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Abstract-Contact angles of glycerol and diiodomethane drops were measured on the surface of kaolin 
pellets covered with different amounts of dodecylamine chloride (DDACl) to as much as one monolayer. 
For a glycerol drop, the contact angle changed from 25.70 (bare surface) to 45.40 for the surface precoated 
with 0.125 monolayer ofDDACl, but remained nearly constant above this level up to one monolayer. 
For a diiodomethane drop, the contact angle changed from 28.60 (bare surface) to 58.10 for one DDACI 
monolayer precoating. Using these contact angles and a modified Young equation, the dispersive and 
nondispersive components of the surface free energy of DDACI-covered kaolin were calculated. These 
data showed that in the extreme case (one monolayer) the dispersive component was reduced by the 
DDACI from -36 mJ/m2 (bare surface) to 25.4 mJ/m2, i.e., the value characteristic for paraffin (25.5 
mJ/m2); however, the nondispersive component was not reduced to zero. A minimum value (15.83 mJI 
m2) was determined for the sample covered with 0.125 DDACI monolayer (calculated), and a slight 
increase in the nondispersive component was observed for greater coverages. Such a change of the 
nondispersive component suggests that, at higher coverages, some adsorbed DDACI molecules were 
oriented with their polar ends off the surface. Based on the values of the 'Y~f and 'Y~f' the work 
of water spreading was calculated. This work was positive for the bare surface (32.8 mJ/m2) and methanol
treated (36.5 mJ/m2) kaolin surface, but negative for 0.125 DDACI monolayer precoating (-31.1 mJl 
m2). It remained essentially unchanged for higher coverages. These data mean that bare and methanol
treated kaolinite surfaces were hydrophilic and that DDACI-treated surfaces were hydrophobic. 
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INTRODUCTION 

Mineral components of soils possess a specific sur
face activity. Of special importance for soil productiv
ity is the interaction of soil minerals with water. On 
the surface of soil minerals, water forms a film with a 
highly oriented structure and a higher viscosity than it 
possesses in bulk phase (Swartzen-Allen and Matijevic, 
1974). The properties of this film are functions of the 
interactions of the minerals with cations and organic 
substances. The stability of soil aggregates is often the 
consequence of the decrease in the wettability and the 
spreading of water on clay surfaces due to organic coat
ings, which affect the swelling and shrinking behavior 
of expandable clays (Jouany and Chassin, 1987). To 
understand and control the wettability of soils, the sur
face free-energy components of clay-organic com
plexes, among other things, should be studied. So far, 
such studies have been rather rare (Jouany and Chas
sin, 1987). 

The purpose of the present study was to determine 
the influence of organic cations on the dispersive and 
nondispersive components ofa soil mineral, kaolinite. 
Alkylammonium ions were used to model natural al
iphatic structures occurring in soils. Changes of the 
surface free energy of kaolinite resulting from the ad
sorption of dodecylamine chloride (DDACl) were de
termined by measuring contact angles in two systems: 
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(1) kaolinite/DDACl-glycerol drop-air, and (2) kaolin
ite/DDACI-diiodomethane drop-air. 

EXPERIMENTAL 

The kaolin used was from Valencia, Spain, and had 
a N2-BET surface area of 29.9 m 2/g. The kaolin con
sisted of about 70% kaolinite, 12% quartz, and 18% 
mica. No purification procedure of the sample was 
done. The ion-exchange capacity (CEC) was 2.9 meql 
100 g. A cross-sectional area of DDACI of 25 A2 was 
used to calculate the amount of DDACI needed to 
obtain the surface coverage of 0.125, 0.25, 0.5, 0.75, 
and 1 monolayer. The coating was achieved by mixing 
the kaolin with methanolic solutions containing the 
required amounts of DDACI. The methanol was sub
sequently evaporated off, and the clay was dried at 
50°e. 

Kaolin pellets were prepared as described previously 
(Janczuk and Biaropiotrowicz, 1988). The pellets were 
then used for contact angle determinations by the ses
sile drop method (Neumann and Good, 1979) at 20° 
± O.loC, using a goniometer-telescope set at 25 x mag
nification. The pellets were held in a thermostated mea
suring chamber filled with saturated glycerol vapor for 
30 min. A 2-mm3 drop was settled by means of a 
microsyringe, and the contact angle was read on both 
sides of the drop. For each level of DDACI coverage, 
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Table I. Contact angle and surface free-energy components of kaolin covered with dodecylamine chloride (DDACI) film. 

Contact angle (") Surface free~energy components (mJ/m2) 

Fraction of monolayer of 1 2 3 4 5 6 
DDAClfiIm 00 OD 11, /'& 11, "Y~t 

0 25.7 28.6 39.64 23.56 35.67 73.71 
o (methanol) 28.0 26.7 40.49 22.28 36.08 77.88 
0.125 45.4 34.7 38.10 15.83 31.18 115.77 
0.25 42.7 43.3 33.63 19.30 27.68 112.12 
0.50 42.3 53.6 27.94 22.73 22.82 112.71 
0.75 44.4 57.0 26.13 22.71 21.03 117.Q1 
1.00 43.0 58.1 25.43 23.95 20.61 114.16 

00 = contact angle for glycerol drop, 00 = contact angle for diiodomethane drop, I1f = dispersive component of the surface 
free energy of kaolinite coated with dodecylamine chloride film calculated from Eq. (5) (column 3) and Eqs. (3) and (4) (column 
5), and 'Y~f = nondispersive component of the surface free energy of kaolinite coated with dodecylamine chloride film calculated 
from Eq. (3) (column 4) and Eqs. (3) and (4) (column 6). 

at least five pellets were prepared, and three or more 
drops were settled on the surface of each pellet. If the 
contact angles measured on both sides of the drop dif
fered by more than 2°, they were not included in the 
calculation. 

The same procedure was employed for contact angle 
measurements of a diiodomethane drop; however, in 
this experiment the measuring chamber was "dried" 
using mixture of zeolite molecular sieves (4A and 5A) 
before the pellets were placed inside. The diiodometh
ane drop was deposited immediately after the pellet 
had been placed in the chamber, and the contact angle 
was determined. The precision of the contact angle 
measurements was ± 1°. 

RESULTS AND DISCUSSION 

Values of the contact angles for the kaolin and for 
the kaolin covered with different amounts of DDACI 
are listed in Table 1. At a coverage of 0.125 DDACl 
monolayer, the glycerol contact angle increased from 
28° (methanol-treated sample) to 45.4° (Table 1, col
umn 1). A further increase in the surface coverage (to 
one monolayer) did not change the value of the contact 
angle. Interestingly, the treatment of the sample with 
pure methanol increased the contact angle by only 2.3° . 
(Table 1). 

The contact angle of a diiodomethane drop increased 
from 26.7° (methanol-treated sample) with increasing 
DDACI surface coverage to 58.1 ° for one DDACl 
monolayer (Table 1, column 2). At DDACl coverages 
>0.5, however, the contact angle changed relatively 
little, from 53.6° to 58.1° for a full monolayer. The 
sample treated with methanol showed a decrease in the 
contact angle of 1.9°. 

Measured contact angles are a visible balance of the 
interfacial free energies of the solid-liquid, solid-gas, 
and liquid-gas interfaces. Customarily, the solid-gas 
and liquid-gas interfacial free energies are termed sur
face free energies. The surface free energy is considered 
to be the sum of several components resulting from 
various types of molecular interactions, such as dis-

persive forces, dipole-dipole forces, hydrogen bonding, 
donor-acceptor bonding, and electrostatic bonding. 
Depending on the specific nature of the substances, one 
or more of the interaction forces may operate at the 
interface. Usually, for experimental reasons two types 
of the interactions are considered: the London disper
sive, and an average nondispersive interactions. They 
may be expressed by the geometric mean of the dis
persive (Fowkes, 1964), as well as the nondispersive 
(Owens and Wendt, 1969; Kaelble and Cirlin, 1971) 
components of the interacting substances. If a solid 
surface interacts with adherent liquid phase by dis
persive forces only, the surface is hydrophobic; if the 
solid surface interacts by nondispersive forces, the sur
face is hydrophilic. 

The surface of kaolinite interacts with water by dis
persive forces, as well as by dipole-dipole, ion-dipole, 
and hydrogen-bonding forces (Swartzen-Allen and 
Matijevic, 1974). Ifa kaolinite surface is progressively 
coated with DDAC1, the nondispersive interactions are 
blocked, making the surface more and more hydro
phobic, or, in other words, less wettable by water. At 
DDACl coverages of less than one monolayer, the al
kylammonium molecules will occupy the negative sites 
of the kaolinite surface, because the interactions of 
DDACl molecules are of an electrostatic nature. Jouany 
and Chassin (1987) suggested a possible orientation of 
alkylammonium ions on montmorillonite surface, and 
a similar orientation of DDACI may be possible on a 
kaolinite surface. Inasmuch as the observed contact 
angle is a macroscopic quantity, it reflects an average 
state of the molecules (Marmur, 1983). 

The dispersive and nondispersive components ofthe 
surface free energy for the kaolin/DDACl surface were 
determined from the measured contact angles. The 
modified Young equation applied to the systems stud
ied takes the form (Janczuk et al., 1989c): 

'YSf - 'YSfG - 1!"e = 'YG cos BG (1) 

and 

'YSf - 'YSfD = 'YD cos BD , (2) 
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Table 2. Glycerol and diiodomethane surface tensions and 
their dispersive and nondispersive components (in mN/m). 

Liquid 

Glycerol 
Diiodomethane 

63.3 
50.8 

20.22 
50.42 

43.08 
0.38 

'YL = liquid surface tension, 'Yf. = dispersive component of 
the liquid surface tension, and 'Y~ = nondispersive component 
of the liquid surface tension. 

where 'YSf is the surface free energy of kaolin surface 
covered with DDACI: 'YSfG and 'YSfD are the interfacial 
free energy of kaolin/DDACI-glycerol and kaolin! 
DDACI-diiodomethane, respectively; 'Yo and 'Yo are 
the surface tensions of glycerol and diiodomethane, 
respectively; and 1/'e is the decrease in the surface free 
energy of kaolin/DDACI due to the presence of the 
glycerol film. 

Following the assumptions of Janczuk et al. (1989c), 
the possible presence of a diiodomethane film on the 
kaolin surface was not taken into account. The inter
facial free energies of kaolin/DDACl-glycerol or diio
domethane can be expressed as the geometric mean of 
the dispersive (Fowkes, 1964) and nondispersive (Ow
ens and Wendt, 1969; Kaelble and Cirlin, 1971) in
teractions from Eqs. (1) and (2), 

'Yo cos 00 = -'Yo + 2('Y~f 11,)'1> 

+ 2( 'Y~f 'Y&)'" - 1/'e (3) 

and 

'Yo cos 80 = -'Yo + 2(nf Yo)'h 

+ 2( 'Y~f 'Y~)''', (4) 

where the superscripts "d" and "n" refer to dispersive 
and nondispersive components, respectively, of the 
surface free energies. 

If 'Yo > 'YSf, a situation that is very probable in the 
systems studies, 1/'e can be neglected (Fowkes, 1964). 
Thus, from Eqs. (3) and (4): 

(n )'h = 'Yo(cos 80 + I) - hlY''Y2;)'h'YO(COS 80 + I) 
Sf 2[('Yl',)'h - ('Y~'Y~I-y2;) "'] . (5) 

From the measured 80 and 80 values and the literature 
values for 'Yo, 'Yr" and 'Y~ (Panzer, 1973; Janczuk and 
Bialopiotrowicz, 1989), and 'Yo, 11" and 'Y2; (Good and 
Elbing, 1970; Janczuk et aI., 1989a) (Table 2), the dis-

persive and non dispersive components of the kaolin! 
DDACl surface were calculated from Eqs. (3-5). The 
values obtained are presented in Table) , columns 3-
6. In columns 3 and 4, nfand 'Y~f values obtained from 
Eqs. (5) and (6) on the assumption that 1/'e = 0 are 
shown, whereas, in columns 5 and 6, the values cal
culated from Eqs. (3) and (4), assuming that 1/'e = 'YSf 
- 'Yo (Janczuk et al., 1989b; Janczuk et aI. , 1989c), are 
tabulated. 

Because the accuracy of the contact angle measure
ments was ± 1 G, the errors in determination of nf and 
'Y~f were calculated for the boundary values of the con
tact angles (Table 3). As can be seen, the maximal error 
is ±0.62 mJ/ m2 for the dispersive component and 
± 2.58 mJ/ m2 for the nondispersive component. These 
errors are oflittle importance for the physicochemical 
interpretation of the results obtained. 

The dispersive component calculated from Eq. (5) 
decreased from 40.5 to 25.4 mJ/m 2 as the surface cov
erage with DDACl increased from 0 to I monolayer. 
The nondispersive component, 'Y~f (column 4), calcu
lated from Eq. (4), using the 'Y~f vaJues obtained from 
Eq. (5), decreased from 22.3 mJ/m2 (methanol-treated 
sample) to 15.8 mJ/m 2 for the sample coated with 
0.125 monolayer ofDDACI. It then increased slightly 
to 24.0 mJ/ m2 for one monolayer coverage with 
DDACI. 

For a nonzero value of the glycerol film pressure (1/'e 
= 'YSf - 'YO>, i.e., assuming a glycerol film presence 
around the glycerol drop, the values of 'Y~f and 'Y~f cal
culated from Eqs. (3) and (4) changed in a somewhat 
different way than those calculated for 1/'e = 0 (Table 
I , columns 5 and 6). The dispersive component 'Y~falso 
decreased (columns 3 and 5), but to a smaller value of 
20.6 mJ/m 2. The values of the nondispersive compo
nent were markedly greater than those calculated from 
Eqs. (3) and (4) (columns 4 and 6), both for DDACI
coated and uncoated surfaces. They changed from 77.9 
mJ/m 2 for the methanol-treated sample to 115 ± 2 
mJ/m2 for the samples coated with DDACI (0.125 to 
1.0 monolayer). 

The values of 'Y~f and 'Y~f suggest that only for the 
untreated sample and samples treated with methanol 
was the value of the film pressure 1l'e really equal to 'YSf 
- 'Yo; however, even at a DDACI coverage of 0.125 
monolayer, this value of 1/'e led to a greater 'Y~r value 
than for the bare surface (Table I). This 'Y~r value is 

Table 3. The accuracy of determination of the kaolinite surface free-energy components h1f and 'Ygr) in boundary cases (in 
mJ/ m2). 

Fraction of monolayer 
of dodecylamine 11, 'li, 11, 'li, 

chloride film I 2 3 4 

0 39.64 ± 0.44 23 .56 ± 0.59 35.67 ± 0.51 73 .71 ± 2.58 
1.0 25.43 ± 0.62 23 .95 ± 0.98 20.61 ± 0.55 114.16 ± 1.83 

'Yg, = accuracy of determination of the dispersive component of the kaolinite surface free energy and -ygf = accuracy of 
determination of the non dispersive component of the kaolinite surface free energy. 
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Table 4. Spreading work of water (Ws) on kaolin surface 
coated with dodecylamine chloride molecules (DDACl) cal
culated from Eq. (6). 

Fraction of monolayer 
ofDDACl film 

o 
o (methanol) 
0.125 
0.25 
0.50 
0.75 
1.00 

-17.5 
-18.8 
-31.1 
-28.7 
-28.1 
-29.8 
-28.6 

Ws(mJ/m') 

32.8 
36.5 
60.2 
54.8 
50.6 
51.7 
49.4 

physically unrealistic; hence, a coverage of 0.125 
DDACI appears to have decreased the kaolin surface 
free energy to such a value that 'YSf < 'Yo and 1I"e = O. 
Thus, for the untreated kaolin and for the methanol
treated kaolin, the physically realistic 'Y~f and 'Y~f values 
are shown in columns 5 and 6, respectively; for samples 
covered with DDAC1, the physically realistic values 
are those in columns 3 and 4. 

With respect to the values of ~f and 'Y~f' the disper
sive component of the kaolinite surface free energy 
appears to have been reduced by DDACI to the value 
characteristic for paraffin (Dann, 1970; Panzer, 1973). 
The nondispersive component had the value charac
teristic for the presence of -OH, -COOH, -CO, and 
other functional groups (Panzer, 1973). The question 
remains, however, why the nondispersive component, 
'Y~f' for the kaolin sample covered' with 0.125 DDACI 
monolayer had the lowest value (I5.8 mJ/m2). Perhaps 
the 1I"e value was between zero and some measurable 
value 'YSf - 'Yo, or reorientation of DDACI molecules 
in the film occurred. 

Having determined the 'Y~f and 'Y~f values, the work 
of spreading (W s) for water on the surface of kaolinite 
was then calculated. The work of spreading is equal to 
the difference between the work of adhesion (W A) and 
the work of cohesion (W d for the water, which is de
termined. by the following equation: 

WS=WA-WC 
= 2(~f 'Yt)'h 

+ 2(')'~f 'Y~)';' - 2'Yw, (6) 

where 'Yw is the surface tension of water [72.8 mN/m 
(millinewtons per meter) at 20°C], -y<iw is the dispersive 
component of water surface tension (21.8 mN/m), and 
'Y~ is the nondispersive component of water surface 
tension (51 mN/m). Calculated values ofWs are listed 
in Table 4. In column 1 are the values calculated using 
~fand 'Y~f values taken from columns 3 and 4 of Table 
1, and in column 2 W S values calculated using ~f and 
'Y~f taken from columns 5 and 6 of Table 1 are listed. 

According to the above discussion on 'Y~f and 'Y~f 
values, the real W S values for bare and methanol treat-

ed-kaolin samples seem to be those in column 2 (Table 
4), and for DDACl-treated surface the real Ws values 
seem to be those in column 1. From these values, bare 
and methanol-treated kaolin surfaces must have been 
wetted with water, because the work of spreading was 
positive; however, as little as 0.125 DDACI monolayer 
drastically changed the wetting conditions for water. 
The surface became unwettable (hydrophobic), be
cause the work of spreading was negative. Further in
crease of DDACI precoating hardly changed the wet
tability of the kaolin surface (Table 4, column 1). These 
data suggest that a soil treated with organic cations 
may tend to aggregate because of its hydrophobic na
ture. 
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