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Sessile-Water-Droplet Contact Angle Dependence on Adsorption at the Solid-Liquid Interface H. Ghasemi and C. A. Ward* Department of Mechanical and Industrial Engineering, Thermodynamics and Kinetics Laboratory, 5 King’s College Road, Toronto, Canada M5S 3G8 ReceiVed: NoVember 26, 2009; ReVised Manuscript ReceiVed: January 29, 2010



We investigate both analytically and experimentally the possible role of line tension in determining the contact angle of sessile water droplets on a polished Cu substrate. In a closed system with constraints that make the Helmholtz function the thermodynamic potential, the curvature of the three-phase line and the height of an axisymmetric droplet on its center line could be measured. The adsorption on each of the surfaces used to construct the experimental chamber was taken into account, and the value of the total number of water moles in the system was determined from the minimum in the Helmholtz function. The number of water moles was then changed to a new value and the system allowed to come to equilibrium again. The contact angle in the second state could be both measured and predicted with the adsorption at the solid-liquid and solid-vapor interfaces fully taken into account but with line tension completely neglected. The predicted values of the contact angle compared closely with those measured, indicating line tension played no role in determining the contact angle of mm-sized water droplets on a polished Cu surface, and that the dependence of the contact angle on the curvature of the three-phase line could be predicted by including adsorption. The contact angle values ranged from 38.3 to 76.5°, indicating that the contact angle cannot be viewed as a material property of a fluid-solid combination, but must be viewed as a thermodynamic property. The surface tension of the solid-vapor interface was approximately constant and equal to the surface tension of the adsorbing fluid; thus, the Young equation could be simplified. The surface tension of the solid-liquid interface was changed by more than a factor of 3.3 in the experiments. Introduction In a closed system in which a sessile droplet contacts an ideal solid surface (smooth, homogeneous, nondissolving, and rigid), the thermodynamic postulates lead to a coupled system of equations as the necessary conditions for equilibrium.1-3 However, the equations obtained do not form a closed set for determining the surface tensions of the solid-vapor or the solid-liquid interface, γSV or γSL. Equations of state for the bulk and surface phases must be added to determine the values of these surface tensions. Those for the bulk phases may be added without controversy (vapor phase approximated as an ideal gas, the liquid phase approximated as incompressible). However, another relation must be included. Many have been considered. A common assumption in these previous studies has been that the contact angle may be treated as a material property: for a given temperature and a given fluid-solid combination, only one value of the contact angle was assumed to exist,4-9 and adsorption at the solid-vapor interface was neglected so γSV could be approximated as γS0, the surface tension of the solid in the absence of adsorption. These assumptions have been shown to be a poor approximation for many systems.10-15 In addition, the adsorption at the solid-liquid interface was neglected in these previous studies. This has the serious consequence of neglecting the pressure dependence of the contact angle. Experimentally, it is found that the contact angle is sensitive to the pressure in the liquid at the three-phase line.16,17 For example, for water and its vapor, held in a * To whom correspondence should be addressed. E-mail: charles.ward@ utoronto.ca.



borosilicate glass capillary, an increase in the liquid-phase pressure of 234 Pa was observed to increase the contact angle by 79.4°. This observation indicates that the adsorption at the solid-liquid interface cannot be neglected and that the contact angle cannot be viewed as a material property, but must be viewed as a thermodynamic property that depends on pressure.16,18 One of the consequences of neglecting adsorption is the difficulty of explaining why the contact angle, θ, depends on the curvature of the three-phase line, Ccl. Although experimental observations by several investigators have indicated this dependence, the mechanism producing it is controversial.19,20 Good and Koo21 hypothesized that the tension in the three-phase line caused their observations that θ depended on the curvature of the three-phase contact line, but the magnitude of the line tension required to affect θ, compared to the theoretical value, is huge.19 Also, the line-tension hypothesis has not given a consistent explanation. Both positive and negative values have been reported, and the reported values differ in magnitude by several orders.21-24 Recently, experiments were reported in which θ was observed to depend on Ccl in circumstances where line tension could not be responsible.16,17 When water partially fills a right circular cylinder, the line tension acts perpendicular to the cylinder walls and thus cannot have any effect on θ. However, θ in such cylinders was observed to depend inversely on Ccl. This observation has been explained by adsorption at the solid-liquid interface.17 For θ to increase as Ccl decreases, Gibbsian adsorption at the three-phase line, nSL(P3L), has to be negative.
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Line Tension and Contact Angle of Sessile Water Droplets Negative adsorption means physically that the concentration of the fluid component in the interphase25,26 is less than that in the bulk.17 The hypothesis that it is nSL(P3L) that is responsible for the dependence of θ on Ccl received support from an analysis of data obtained with atomic force microscopy.22 The contact angles of nanosized droplets contacting a model substrate were measured as a function of Ccl. The measurements were not consistent with the line tension hypothesis; however, the solid-liquid-adsorption hypothesis, in the absence of any effect due to line tension, was shown to give a complete explanation for the observations.27 This analysis was not a prediction of θ as a function of P3L because P3L was not measured. We report a study in which the predicted value of θ is compared with that measured. When measurements of the adsorption of a vapor at the solid-vapor interface are available, the adsorption approach can become predictive. If the amount adsorbed at a given temperature, as a function of xV (≡PV/Ps) is available, the parameters in the ζ-isotherm28 for that vapor may be determined by fitting the isotherm relation to measurements. When this isotherm relation and its parameters are assigned values and is used in conjunction with Gibbsian thermodynamics, the expression for γSV may be obtained in terms of the ζ-isotherm parameters, and the surface tension of the liquid-vapor interface of the adsorbing fluid, γLV. Note then that the basic hypothesis in this approach is that the ζ-isotherm describes the adsorption of the vapor on the solid surface for 0 e xV e 1. Importantly, this hypothesis can be tested, before the surface tensions and the contact angle are considered, by comparing the calculated amount adsorbed with that measured. If agreement is found, then, as seen below, for a sessile droplet with a three-phase line curvature of Ccl, held in a chamber with a total volume of Vt, and total number of moles of Nt, the contact angle can be predicted and compared with the measured value. We emphasize that once the adsorption isotherm at the solid-vapor interface has been established, there are no fitting parameters in the prediction of the values of γSL, γSV, and θ. Surprisingly, including adsorption effects at solid-vapor and solid-liquid interfaces actually simplifies the wetting problem, as compared with the approaches that neglect adsorption. This method of determining γSV has been examined in the low pressure limit by using it to predict the value of γS0, the surface tension of the solid in the absence of adsorption. After establishing the expression for γSV, one simply takes the limit of the expression for γSV in which xV goes to zero. The resulting expression for γS0 contains the isotherm parameters obtained from the measured adsorption of a particular vapor and the surface tension of the adsorbing vapor at its liquid-vapor interface, γLV. When this method was used to determine the value of γS0 for R-alumina, titania, magnesia, borosilicate glass, and the basal plane of graphite, using at least two vapors in each case, the value found for γS0 for each solid was found to be independent of the vapors used.10,28 Since γS0 is a material property of the solid, this is the expected result, and a necessary result for the theory to be considered valid. In this study, the ζ-isotherm and Gibbsian thermodynamics are used to formulate the expression for the Helmholtz function, the thermodynamic potential of a closed, isothermal system exposed to gravity, constructed of different materials and containing an axisymmetric sessile water droplet contacting a polished Cu surface. Adsorption measurements from the literature are used to establish the ζ-isotherm parameters for each material surface in the system. From given values of the
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Figure 1. Composite system is surrounded by a thermal reservoir. The system has a fixed total volume, number of moles, surface area and contains an axisymmetric sessile water droplet that contacts a polished copper surface. The walls of the composite system consist of stainless steel, copper, and borosilicate glass.



constraints, the system properties, and the measured values of Ccl and θ, the number of fluid moles in the system, Nat is determined from the minimum in the Helmholtz function. The number of moles in the system is then decreased to Nbt , and the system allowed to come to equilibrium again. Using Nbt , the contact angle in the second state is predicted and compared with that observed. The predicted and measured values of θ differ little. Since no line tension effects are included, the results suggest that line tension plays no role in determining θ for the systems considered. System Definition The system considered is shown schematically in Figure 1: it is a composite system that has a total volume Vt and a total surface area At and contains a total of Nt water molecules. The molecules can be in the vapor or the sessile-droplet phase or adsorbed in one of the four surface phases. There are three substrates: stainless steel, copper, and borosilicate glass denoted by subscripts ss, Cu, and gl, respectively. Each type of phase, liquid, vapor, liquid-vapor, solid-vapor or solid-liquid is denoted by a superscript L, V, LV, SV, and SL respectively. Thus, the total surface area may be expressed SV SV SL SV At ) Ass + ACu + ACu + Agl



(1)



The conservation of moles gives SL SV SV SV Nt ) NL + NCu + NLV + NV + NCu + Nss + Ngl



(2) Since measurements of the surface tension of water indicates that it bears a one-to-one relation with the temperature,29 and the droplet height is in general only a few mm. We neglect any adsorption at the liquid-vapor interface, NLV, and any effect of gravity on the surface tension of the liquid-vapor interface.30 Thus, we assume γLV to depend only on T. The total system volume is the sum of the liquid and vapor volumes



Vt ) VL + VV



(3)



The reservoir surrounding Vt imposes its temperature on each phase. The Helmholtz function acts as the thermodynamic potential for the composite system and this function has as its independent variables T, Vt, At, and Nt. The conditions that the
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intensive properties must satisfy in order for equilibrium to exist in the composite system may be obtained by determining the conditions under which the thermodynamic potential is an extremum.1,3 One then finds the chemical potential in phase j must satisfy



µj + Wgz ) λ



j ) L, V, SL, SV



ζ-isotherm description of a given set of isothermal adsorption measurements may be assessed by calculating the mean-square difference between the measured amount adsorbed and that calculated to be adsorbed, ∆(ζ)



∆(ζ) ≡



where W denotes the molecular weight, g the acceleration of gravity, and z the height above zb, the base of the system. If the vapor phase is approximated as an ideal gas, then



µL[T, PV(z)] ) µV[T, Ps] + Vf[PL(z) - Ps(T)]



(5)



and if the liquid phase as incompressible, then



µL[T, PL(z)] ) µV[T, Ps] - Vf[PL(z) - Ps(T)]



(6)



where the saturation-vapor pressure is denoted Ps(T), the vaporphase pressure as PV, the liquid-phase pressure as PL, and the specific molar volume of the liquid at saturation as Vf. If the pressures in the liquid and vapor phases at height z divided by Ps(T), are denoted xL(z) and xV(z), respectively, then at the liquid-vapor interface where z ) zI, the Laplace equation gives



γLV LV x (zI) - x (zI) ) (C + CLV 2 ) Ps 1 L



V



(7)



where the curvatures at a point on the liquid-vapor interface are denoted C1LV and C2LV. If the molar specific volume of the j T/Ps(T)), application of vapor at saturation is denoted Vg (≡R eq 4, at the liquid-vapor interface of the droplet requires the chemical potentials of each phase to be equal or



[



xV(zI) ) exp



]



Vf L (x (zI) - 1) Vg



(8)



Note then that xL(zI) and xV(zI) are not independent. If one is known the other may be calculated. Adsorption at Solid-Vapor Interfaces. We use the ζ-isotherm to determine the amount adsorbed at each solid-vapor interface.28 If the number of adsorption sites per unit area of a solid surface is denoted M, according to the ζ-isotherm the amount adsorbed, nSV, as a function of xV is28



nSV )



∑ Nm



(4)



McRxV[1 - (1 + ζ)(RxV)ζ + ζ(RxV)1+ζ] (1 - RxV)[1 + (c - 1)RxV - c(RxV)1+ζ]



(9) where c and R are temperature dependent parameters that are to be determined along with M and ζ from measurements of the amount adsorbed as a function of xV. The accuracy of the



SV V SV [nmes (xj ) - ncal (ζ, xjV)]2



j)1



(10)



Nm



∑



SV V nmes (xj )



j)1



SV V (xVj ) is the amount measured at xVj , and nSV where nmes cal (ζ, xj ) is the amount calculated to be adsorbed at this condition. The number of measurements is denoted Nm. For a given set of adsorption measurements, the parameter ζ is treated as a threshold parameter. If it is taken to be smaller than the threshold value, and the isotherm parameters determined from the nonlinear regression package available in Mathematica, the value of the error, ∆(ζ), is larger than when ζ is the threshold value. If ζ is taken to be larger than the threshold value, the error in calculations does not decrease further.28 From the ζ-isotherm, one then finds an expression for the SV in terms of surface tension of the solid-vapor interface, γ[1] the isotherm parameters and the pressure ratio, xV



(



SV V γ[1] (x ) ) γLV - MkbT ln



)



(R - 1)[1 + (c - 1)RxV] (RxV - 1)[1 + (c - 1)R] (11)



where the subscript indicates the Gibbs dividing surface has been chosen to be at a position where the excess of the solid component vanishes. We will suppress this notation in subsequent equations.17 Measurements of water vapor adsorbing on Cu were reported by Seo et al.31 The values of the isotherm parameters obtained from their data are listed in Table 1. Note that the maximum number of molecules in a cluster was indicated to be 60, and that the error of the calculations compared to measurements was 0.9%. The calculated amount adsorbed that is obtained from eq 9 and the isotherm parameters are compared with the measurements in Figure 2. Lee and Staehle also reported measurements of the amount of water vapor adsorbing on Ni at 25 and 45 °C.32 The values of the ζ-isotherm parameters obtained by interpolation for 30 °C are listed in Table 1. The error of the calculation compared to measurements was 1.3%. Note that the adsorption capacities, M, of Cu and Ni are similar; the maximum number of molecules in a cluster was on Ni; and that the value of γS0 determined by the methods described by Ward and Wu and by Ghasemi and Ward are similar.10,28 The calculated amount adsorbed obtained from eq 9 and the isotherm parameters are compared with the measurements in Figure 3. Naono and Hakuman have reported the amount of water vapor adsorbing on silica as a function of xV at a temperature of 30 °C.33 The ζ-isotherm parameters were determined by Ward and



TABLE 1: ζ-Isotherm Adsorption Parameters for Different Solid-Vapor Systems at 30 °C material



vapor



T (°C)



γLV (kg/s2)



M (10-8 kmol/m2)



c



R



ζ



∆(ζ) [%]



γS0 (kg/s2)



copper nickel silica



water water water



30 30 30



0.07119 0.07119 0.07119



5.556 ( 0.481 5.563 ( 1.082 0.525 ( 0.007



8.59 ( 4.04 33.1 ( 4.53 15.55 ( 1.81



0.914 ( 0.017 0.69 ( 0.063 0.945 ( 0.002



60 95 80



0.9 1.3 0.5



0.71 ( 0.18 0.69 ( 0.25 0.145 ( 0.003
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CLV 0 )



Ps LV



2γ



(



[



xL0 - exp



])



Vf L (x - 1) Vg 0



(13)



When eq 4 is applied at the droplet apex and at an arbitrary position on the liquidsvapor interface, λ may be eliminated. By making use of eq 6 between these two points, one then finds



Wg [z - z(φ)] VfPs 0



xL(φ) ) xL0 +



(14)



The curvature C2LV may be expressed Figure 2. Solid dots are the measurements of water vapor adsorbing on polycrystalline Cu at 30 °C that were reported by Seo et al.31 The solid line was calculated using the ζ-isotherm relation and the values of the parameters listed in Table 1.



CLV 2 )



sin φ y(φ)



(15)



At an arbitrary position on the liquid-vapor interface, the Laplace equation, eq 7, combined with eqs 8, 13, 14, and 15 gives



CLV 1 (φ) )



PsxV0 LV



γ



(



])



[



Wg[z0 - z(φ)] + VgPs Wg[z0 - z(φ)] sin φ + 2CLV 0 y(φ) γLVVf



1 - exp



(16)



and from differential geometry Figure 3. Solid dots are the measurements of water vapor adsorbing on polycrystalline Ni at 45 °C that were reported by Lee and Staehle.32 The solid line was calculated using the ζ-isotherm relation and the values of the parameters listed in Table 1. 28



Wu. The adsorption parameters for this system are listed in Table 1. The error in the calculations is only 0.5% in this case. In the system considered, the value of xV was near unity. Note that at this pressure, the amount of water vapor adsorbed on both Ni and Cu were of the same order. Data for water adsorbing on stainless steel is not in the literature. We shall assume the ζ-isotherm for water vapor adsorbing on stainless steel to be approximately the same as that of water vapor adsorbing on Ni. Also, we approximate the ζ-isotherm of water vapor adsorbing on borosilicate glass as being the same as that of water on silica. Methods for Determining the Contact Angle. The Bashforth and Adams34 procedure is modified to impose the necessary conditions for thermodynamic equilibrium at the droplet apex.27,34-36 The turning angle, φ, the radial position on the liquidsvapor interface, y(φ), and the height of the liquid-vapor interface above the Cu substrate, z(φ) - zb, are indicated in Figure 1. We assume the liquid phase is axisymmetric. Thus, at the apex φ vanishes and we denote properties evaluated there with the subscript zero LV LV C1,0 ) C2,0 ≡ CLV 0



(12)



When eqs 7 and 8 are applied at the apex of the liquid phase and are combined, one finds



dy(φ) cos φ ) LV dφ C1



(17)



dz(φ) sin φ ) - LV dφ C1



(18)



The boundary conditions at the droplet apex are



y(0) ) 0;



z(0) ) z0 - zb



(19)



The maximum value of the turning angle, φm, is determined from



y(φm)Ccl ) 1;



z(φm) ) zb



(20)



The value of θ is given by



θ ) φm



(21)



In order to close the system of equations, C0LV must be determined. Measurements: the Contact Angle and the Adsorption at the Solid-Liquid Interface from Ccl and xL3 . One way to close the system of equations is to measure both Ccl and the droplet height z0 - zb. When eq 8 is applied at the apex



[



xV0 ) exp



]



Vf L (x - 1) Vg 0



(22)
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If the value of C0LV is assumed, the value of x0L may be calculated from eq 13, and the value of x0V from eq 22. Then the expression for CLV 1 (φ) may be obtained from eq 16 and used in eqs 17 and 18 to close the system of equations. The system of equations may then be numerically integrated, and the boundary conditions given in eqs 19 imposed. At the three-phase line, the solution obtained from the assumed value of C0LV must satisfy eq 20. If it does not, another value of C0LV is assumed and the process repeated. Once eq 20 is satisfied the value of θ may be determined from eq 21. Thus, θ may be viewed



θ ) φm(Ccl, z0 - zb)



(23)



or in other words, if Ccl and z0 - zb were measured, eq 23 indicates the value of the contact angle would be determined. From eq 14, the height of the droplet may be expressed in terms of the liquid-phase pressure at the three-phase line, x3L



VfPs[xL3 - xL0 (Ccl)] z0 - zb ) Wg



)n



[



The procedure described in this section uses numerical methods to determine θ as a function of Ccl and x3L, but we note that for sessile droplets with spherical liquid-vapor interfaces, it may be shown analytically that θ is a function of Ccl and x3L.27 At the three-phase line of a sessile droplet, the Young equation is a necessary condition for equilibrium1,3



In the application of eq 29, δxL3 was assigned a value of 10-9. If δx3L were changed by 10-10 rather than 10-9, the difference in the nSL values would only be 10-5 %. The values of nSL calculated for the experiments are listed in Table 3. Prediction of the Contact Angle from T, Vt, Nt, and Ccl. One of our experimental objectives is to establish a system that satisfies the Helmholtz constraints and contains a stable sessile droplet, and then to change one of the Helmholtz constraints, Nt, and both predict the new contact angle of the system and to measure it. The prediction will be made without including any effect due to line tension. By comparing the predicted contact angle with that observed, the significance of line tension in determining the contact angle can be assessed. We define a volume VL that includes both the liquid-phase molecules and the molecules adsorbed at the solid-liquid interface



(26)



[



PV(z) ) PV(zb) exp



(27)



and since θ may be expressed in terms of Ccl and x3L, one finds from the Young equation, eq 26



NV )



n



)n



SV



( )



γLV sin θ ∂θ VfPs ∂xL3



(28) Ccl



The adsorption at the solid-vapor interface is given by eq 9. The term on the right-hand-side of eq 28 may be evaluated using the numerical procedure described in this section: in this procedure, for a sessile droplet with a given value of Ccl and x3L the value of θ(Ccl, x3L) may be calculated. Then if x3L were changed to x3L + δx3L, and θ(Ccl, x3L + δx3L) were calculated,17 the value of nSL may then be obtained



(31)



∫zz



h



PV(z) 2 πr dz kbT



∫zz



0



b



PV(z) L dV kbT



(32)



After integrating the second term by parts



NV )



∫zz



h



b



SL



]



Wg (z - z) kbT b



The number of moles in the vapor phase may be expressed



b



dγSV ) -nSVVfPsdxL3



(30)



and adopt the modified turning-angle procedure to calculate VL under equilibrium conditions, denoted VLe . As will be seen, both Ccl and z0 - zb (or xL3 ) may be measured with the apparatus described below, but these variables cannot be changed, nor can the stability of a sessile droplet that has a certain contact angle be assessed from the necessary conditions for equilibrium. When the value of Nt is known, both the stability and value of the contact angle can be predicted. We first suppose T, Vt, and Nt are known. Since the vapor phase is being approximated as an ideal gas, combining eqs 4 and 5 and evaluating at zb and at an arbitrary height z leads to



The Gibbs adsorption equations for the isothermal system that we consider may be written28



dγSL ) -nSLVfPsdxL3 ;



]



L L L γLV sin θ θ(Ccl, x3 + δx3 ) - θ(Ccl, x3 ) VfPs δxL3 (29)



SL VL ) Vf(NL + NCu )



(25)



γSV - γSL ) γLV cos θ



n



SV



(24)



where the value of xL0 (Ccl) is determined from the assumed value of C0LV, see eq 13. Thus the contact angle may viewed as a function of Ccl and x3L



θ ) φm(Ccl, xL3 )



SL



(



PV(z) 2 PV(z) πr dz - VL kbT kbT



(



PV(zb)Wg 2



(kbT)



)∫



z0



zb



)|



z0



-



zb



[



VL exp



]



Wg (z - z) dz (33) kbT b



The number of moles adsorbed on the glass surface SV Ngl )



∫zz



t gl



b



SV V ngl [P (z)]2πr dz



(34)



the number of moles adsorbed at the Cu-vapor surface is given by
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(35)



and the number of moles adsorbed on the stainless steel by SV Nss )



∫zz nssSV[PV(z)]2πr dz + πr2nssSV[PV(zh)] + h



t gl



SV V [P (zb)] (36) π(r2 - Ccl-2)nss



The number of moles may be expressed as SV SV SV Nt ) Vf-1VL + NV + Ngl + NCu + Nss



(37)



SV SV SV Note that the terms NV, Ngl , NCu , and Nss in this relation V depend on the parameter P (zb), as may be seen from eqs 33-36. Also, NV contains VL and z0 - zb as parameters. Since Nt is treated as a known, if values of VL and z0 - zb are assumed, the value of PV(zb) or xV(zb) may be determined from eq 37. For these particular values of VL and z0 - zb, a double iteration procedure is required to determine the solution, y(φ), z(φ). The pressure in the vapor, x0V, corresponding to these values of VL and z0 - zb may be obtained from eq 31 and the expression for x0L may be determined from



xL0 ) 1 +



Vg ln xV0 Vf



(38)



Then the curvature of the liquid-vapor interface at z0 - zb may be obtained from eq 13. Thus, once the values of VL and (z0 zb) have been assumed, the corresponding value of C0LV may be obtained and this value of C0LV may be used with eqs 16-19 to form a complete set of equations that may be solved numerically to determine y(φ) and z(φ). If this is a valid solution, eq 20 will be satisfied for the known value of Ccl. If it is not satisfied, one assumes another value of z0 - zb and repeats the process until it is satisfied. This solution is obtained from the equilibrium conditions that the intensive properties must satisfy, the value of Ccl and the values of T, Vt, and Nt that are assumed known experimentally. Next, we determine θ by requiring the liquid volume calculated from the equilibrium solution, y(φ) and z(φ), to be equal to the assumed volume, VL. From eq 21, the expression for VLe in terms of θ is



VLe



)



∫0



θ



2



πy(φ) z(φ) dφ



(39)



If this condition is not satisfied, a new value of VL is chosen and the procedure repeated until the calculated value of VLe is equal to the assumed value, VL. Note that the value of θ is determined from the final solution for y(φ) and z(φ) that satisfies the constraint conditions: given values of T, Vt, Nt, and Ccl. This process is indicated schematically in Figure 4 for three particular systems, each with a different value of Nt, but the same value of Ccl. The iteration proceeds along the dashed line in each case until the calculated value of VLe is equal to the assumed value of VL. One then obtains the predicted value of θ from eqs 39. Note that in addition to the geometric constraints, the adsorption isotherms of the materials used to construct the chamber, the total number of moles of the fluid component, Nt, and Ccl are required to predict θ. As indicated in Figure 4, the value of θ is predicted to increase as Nt is increased. Since each



Figure 4. Predicted values of θ are indicated for sessile water droplets that have a Ccl value of 0.222 mm-1 and are held in the system shown schematically in Figure 1. In the calculations, the thermal reservoir had a temperature of 30 °C, ztgl - zb had a value of 0.068 m, the surface area of the stainless steel had a value of 0.145 m2, the borosilicate glass surface area had a value of 0.0105 m2, and the polished copper surface had an area of 0.0015 m2. The system was approximated as a cylinder with a radius of 0.029 m and a total volume of 0.001416 m3. The values of Nt considered are indicated, and the dependence of θ to Nt is illustrated.



droplet considered is assumed to have the same value of Ccl (i.e., the droplet is pinned) the prediction is that the droplet becomes more spherical as Nt is increased. Stability of the Predicted Equilibrium States. As has been illustrated, the value of θ can be predicted from given values of Ccl, T, Vt, and Nt, but from this information alone, the stability of the predicted equilibrium state is unknown. The stability can be determined from the thermodynamic potential which in this case is the Helmholtz function for the total system. For a bulk phase, the intensive Helmholtz function (per unit volume) may be expressed



f j(z) ) -Pj(z) + nj[Pj(z)]µj[Pj(z)],



j ) L, V



(40)



where nj is the number of moles per unit volume in phase j. For the liquid phase, using eqs 6 and 14, f L may be expressed as a function of z



[



]



Wg (z - z) + nL(µL[PL(zb)] + Vf b



f L(z) ) - PL(zb) +



Vf(PL(z) - PL(zb)) (41)



and for the vapor phase, using eqs 5 and 31, one finds



[



fV(z) ) -PV(zb) exp



V



]



Wg(zb - z) + kbT



(



P (z) V V PV(z) µ [P (zb)] + kbT ln V kbT P (zb)



)



(42)
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For a surface phase, the intensive Helmholtz function (per unit area) is



f k(z) ) γk[Pk(z)] + nkµk,



k ) LV, SL, SV



SV SV µI(zb) ) µVI [PVI (zb)] ) µI-ss [γI-ss (zb)] ) SV SV SV SV [γI-Cu (zb)] ) µI-gl [γI-gl (zb)] (51) µI-Cu



(43)



k



where n is the number of moles adsorbed per unit area. For the liquid-vapor interface



The total Helmholtz function of the system in the initial state may be written as SV (zb)(πr2 - ACu) + ∫zz πr2fIV(z) dz + fI-ss SV SV SV (z) dz + πr2fI-ss (zh) + ACu fI-Cu (zb) + ∫zz 2πrfI-ss SV (z) dz ∫zz 2πrfI-gl



FI )



f LV ) γLV(T)



(44)



h



0



h



t gl



t gl



for a solid-liquid interface



b



f SL(zb) ) γSL[PL(zb)] + nSL[PL(zb)]µSL



(45)



and for a solid-vapor interface, one finds using eq 4



f SV(z) ) γSV[PV(z)] + nSV[PV(z)][µSV + Wg(zb - z)] (46)



nL



µ(zb) ) µL[PL(zb)] ) µV[PV(zb)] ) µLV[γLV] )



The total Helmholtz function of the system shown schematically in Figure 1 may be written



∫zz πy2f L(z) dz + ∫zz πr2fV(z) dz ∫zz πy2f V(z) dz + ∫zz 2πyf LV dz + πCcl-2fCuSL(zb) + z fssSV(zb)(πr2 - ACu) + ∫z 2πrfssSV(z) dz + πr2fssSV(zh) + z SV (ACu - πCcl-2)fCu (zb) + ∫z 2πrfglSV(z) dz (48) 0



h



b



b



0



0



b



∫zz b



SL SL SV SV SV SV SV SV [γCu(zb)] ) µss [γss (zb)] ) µCu [γCu (zb)] ) µgl [γgl (zb)] µCu (47)



F)



To obtain the difference between the total Helmholtz function in an arbitrary state and in the reference state, eqs 41, 42, 44-46, 49, 50 may be substituted into eqs 48 and eqs 52. By making use of eqs 47 and 51 and then eq 5, the difference in the total Helmholtz functions simplifies to



F - F1 )



If eq 4 is applied at zb, one finds



b



h



t gl



t gl



b



0



∫zz b



0



-[pL(zb) +



Wg (z - z)]πy2 dz + νf b



∫zz



Wg(zb - z)πy2 dz -



[



h



]



b



[pV(zb) - pV1 (zb)] ×



Wg(zb - z) 2 z0 πr dz + z pV(zb) × b kbT Wg(zb - z) zh exp πy2 dz + z Wg(zb - z) × b kbT Wg(zb - z) [pV(zb) - pV1 (zb)] exp kbT πr2 dz kbT Wg(zb - z) pV(zb) exp kbT z0 πy2 dz + Wg(zb - z) zb kbT exp



(



[



]



(



∫



∫



∫



[



[



]



Wg(zb - z) fVI (z) ) -PVI (zb) exp + kbT PVI (z) kbT



(



µV[PVI (zb)] + kbT ln



)



(49)



and for the solid-vapor interface, when the system is in state I, one may write SV V SV V SV f SV I (z) ) γI [PI (z)] + nI [PI (z)][µI + Wg(zb - z)] (50)



By applying eq 4 in the reference state at zb, one finds



])



SL SL SV V γLV(T)ALV + γCu ACu + (γss [x (zb)] -



∫zzgl (γssSV[xV(z)] h



t



SV SV V SV γI-ss [xVI (z)])2πr dz + (γss [x (zh)] - γI-ss [xVI (zh)])πr2 + SV )2πr dz + ∫zzgl (Wg(zb - z))(nssSV - nI-ss h



t



SV V SV Wg(zb - zh)(nss [x (zh)] - nI-ss [xVI (zh)])πr2 + SV V SV SV SV (γCu [x (zb)]ACu - γ1-Cu [xVI (zb)]AI-Cu )+ SV γ1-gl [xVI ])2πr



PVI (z) PVI (zb)



])



[



SV SV SL γI-ss [xVI (zb)])(πr2 - (ACu + ACu )) +



As a reference state, we define a state in which no droplet exists in the system and the vapor phase is in equilibrium with the adsorbed phases. Properties of the phases when the system is in the reference state are denoted with subscript I. For the vapor phase, the expression for fIV(z) may be obtained from eq 42 by replacing PV(zb) and PV(z) with PIV(zb) and PIV(z)



(52)



SV (ngl



-



dz +



∫z



SV nI-gl )2πr



ztgl



b



∫zz gl (γglSV[xV] t



b



(Wg(zb - z)) ×



dz + kbTNt ln



PV(zb) PVI (zb)



(53)



The functional forms of nSV(xV) and γSV(xV) are given in eqs 9 and 11. These functions can be rewritten as functions of z using eq 31. Also, one can determine γSL using the Young equation, eq 26. Thus, the difference in the total Helmholtz potentials may be expressed as a function of T, Vt, Nt, Ccl, and θ



F - FI ) F[T, Vt, Nt, Ccl, θ] - FI[T, Vt, Nt]



(54)
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Figure 5. Helmholtz function relative to the reference state is shown as a function of θ for the system defined in Figure 4 having different values of Nt when Ccl has a value of 0.222 mm-1.



In state I, the values of T, Vt, and Nt and the isotherm parameters for each material are known. Thus, eq 37 may be simplified to write SV SV SV Nt ) NV + Ngl + NCu + Nss



(55)



where this relation only depends on the parameter PIV(zb). For a known value of Nt, PIV(zb) may be determined. When a sessile droplet exists in the system, an iteration procedure may be used to plot (F - FI) as a function of θ. For the system defined in the caption of Figure 4, we illustrate the results obtained in Figure 5. One starts by choosing a value of z0 - zb. A value of C0LV may be assumed and the procedure outlined above may be followed to obtain numerically y(φ), z(φ). These numerical functions may be inserted into eq 39 to find the value of VL. By having the values of Nt, VL, and z0 - zb, one can find the value of the PV(zb) using eq 37. Having the values of these two pressures, PV(zb) and PIV(zb), for the chosen value of z0 - zb one may find the value of (F - FI) using eq 53, and the value of θ from y(φ) and z(φ). This value of (F FI) is not necessarily the equilibrium value of (F - FI), but it is a point on a curve such as that shown in Figure 5 for three values of Nt and one value of Ccl. The other points on a curve are obtained by choosing other values of z0 - zb. Note that a sessile droplet for each value of Nt considered in Figure 4 is predicted to be stable when the droplet has a certain value of θ, but if Nt is reduced below a limiting value, there is no stable equilibrium state for the system with a sessile droplet present. Experimental Investigation. The predictions of the previous section have been examined using the chamber shown schematically in Figure 1 and the associated apparatus indicated in Figure 6. The idea of the experiments was to introduce a water droplet into the chamber so it formed a sessile droplet on the polished Cu substrate. After the system had come to equilibrium, the measurements allow the total number of water moles in the system and θ to be determined. Then the number of water moles is changed a known amount. The system evolves to a new configuration, but Ccl was observed to be unchanged (pinned). The new value of θ is then predicted, and it can be compared with the value measured in the second configuration. Experimental Procedure and Apparatus. In preparation for an experiment, water was deionized, distilled, and nano filtered until it had a resistivity of 18.2 MΩ · cm. This water was used for cleaning and further processed to provide water for the



Figure 6. Isothermal chamber (Figure 1) and associated equipment are shown. The system consists of a single, one-component axisymmetric sessile droplet on the polished copper surface. The droplet profile was monitored by a camera and a cathetometer. The liquid and vapor phase temperatures and vapor-phase pressure were recorded by a computer.



experiments. For cleaning, the chamber, the tubes and all fittings were immersed in acetone and then in a waters(Alconox) detergent solution. Each immersion was for 24 h and afterward each item was thoroughly rinsed with the cleaning water. The glassware used in the experiments was subjected to an additional immersion in chromic-sulfuric acid, followed by a thorough rinsing. Two specimens of the Cu surface (purity 99.5%) that was to be used as the substrate for the sessile droplets in the experiments were prepared. In the preparation procedure, a Cu surface was ground successively with 120, 240, 320, and 600 grit sandpaper. Next, each surface was polished with a special cloth (Gold Label) that was coated with a diamond suspension that had an average particle size of 6 µm (Allied Co.). The polishing procedure was continued using another cloth (White Label) and a lubricant (Redlube, Allied Co.). This cloth was coated with a diamond suspension that had an average particle size of 1 µm (Allied Co.). Then, the surface was polished with a cloth (Final A) that was covered with a silicon suspension that had an average particle size of 0.05 µm (Allied Co.). A polished Cu surface was kept in ethyl alcohol to prevent oxidation. The
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Figure 7. Vapor-phase pressure as a function of time during experiment E5.



Figure 8. Vapor and liquid phase temperatures as a function of time during experiment E5.



Figure 9. Helmholtz functions calculated for state-a and state-b of experiment E5 are shown. The value of Nta was obtained by the procedure illustrated in Figure 4. The calculated Helmholtz function in state-b was obtained by measuring the value of ∆PV illustrated in Figure 7, calculating Ntb from eq 56 and following the procedure illustrated in Figure 5.



surface roughness of one specimen was measured by surface profilometry (KLA Tencor Co.). The scanned area, scanning speed, sampling rate, and applied force were 5 mm2, 50 µm/s, 500 Hz, and 2 mg, respectively. The root-mean-square-deviation of the surface was 53.1 nm (Apex software). The other specimen was used in the experiments. A schematic of the experimental apparatus is shown in Figure 6. It consists of a stainless-steel chamber with 5 glass viewports and one flange at the bottom. The chamber is shown schemati-



cally in Figure 1. The polished Cu surface was mounted in the bottom flange. The temperature of the chamber was controlled by a thermal bath which circulated ethylene glycol through a system of tubes (not shown) that surrounded the chamber. The tubes and the chamber were enclosed in insulation. The temperature of the vapor phase within the chamber was measured with three type-K-thermocouples, denoted TV1 , TV2 , and T3V, that each had a bead diameter of ∼0.5 mm and were positioned ∼4, 6, and 8 cm above and on the center line of the



E2b E2a E1b E1a experiment



TABLE 2: Summery of Both Portions of Each Experiment



An experiment was initiated by pumping water from the syringe into the chamber without exposing the water to air. A sessile droplet was formed on the polished Cu surface. A cathetometer was placed in front of a glass viewport. It could measure z0 - zb with an accuracy of (10 µm. A camera was in front of another viewport and recorded the image of the droplet in a planar mirror that made an angle of 45° with the Cu substrate. After the droplet had been formed, the chamber was closed and the system allowed to come to equilibrium. A typical pressure measurement throughout the period of an experiment is shown in Figure 7. Before the water was injected into the system, the system was evacuated to a pressure of ∼10-6 Pa, and as the water was injected the pressure rose rapidly to near the saturation-vapor pressure and stayed constant for more than 5 h. The criterion for equilibrium was that the droplet height did not change by more than ( 10 µm during this period. As may be seen in Figure 8, the system was then very nearly isothermal. After the droplet had reached equilibrium, the value of z0 zb was measured with the cathetometer, and the value of Ccl was determined from the image recorded with the camera and with the open source, public domain software Imagej. The symmetry of the droplet was examined by measuring the droplet diameter at different positions on the perimeter of the droplet base. The mean-square deviations of these measurements are given as the error bars on Ccl in Table 2 and for each droplet, the error bars are less than 2% of the average diameter. In each experiment, two sets of measurements were made. The first set was used to determine Nat using the measured values of Ccl and of z0 - zb and solving numerically eqs 13 and 16-20 to obtain y(φ) and z(φ). From these functions, the values of VL and θ were determined using eqs 21 and 39. The value of Nat was then obtained from eq 37 (see Figure 4). The value of Nat determined from this procedure for each experiment is listed in Table 2. Each portion of an experiment was labeled Enj where 1 e n e 5, and j is either a or b. In Table 2, the value of θ observed in state-a of each experiment is also listed.



E3a



Experimental Results



* Note that the total volume of experiment E1 was larger than that of the other experiments.



E3b



E4a



E4b



E5a



E5b



L Cu surface, respectively. Another thermocouple, Tth , (enclosed in a 0.25 mm diameter stainless-steel sheath) was permanently placed at zb in the water feeding tube. A pressure transducer (INFICON AG, CDG045) that had an uncertainty of 0.6 Pa in the pressure range of the experiments was used to monitor the vapor-phase pressure. After the apparatus was assembled, closed but before water was admitted, the chamber was evacuated to a pressure of 10-6 Pa. When the chamber was sealed, the air leakage rate was 15 Pa per hour. Both before and after each experiment, the vapor phase was monitored with a mass spectrometer (SRS model RGA 200). No oil vapors were detected. Water that had a resistivity of 18.2 MΩ · cm was transferred into a degassing (borosilicate) glass container that was connected to a mechanical vacuum pump and to the syringe of a syringe pump and degassed for 24 h while being stirred and heated to maintain a temperature of 40 °C at the base of the container. Afterward the degassing container was closed and allowed to come to equilibrium. The vapor-phase pressure and the temperature were measured. The pressure was found to correspond to the saturation-vapor pressure at the measured temperature, indicating the water was thoroughly degassed. Samples of the degassed water were taken and the surface tension measured. The average surface tension of this water was within 1% of the documented value. The documented value also has a 1% error bar. Some of the degassed water was transferred into the syringe indicated in Figure 6.
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TABLE 3: Values of γSV and γLV in Stable Equilibrium States expt.



γLV (kg/s2)



γSV (kg/s2)



θ (°)



γSL (kg/s2)



xL3



nSL (mol/m2)



E1b E2b E3b E4b E5b



0.07119 ( 0.000005 0.07119 ( 0.00001 0.07120 ( 0.00001 0.07119 ( 0.000005 0.07119 ( 0.000005



0.07112 ( 0.002 0.07116 ( 0.002 0.07107 ( 0.002 0.07097 ( 0.002 0.07115 ( 0.002



37.4 ( 0.4 61.1 ( 0.4 71.9 ( 0.4 60.4 ( 0.4 65.0 ( 0.4



0.01456 ( 0.0023 0.03675 ( 0.0025 0.04894 ( 0.0025 0.03580 ( 0.0035 0.04106 ( 0.0025



1.00777 ( 0.00002 1.01519 ( 0.00002 1.01543 ( 0.00002 1.01299 ( 0.00002 1.01265 ( 0.00002



-107.427 ( 1 -201.119 ( 0.9 -211.268 ( 0.8 -177.646 ( 1 -178.162 ( 0.8



The second portion of each experiment was begun by opening the valve to the mechanical vacuum pump for a short time, ∼3 s. The vapor-phase pressure decreased rapidly (see Figure 7 at ∼28 500 s), as the total number of the moles in the system was reduced to Nbt . The temperature in the vapor and liquid throughout experiment E5 is shown in Figure 8. Note that the liquid-phase temperature changed minimally during the period in which the valve was open, indicating there was little evaporation during this period. We neglect any evaporation or desorption that occurred when the valve was open. The value of Nbt is then given by



Ntb ) Nta -



∆PV(Vt - VL) jT R



(56)



j is where the ∆PV is measured as indicated in Figure 7 and R b the gas constant. The value of Nt in the second portion of each experiment obtained by this procedure is listed in Table 2. Once the value of Nbt is known, the value of θb may be predicted using the procedure outlined above (see Figure 5). The value of θ in state-b may also be “measured”: direct measurements of z0 - zb and Ccl may be made, and the Laplace equation integrated iteratively to obtain θ. The measured values of θ in state-b of each experiment are listed in Table 2. In configuration-b of each experiment, the value of θ in the stable equilibrium state may be determined from the Helmholtz function of the system. In Figure 9, the Helmholtz functions for the system in configurations a and b of experiment E5 are shown. For this experiment, the measured value of θ was 65.0 ( 0.4 and the predicted value in the stable equilibrium state of configuration b was 64.6 ( 0.3 (Table 2). A summary of the measured and the predicted values of θb in the stable equilibrium states for each experiment are shown in Figure 10.



-1 LV LV CLV 0 (m ) max(C1 /C2 )



170.3 373.5 354.3 295.4 264.6



1.36 1.27 1.33 1.32 1.41



θ from measured values of Nt and Ccl (see Figures 5 and 9), and the predicted value of θ determined as that corresponding to a minimum in the Helmholtz function. We note that this predicted value of θ depends on the adsorption isotherms of the materials used to construct the apparatus (see eq 48). In Figure 10, a comparison is made between the predicted and measured values of θ determined by these methods. We emphasize that the Young equation used in the calculations, eq 26, does not include any line tension effects; thus, line tension does not appear to play any role in determining the contact angle of millimeter-sized water droplets on a Cu substrate. Also, note that varying Nt and Ccl changed x3L and the adsorption at the solid-liquid interface by a factor of 2. This change in the adsorption at the solid-liquid resulted in θ being in the range 37.4 ( 0.4 e θ e 71.9 ( 0.4. Thus, the contact angle cannot be viewed as a material property of a fluid-solid combination, but must be viewed as a thermodynamic property of a material-fluid combination that depends on the thermodynamic state of the system.16,17,28 The effect on γSV of these changes in the thermodynamic state may also be determined. The results are summarized for the experiments by the first four columns of Table 3. Note that in each case, the calculated values of γSV for Cu is very near the values of γLV of the adsorbing fluid; thus, the Young equation reduces to



γSL ) γLV(1 - cos θ)



(57)



Discussion As indicated in Table 2, if the volume of a closed, isothermal chamber, the surface areas of the materials used to construct the chamber along with their ζ-isotherm parameters are known, then provided the number of fluid moles in the chamber is greater than a limiting value (see Figure 5), the contact angles of the stable, equilibrium-sized sessile droplets can be predicted as a function of Nbt and Ccl. We note that these parameters are the control parameters in the experiment. When a sessile water droplet is formed on the polished Cu substrate of the chamber and is allowed to come to equilibrium, a value of Ccl is established. When Nat was decreased to Nbt , Ccl remained constant (i.e., the droplet was pinned) and the contact angle decreased. When a droplet is in the apparatus shown schematically in Figure 6, the values of z0 - zb and Ccl can be measured and the corresponding value of θ determined from the necessary conditions for equilibrium. We refer to this value of θ as a measurement. A predicted value of θ for a droplet in a stable equilibrium state may be obtained from the Helmholtz function for the system. This function may be predicted as a function of



Figure 10. A summary is shown of the measured and predicted contact angles for the system when it was in state-b of each experiment. The system parameters are listed in Table 2. The error bars on the measured and predicted values of θ are shown.
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Figure 11. The Helmholtz potential is shown as a function of θ for the system described in Figure 4, but for Nt ) 3.5 mmol and four values of Ccl. Note that a stable equilibrium state is predicted in each case.



The measured pressure in the vapor phase in each experiment is listed in Table 2. If these pressures are used in eq 11 with the ζ-isotherm parameters listed in Table 1, the value of γSV for Ni and for silica are also found to be very near γLV of water, the adsorbing fluid. This result has been seen in other systems. If the pressure is large enough so θ can exist, γSV for Ar and for N2 adsorbing on R-alumina, titania, or magnesia is very nearly equal γLV of the adsorbing fluid.10 Also, Ward and Wu28 found the same result for water adsorbing on silica, for benzene and for n-hexane adsorbing on graphitized carbon, and they show that if



∫xx



L π L w



nSV(xVd )VfPs dxVd , γLV



(58)



where xwL and xπL are the pressure ratios when the contact angle vanishes and when it is π respectively; then eq 57 is a valid approximation. We note that the result given in eq 57 appears valid for a range of liquid-vapor curvatures (see Table 3). From the measured values of γLV and θ, eq 57 may be applied to obtain the value of γSL (see the fifth column of Table 3). Thus, as seen there, although γSV had approximately the same value in all experiments, γSL changed by a factor of more than three. In listing the values of γSL and γSV, we emphasize that we are listing values of the surface tensions and not surface energies; thus the unit kg/s2. As indicated by eq 45, to obtain the surface energies, one would have would have to include the adsorption. The Gibbs adsorption equations, eq 27, indicate γSL and γSV have x3L as their independent variable, but their sensitivity to a change in x3L is determined by the values of nSL and nSV, respectively. However, since θ depends on x3L and Ccl (see eq 25), the Young equation indicates that the difference in the dependence of γSL and γSV on x3L is related to the three-phase line curvature Ccl. Symbolically, this means the Young equation may be written



γSV - γSL ) γLV cos θ(Ccl, xL3 )



(59)



The dependence of θ on Ccl, x3L may be illustrated by calculating the Helmholtz function for the system in which the sessile droplet has different values of Ccl, but one value of Nt, see Figure 11. In each case there is a stable equilibrium state for one value of θ, and as indicated in Figure 12, the value of θ is predicted to be sensitive to both x3L and Ccl. Both Sefiane37 and Chan and Pierce38 have reported that as a sessile droplet evaporates, it depins before it evaporates



Figure 12. For the stable equilibrium values of θ illustrated in Figure 11, the dependence on Ccl and xL3 is shown.



completely. Sefiane considered sessile water droplets on an Al substrate, and found that as the droplet evaporated, the contact angle decreased with the contact line pinned until the contact angle had reached ∼50°. Then it depinned. The results shown in Figure 5 provide a possible explanation for their observations. For the system that we consider, if the pressure were reduced and held at the reduced value so the droplet on the Cu substrate would evaporate slowly, then Nt would be progressively reduced, and the system would be expected to go through the sequence of states illustrated in Figure 5. Note that when Nt is reduced from 5.5 to 3.5 mmol, the contact angle is reduced from 83.5 to 54.3, and that in each of these stable states Ccl had the same value, i.e., the contact line was pinned. However, when the Nt was reduced further, it was no longer possible to find a stable equilibrium state corresponding to this value of Ccl. This suggests that complete depining is a nonequilibrium phenomena that occurs when Nt is reduced below a limiting value. Conclusion If the ζ-isotherm28 is used in conjunction to Gibbsian thermodynamics, the value of θ for an axisymmetric, sessile droplet held in a closed container can be both measured and predicted. The measurement is obtained by measuring the droplet height on the center line, the value of Ccl and iteratively integrating the Laplace equation to obtain a droplet shape that satisfies these two conditions. The value of θ can also be predicted by measuring the Helmholtz variables: T, Vt, Nt, and Ccl, calculating the Helmholtz potential as a function of θ and identifying the predicted contact angle as the one corresponding to the minimum value of the Helmholtz potential. For a range of Nt and Ccl, the results indicate a sessile droplet can be in a stable equilibrium state. The contact angles observed were for sessile water droplets on a polished Cu substrate. A comparison of the predicted and measured values of θ are shown in Figure 10. In the prediction of θ, no line tension effects were included. The agreement seen in Figure 10 indicates that line tension does not play any role in determining the contact angle of the droplets investigated in this study, but indicates that the dependence of θ on Ccl can be predicted by including adsorption. With the temperature maintained at 30 °C, Nt and Ccl were changed as indicated in Table 2. The observed contact angles were in the range from 37.4 ( 0.4 e θ e 71.9 ( 0.4. The effect of changing Nt and Ccl was to change the pressure in the liquid phase. As a result, the value of γSL was changed by a factor of more than 3.3 in these experiments, while γSV
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was approximately constant and equal to the surface tension of the adsorbing fluid. Thus, the Young equation reduces to



γSL ) γLV(1 - cos θ)



(60)
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