280 - - 2501 3983
Hexadecane 280 - - 1880 3567
Hexylbenzene 300 - - 3029 4928
Decylbenzene 320 - - 2424 4231
1-Methylnaphthalene 360 - - 3986 6637
Octanoic acid 220 - - 3363 5516
Nonanoic acid 2% - - 3195 5261
Water 7280 24.81 162.44 1605 21261
Glycerol 6340 - - —25.64 8047

ranges. According tdable 1, the body-centered cubic lat- to calculate the solid—fluid interfacial tension, as solids are
tice reasonably represents timolecular packing geometry  mostly dense compounds.

of the hydrocarbons and the alkanoic acids like octanoic

and nonanoic acids. Furthermore, a coordination number be-3.2. Evaluation

tween those of the diamond structue£ 4) and the simple

cubic lattice ¢ = 6) can represent water molecules. Inter- As pointed out previously, there are no experimental data
polation between theses two geetrical structures to match  on solid—vapor or solid-liquid interfacial tension to evaluate

the measured surface tension of water resultg ia 4.7, the predicted values. Hence, we employed Young's equation
which is in a very good agreement with the numbers ob- along with the predicted values of solid—vapor and solid—
tained by X-ray diffraction measuremd@0,21] The result liquid interfacial tension to predict the contact andgleof a
obtained by Morgan and Warrg@0] shows that the num-  liquid drop on the solid surface.

ber of nearest neighbors in the liquid water increases from  According to Young's equation the contact angle can be

Z=44at1.5°CtoZ =4.9 at 83°C while the later work of calculated as

the Narten et al[21] results inZ = 4.4 at all temperatures oSV _ SL

from 4 to 20C°C. cogqh) = v
The above observation indicates the reliability of the de- g ] ] ] ]

veloped model and our proposed method of using the liquid Hoyvever, tlo obtain some interpretation of predicted inter-

surface tension data for estimation of the coordination num- facial tensions, the predicted data of E§20) and (27)

ber. Application of Eq(20) for prediction of liquid—liquid are compared with the data calculated by the Li-Neumann

interfacial tension of two pure immiscible liquids, instead of model[22]. _ _ _

solid-liquid, also leads tacceptable data, although the re-  The proposed universal equation of Li-Neumann relates

sults are less sensitive to the coordination number. the solid—vapor interfacial tension with the solid-liquid and
The coordination numbeg, can be different for solid  liquid—vapor interfacial tensions as

and liquids but since the same coordination number has been g, (35)

assumed during the derivation we suppose an average coor-

dination number can be used for both phases. A coordinationUsing Eqgs.(34) and (35) along with experimental data on

number of 8 is a reasonable value for the packing struc- contact angles, Li and Neumann obtained a constant value

ture of liquids. Since the solid compound is denser than or of g = 0.0001247 (M mJ-1)2. Equation(35) has been sub-

as dense as the liquid, its coordination number could be 8jected to considerable criticism as explained in REfs12]

or higher. The model uses the same value for liquid and However, it can be used along with Young's equation and

solid components, thus, typical average values of 8, 9, or experimental contact angle data to calculate the solid—fluid

10 seem appropriate. The predicted solid—vapor interfacial interfacial tension.

tensions by these coordination numbers are 18, 20.5, and Recently Kwok and Neuman[i23] reported the contact

22.8 mNn1! for n-octadecylamine solid surface, respec- angle of a large number of liquid compounds on several solid

tively, and are 18.6, 21, and 23.5 mNnfor stearic acid surfaces. We chose two solid surfaces for which their physi-

solid surface. These values are close to each other and closeal properties were available, namelypctadecylamine and

to predicted values by the Li—-Neumann model. We pro- stearic acid.

poseZ = 10 in the absence of data as this value has been In our calculations we used a constant value of 0.75 in

used often successfully in some other liquid models (e.g., Eq. (32) to calculate the solid energy parameter from the

the UNIQUAC activity coefficient model). Moreover, the se- melting temperature. Equati¢29) was used for evaluation

lected value of the coordination number is a reasonable valueof the liquid energy parameter, except for polar liquids such

(34)

Lv SV,\2
oY 4+ oSV 2V gSVehAlo —o7)"
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Table 2

Experimental contact ang[@3] and predicted solid—liquid interfacial tension and contact angle on two solid surfaces

Solid surface Liquid oSt oSt 0, 0, AAD %

Li-Neumann this work exp.[23] predicted

n-Octadecylamine Nonane .aL 005 13 57 56.1
Decane m4 010 18 180 0.2
Dodecane a6 021 30 271 9.8
Tetradecane .80 032 34 325 4.3
Hexadecane a7 008 38 345 9.3
Hexylbenzene 5 033 39 414 6.1
Decylbenzene 97 034 44 439 0.3
«a-Methylnaphthalene Bl 071 55 526 4.4
Water 3676 047 102 721 293
Glycerol 2350 183 90 707 215

Stearic acid Octanoic acid &2 016 40 371 7.4
Nonanoic acid 31 021 43 380 117
Glycerol 2468 224 92 704 234

Total 14.1%

70

as water. We used the reported energy parameter o809
for water, calculated from viscosity dajh8], and 87312 601 —_—
for glycerol calculated from surface tensif##]. It should 50 1
be noted that the energy parameters obtained from(Eg}. 404 -
(29), and (32pre the absolute values and must be used in the
equations as negative values. The average value of the solid
and liquid surface areas was used for evaluatioagpin

gle/Degree

ntact An;
w
S
L
-

= m mZ=9

- wm7=8

Co

Eg. (20), according to our assumption (). 10 e BeR

The predicted values of the solid—vapor interfacial ten- 0 . . .
sion of the above two solids by E¢27) are 22.8 and 20 25 30 35 40
23.5 mNnT1, respectively, which are very close to the val- Liquid Surface Tension / mNm’

ues found, 22.6 mNmt for both, using the Li-Neumann Fio. 1. Exverimental contactnale of hvdrocarb g "

. 19. 1. EXperimental contactngle O yarocaroon compounds on e
model and the e_Xpenmental contaqt a‘n_gle. (ﬂm Tab_le 2 n-octadecylamine solid surface and its prediction using different coordi-
shows the predicted values of solid-liquid interfacial ten- nation numbers.
sion and contact angle of some liquid drops on these two

solid surfaces as well as the experimental contact angles, 5, sizes, the solid systems deviate from the Lennard—Jones
The solid—liquid interfacial tension values found using the fluid). The deviations of the predicted contact angles from
Li-Neumann model and the average absolute percentage dege experimental data are higher for polar compounds, which
viation (AAD %) of predicted contact angles from the ex- can pe attributed to deterioration of the solid-liquid interfa-
perimental values are also includedTiable 2 cial tension model for polar systems.

Fig. 1 shows the impact of coordination number on pre- As we mentioned before Berthelot's rule (Ed.8)) is
dicted contact angle of some hydrocarbon compounds on thegpplicable when the moleculéorces are of the dispersion

n-octadecylamine solid surface. The contact angle does nottype[16,25,26] and may not be applicable to polar systems.
show a smooth trend with the interfacial tension as the com- Hence, we use a more appropriate mixing rule for such sys-

pounds belong to different hydrocarbon families. Note the tems[24]:

changes in predicted contact angles with the coordination

number, but the predicted trend of the contact angle versusg;, — (ﬂ)m (36)

the liquid surface tension is very similar to that of experi- (81+82)2

mentally observed values by Zismann e{28]. We propose  |tis notable that the use of above mixing rule will not change

a coordination number of 10 in the absence of any measuredeq. (19).

data. However, the prediction can be improved by selecting  Also simple averaging of molar surface areas of liquid

Z (and or the solid energy parameter) as an adjustable paraand solid will require modification for such systems. For

meter using any available data. n-octadecylamine—water amdoctadecylamine—glycerolin-
The predicted contact angles are in a very good agreementerfaces we suppose that water and glycerol molecules orient

with the experimental data, although our proposed model is themselves at the interface by their OH groups and there-

simple and the tested systems are far from our assumptiongore the interface contains one OH group of the liquid and

(e.g., the solid and the liquids have very different molecu- one hydrogen bond of the solid compound. That is, the area
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-llz-’?gﬁc:t)’ed values of solid-liquid interfaciahton and contact angle accounting for polar effects

Solid surface Liquid oSk, predicted 0, predicted 0, measured AAD %

n-Octadecylamine Water 80 1068 102 a7
Glycerol 848 769 90 145

Stearic acid Glycerol 108 780 92 152

Total 11.5%

of the interface fom-octadecylaminedid is the same as  els are limited to systems at low pressure and away from the
the water surface area. A similar discussion can be made forliquid critical point.
the stearic acid solid—glycerol interface. We can suppose that
both the solid and the liquid compounds approach the inter-
face by their OH groups so that for each molecule of stearic References
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