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ABSTRACT: Water repellency, floatability, hydrophobicity, swelling, wetting processes,
water adsorption, and struclure of adsorbed waler are examples of interactions at interfaces. A
property of solids involved in these interactions is the surface free energy (tension). Because
surface free energies measurements for soil colloids are scarce it was the purpose of this paper
to report values of the surface free energy for soil clay fraction (<2 pym) of Torrifluvents. X-ray
diffraction patterns indicated that the clay fractions of the P5 and P9 soil samples (Nile delta,
Egypt) were mainly formed of smectite, followed by kaolinite and illites. Chlorite, vermiculite, and
mixed layers appeared only in traces. The spreading surface pressures of soil clays were
determined using water vapor adsorption isotherms at 28° C and a nonlinear least squares
fiting the BET equalion to the experimental data. The values: 36.93 and 38.37 mJ. m™ were
computed for the spreading pressures of the two soil-clay samples P5 and P9, respectively.
Then, the surface free energies for the soil clays were computed following a recently developed
procedure that utilized a formula obtained by combining the Young equation with the general
equation of pair interaction. This procedure gave the values 183.76 and 191.45 mJ m™ for the
surface free energies of the soil clays P5 and P9, respectively. These values seemed
comparable but litile less than values of the surface free energy of clay minerals; and soil clays
seemed less hydrophilic than pure clay minerals. The Helmy's method used in this study for
determining the surface free energy is independent of the extra-thermodynamics assumed by
the other methods and seems useful for other soils.
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INTRODUCTION

The interaction of water with soil colloids plays a critical role in all areas of
soil science. Water repellency (Bauters et al., 2000), floatability (Chibowski and
Holysz, 1986), hydrophobicity ( Zettlemoyer, 1969; van Oss and Giese, 1995),
swelling (Low, 1987), wetting (Dekany et al., 1986), water adsorption (Dontsova
et al., 2004), and structure of adsorbed water (Jurinak, 1961; Low, 1982,
Sposito and Prost, 1982; Elprince, 19286) are examples of interactions at
_interfaces. A property of solids involved in these interactions is the surface free
~energy (tension). '

Despite the fact that surface free energy has been measured for many of the
clay minerals (Schuliz et al.,, 1977ab; Janczuk and Bialopiotrowicz, 1988;
Christenson, 1993; Helmy et. al.,, 2003, 2004, 2006), measurements for soil
colloids are scarce (Goebel et al.,, 2004). Several approaches can be used
(Zettlemoyer, 1969; Wu, 1980) but no direct method for the determination of the
surface free energy exists. One method relies on the determination of the
adsorption isotherm of a liquid vapor. From this isotherm the spreading
pressure, [1, can be calculated. Based on the Il value, the surface free energy
of the solid can be estimated (Zettlemoyer, 1969; Staszczuk, 1984; Helmy et.
al., 2003, 2004, 2006). This method employs the Fockes type formula (Fockes,
1964 and 1968), the Lifshitz-VDW-acid/base approach (Giese and van Oss,
2002), or the Helmy’s procedure (Helmy et al., 2006). The advantage of the
Helmy's procedure is that it is independent of the extra-thermodynamics
assumed by the other approaches.
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In the present study, the surface free energy of soil clay fraction (< 2 pym) of
Torrifluvents have been determined by means of water wvapor adsorption
isotherm measurements and computed using the Helmy's procedure.

MATERIALS AND METHODS

The Soil Samples: The soils used in this study were Torrifluvents located in
Kafer El-Shaikh governorate in the Nile delta, Egypt. The PS5 soil sample
composite (depth 0 — 30 cm; five random cores) was located at latitude 31° 15
57" N. and longitude 30° 58 56" E. On the other hand, the P9 soil sample
composite was located at latitude 31° 14’ 23" N, and longitude 30° 55" 47" E
(Fig. 1). Site locations were determined using Garmin receiver GPS (GARMIN,
2005).
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Figure 1. Locations of the soil samples P5 and P9

Saoil analyses included the hydrometer method for particle size distribution,
the Walkley-Black method for organic carbon content, and the gas-volumetric
method for calcium carbonate content. Composition of the saturation soil paste
using flame photometer for Na® and K AAS for Ca and Mg'?; electrometric
titration with AgNQO; for CI'; precipitation with Pd(NO;): and then determination
of excess of Pb*" with AAS for SO4” ; and titration with H:SO, for HCOs and
COs* (Black, 1965; Jackson, 1965). Exchangeable cations were determined by
the Mehlich’s method (Mehlich, 1948). Table (1) shows the resulis of soil
analysis.

Soil Clay Preparation: The clay fraction was obtained by allowing the less than
2 mm fraction air-dried soil to setile out of a suspension and then decanting the
suspension as of Stock's law. Na-clay was prepared by saturating the < 2pm
fraction with 0.5 mol/L NaCl solution. This treatment was repeated five times.
Then, the clay was washed with distilled water in high-speed centrifuge until the
supernatant solution was free of chioride (tested negative with AgNQO3).
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Soil Clay Mineralogy: X-ray diffraction was measured using Muller Mikro 111
mit Goniometer (Germany). The soil-clay fraction (<2pm) for both P5 and P9
soil samples was mainly formed of smectite, followed by Kaolinite and lilites.
Chlorite, vermiculite, and mixed layers appear only in traces (Fig. 2). Although
the P5 soil was extremely saline-sodic relative to the P9 soil (Table 1), the
mineralogy of clay fractions P5 and P9 seemed identical. This result was
expected due to the solute leaching and the cation exchange process during the
separation and preparation of the < 2um fraction for the X-ray analysis. As
seen in Fig. 2 the X-ray diffraction patterns indicated that the soil clay P5 had
lower content of smectite and was poorly crystalline relative to the soil clay P9.
. A semi quantitative analysis {(determined using impulses per second) indicated
that the clay fraction of the P5 and P9 samples contained approximately (66 -
87%) smectite, (10 — 14%) kaolinite and (9 — 22%) llite (with trace vermiculite
and chlorite) (Saffan, 1984). These results are in agreement with recent data by
Abou-Khatita (2011) who quantitatively determined clay mineralogy of the Nile
Delta soil as 84% montmorillonite, 8.4% kaolinite, 4.8% illite, 1.2% chlorite, and
1.6% mixed-layers illite/vermiculite and illite/chlorite. '

Water Vapor Adsorption Isotherm: Samples of = 2.6 g of soil clays <2um in
suspension (0.1587 and 0.1549 g L™ for P5 and P9, respectively) were placed
in Pyrex bettry dishes (diammeter = 55 mm, height = 15 mm) and were placed
in oven at 50°C overnight to evaporate most of the water and then in vacuum
desiccators with aqueous concentrations of H,S0, of different p/p® values
(0.005 to 0.500) and were maintained at 28°C. When equilibrium adsorption
was reached (constant weight) the quantities of water adsorbed were
determined by weighing and expressed in mg H20 per g soil clay in equilibrium
with water vapor of p/p°® value of 0.005. The experiments were carried out in
duplicates.
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Figure 2. X-ray diffraction patterns for the clay fraction (<2 pm) of soil
samples P5 and P9 (Saffan, 1984)

Computing Spreading Pressure: Brunaur, Emmett, and Teller (Brunaur et al.,
1938) extended the LLangmuir's monolayer equation to multilayer adsorption,
and their equation had been come to be known as the BET equation:

vivp={cx/[(1-x){(1+(c-1)x)]} {1)

where, x = p/p°, p° = saturation or condensation pressure = 3167.20 Pa, v =
amount of adsorbed water in mguzo g'1 soil aay. the constant v, = the amount of
H,O adsorbed at the monolayer point, and the constant ¢ = exp(Q1 —Q.) / RT,
where Q1 is energy of adsorption for surface covered by single layer and Q, is
energy of adsorption for surface covered by n layers. Keren and Shainberg
(1975) considered Q, = the heat of liquefaction of the gas ( = 43.848 kJ mol™ for
water at 25°C). We had used a nonlinear least squares method to find the vy,
and c parameters that minimized the weighted residual sum of squares.

The specific surface area (sa in m°.g"') of the soil clay was computed from
the value of v (Mgh20 9 seil ciay) Using the equation:

sa=4.182 vy, (2)
where, 4.182 (m2 Mgu2o ' ) was the cross sectional area of H,O.

The spreading (surface) pressure I1, was obtained by numerical integration
(using the trapezoidal rule) according to the Gibbs equation:
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~{n pin
v d{ln[p) (31)
Nn=(RT/sa) “inp=0

where R = the gas constant (8. 314 x 10> mJ mo!” K‘1) , T = temperature in
Kelven = 273.16 + t° C, sa = specific surface area (m? g''), and pn is the p value
corresponding to the v, value at the monolayer point. A value for pn was
obtained by substituting vy, in place of v in Eq. (1) and by solving the resulted
quadratic equation to yield the positive-real-root equation:

Pm=Po [ (™= 1)/(c=1]  (4)
Furthermore, the v function in Eq. (3) was made a function of (in p) by replacing
X m Eqg. (1) by exp [ In p — Inpg]. Upon using a value of vy expressed in mmolipo

g' soil clay, the integral (area) in Eq. (3) became in mmolyzo g soil clay  @nd the
desired value of T1 would be in mJ m™?

Computing Surface Free Energy: The Helmy’s method (Helmy et al., 2006)
was based on a formula obtained by combining the equation of pair interactions:

ysty—Kyse =0 (2)
with the Young equation (Young, 1805):
Ys = YsL = ¥L COS o + 1 (6)

where y; was the surface tension of the solid, y. was the surface tension of the
liquid (72.8 mJ m? ), yo was the solid/liquid interfacial tension, k was a

constant, and o was the solid/liquid contact angle. From combining Eq.(5) and
Eq.(6) one got :

k=[vs+yvi]/[ys=v cosa-I1] {(7)
Eq.(7) was rewritten as:
k={(1+x)/(1—mx) (8)

where x=(v/ vs) andm=(y,cosa+ TI1)/vy.

An important feature of this procedure for obtaining vs was the use of Young
equation to determine the range in which the value of yg lies and to be used in
Eq. (7). This range of values for ys was obtained from Young equation subject to
the conditions: vy < vys <vsand ys. < (vs y. )", so that the lower (Lys ) and
upper (Uvs ) limits of vys were estimated using Eq.(9) and Eq.(10),
respectively:

LYS =vL +tvLcos o+ Tl (9)

Uvs - ()" (Uve)"™-(mcosa+T1)=0  (10)
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Knowing the range where vg lies the mean vaiue of x, i.e. <x> = y_/ < vg >, can
be calculated from the formula:

~x1
<(S7) dx (11)
<x> = [1/ [k(x1) — k(x2)] )} “x=2 L dx -

where x; and xz are the limit values of x in the range where the surface energy
lies. Integration of Eq. (11) gives:
X1

(L+m) {, . . : 1 ;
Tz (T s )}

Kixg) — K(xz)

X3 (12)

RESULTS AND DISCUSSION

1. The Spreading Pressure

_ The water vapor adsorption isotherms at 28°C for the soil fraction (< 2 pm) of
soils P5 and P9 are presented in Fig. 3. The points are the experimental data

and the solid curves resulted from fitting the BET equation to data. The vn

parameter is found equal to 46.00 and 47.25 mgu2o g soil-caly for the soil clays

P5 and P9, respectively. The c parameter is found equal to 4.158 and 4.725 for

the soil clays P5 and P9, respectively.

Following our procedure described above the sa for the soil-clays P5 and P9
are computed equal to 192.4 and 197.6 m? g’ respectively. In a study by Likos
and Lu (2002) the specific surface area value (sa) for smeclite-kaolinite
mixtures varied from 21 to 212 m*® g' for the end members kaolinite and
smectite, respectively, while specific surface area of a mixture (sa,ix} could be
predicted from the equation:

samix = (1- mk) sag + mg sag (13)

where, sas and sak are specific surface area for smectite and kaolinite,
respectively and mk was mass fraction of kaolinite. Extension of Eq.(13) to a
mixture of smectite, kaolinite, and illite has predicted a mineral composition for
the soil clay P5 equal to 87% smectite, 7% Kaolinite, and 6% illite; and a mineral
composition for the soil clays P9 equal to 90% smectite, 6% kaolinite and 7%
illite. These approximate compositions are in agreement with the results of X-
ray analysis with the assumption that the sa of illite equal to 100 m® g'. The
value 100 m? g’ for sa of illite (with trace vermiculite and chiorite) seems
reasonable.
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Figure 3. Water vapor adsorption isotherms (28°C) for soil clays P5 and P9

Using the measured c¢ values, the energy (heat) of adsorption for surface
covered by single layer (Qq - Q.) are computed equal to 4.05 and 4.15 kJ mol™
for the soil clays P5 and P9, respectively. These values are lower than the
7.366 and 6.159 kJ mol ™' values reported by Likos and Lu {(2002) for kaolinite
and smectite, respectively; and higher than the 1.42 kJ mol™ reported by Keren
and Shainberg (1975) for Na-smectite.

The In Py, (Eq. 3) values for the soil-clays P5 and P9 are computed equal to
6.949, and 6.907 (with p, in Pa), respectively. The values of the integral in
Eq.(3) (area under the isotherms in Fig. 4) are numerically computed equal to
2.8373 and 3.0275 mmoluzo g~ for the soil clays P5 and P9, respectively.
Subsequently, the I1 values for the soil clays P5 and P9 are computed equal to
36.932; and 38.365 mJ m>, respectively. These estimated parameter values
are summarized in Table 2. The values of the estimated spreading pressures,
1, for both the soil clays P5 and P9 (Table 2) are less than those reported for
kaolinite (97.8 mJ m™) (Helmy et al., 2004) and smectite (60 mJ m?) (Helmy et
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al., 2003). These differences in the IT values seem due to the predominance of
smectite, different crystallinity, and contamination with organic matter in the soil
clay samples.

M

[y

v, mmol/g

Figure 4. Water vapor adsorption on soil clays P5and P9 vs_Inp (pis in
Pa)

Table 2. Parameter values of water vapor adsorption isotherms (28 C) for
soil clays (< um) of soils P5 and P6

vm C sa in pm Integral EQ(3) II
Soil  mmol/g unitless m2/g (pmin Pa) mmol/g mdJ/m2
P5 2.5554 4.1583 192.4 6.949 2.8373 36.932
P9 2.6248 47247 197.6 6.907 3.0275 38.365

2. The surface free energy :

In computing the surface free energy (vs) we used literature data for vy, = 72.8
mdJd m?Z and a = 0° (Helmy et. al., 2003). Foilowing Helmy’s procedure described
above [ (Eq.(9) and Eq. (10) ], the ranges of ys values are computed equal to |
182.6 : 242.8] and [184.02 : 244.7] mJ m? for the soil clays P5 and P9,
respectively. Subsequently, the employment of Eq.(12) gives <x> equal to
0.4559 and 0.4462 for soil clays P5 and P9, respectively; hence the mean
surface energy of soil clays P5 and P9 (< ys =) are equal to 168.62 and 163.15
mJ m™, respectively.

With the value of ys known, ys, is computed equal to 74.03 and 80.29 mJ m=2
for soil clays P5 and P9, respectively, using Young equation (6). Using the
Gibbs equation:

IT=vs-vsv, (14)

531

Vol. 18 (3), 2013



J. Adv. Agric. Res. (Fac. Agric. Saba Basha)

the solid/vapor interfacial tension (ysv) is computed equal to 146.83 and 153.09
mJ m*? for the soil clays P5 and P9, respectively. These estimated parameter
values are summarized in Table 3.

Table 3. Surface free energies for soil clays P5 and P9

Lys UYS s YsL Isv
Soil m mj/im2
P3 4.2610 177.25 235.3 183.76 74.03 146.83
P9 4.2624 178.68 237.3 191.45 80.29 153.09

The estimated surface free energy vs values (183.76 and 191.45 mJ m? for
both the soil clays P5 and P9, respectlvely; (Table 3) are less than those
reported for kaolinite (231.4 mJ m?) and montmorillonite (223.3 mJ m 2y (Helmy
et al., 2006) but greater than the values (130-170 mJ m™) for mica
(Christenson 1993). This comparison suggests that the soil clay surfaces are
less hydrophilic than the clay minerals; apparently due to contamination with
organic matter.

The work of water adhesion (W) to the surface of soil clay can be calculated
using the equation (Chibowski and Staszczuk, 1988):
Wa=2(ysy )" (15) )
the values of which are found equal to 231.32 and 236.12 mJ m™ for the soil
clays P5 and P9, respectively. These values suggest that in the present
experiments water wet the surface of the soil clays, because the work of water
adhesion is higher than the work of water cohesion W¢ = 2 v, = 145.6 mJ m™.

Iin summary, the surface free energy values of soil clays are comparable but
little less than values of the surface free energy of clay minerals. Thus soil clays
seem less hydrophilic than the clay minerals. The Helmy’'s method used in this
study for determining the surface free energy of soil colioids is independent of
the extra-thermodynamics assumed by the other methods and seems useful for
other soils.
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