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Abstract:

The liquid-solid contact angles between water and ethanol soil extract or ethanol soil extract + clay
coated on glass slides were measured. The extract + clay produced the largest contact angle. These
slides were equilibrated at various relative humidities and small drops of water of known volume were
placed on the slide and the width (X) was measured by a measuring microscope. The contact angles (o)
were computed from the formulas tan o/2Zh for angles less' than 90 degrees and sin - 90) = x (Formula
not captured by OCR) for angles greater than 90 degrees. Values of h/X were obtained from the
corresponding calculated values of V/X where h and V represent the height- and the volume of the
drop, respectively. As the relative humidity increased, the contact angle tended to decrease. Analysis of
variance show variation due to soils and extracts to be highly significant at 65% relative humidity.

Differences between high and low contact angle soils were found in unsaturated flow and vapor
adsorption studies. The data indicate that the rate-limiting step in unsaturated flow is due to the vapor
phase preceding the wetted front. Calculated data from Millville loam indicate that the activation
energies for evaporation and vapor diffusion through air + vapor adsorption are 9.6 and 7.7 kcal. per
mole, respectively. It appears that evaporation is the rate-limiting step in water movement through
unsaturated soils. However, the activation energies for evaporation and, vapor adsorption are nearly
equal.
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ABSTRACT

The liquid-solid contact angles between water and ethanol soil ex-.
tract or ethanol soil extract + clay coated on glass slides were medsured.
The .extract + clay produced- the largest contact angle. These slides were
equillbrated at warious relative humldltles and small ‘drops of water of
known volume were placed on the slide and’ the’ width (xX) was measured by
a meéasuring micrdscope. The contact angles (e¢.) were computed from the
formulas tanol /2 = 2h" for angles 1ess than 90 degrees and sin A= 90) =

X

(X - 9 for angles greater than 90 degrees. Values of h/X were obtained

) from the correspondlng calculated values of V/k where h and V represent
the height. and thé volume of the' drop, respectively.’ As the relative
humidity increased, the contact angle tended ‘to decrease. Analysis of
variance show variation due to soils and extracts to be highly significant

. at’ 6SA relative humidity.

leferences ‘betiween high and low contact angle soils were found in

unsaturated flow and vapor adsorptlon studies. , The data’ indicaté that the
i rate- limitlng step in unsaturated- flow is due to the vapor phase preced- o
\ ing the wetted front. Calculated data from Millville loam indicate that
\ ‘the actlvation energies for evaporation and vapor diffusion .through air'+
| vapor adsorption are. 9.6 and 7.7 keal, per mole, respectively. It appears
}' that ‘evaporation is the .rate-limiting step in water movement through un-
saturated soils, However, the activation energies ‘for evaporation and
vapor adsorption ‘are nearly equal, .

vi
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INTRODUCTION AND LITERATURE REVIEW

In the investigations of liquid penetration into a porous solid or
liquid movement over a plane surface, a three phase boundary equilibrium is
usualiy observed. Mathematically, one can describe the pressure difference

across a meniscus in a capillary by Young and Laplace's equation,

e=x(3+1) ay
1. 72

where ¥ is the surface tension of the liquid and Rl and R2 are the two

radii of curvature. For a hemispherical meniscus, R1 and Ry are equal and

equation _L_l_"__/- becomes AP =2¥ . A more general form of equation 1_1_7
s R .

which accounts for the wetting broperties of the capillary is

AP = 2 ¥ cos _
r - ' 12/

where r is now the radius of the capillary and o{ is the contact angle be-
tween the capillary wall and the liquid. |
One can also treat mathe'mat_ica'_lly, by Young and Dtipré's equatioh.
Wy = ¥sA + ¥1A - ¥sn, 37
the phenomena of é lliquid drop on a plane surface, wherg W is the work of
adhesion, X sa ‘and ¥ SL are the surface tensions of the solid against‘
air ar_zd liquid, réspect::Lvely, and XLA is the surface tension of th; liﬁﬁid,
~Sinc¢; ‘most 1liquids rest on solids at a definite angle &, one can‘wrii;e"
%sa= ¥sp+ ¥IA cosex . a7
Combining equation _/__3__'7 and _[__4_7,

wSL = X1A (1 + cos £). ‘ /57
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Then according to equation 173'7, a contact ang1e of zero would indicate

that the liquid attracts -the solid as much as it attracts itself Like-
wise an angle of 90 degrees indicates the attraction for the solid is half
of its self attraction and'180 degrees angle would 1ndicate no adhesion of
the liquid for the solid,A‘However; Adam (l938) states that angles of ISOr
degrees are unrealizable. He also,emphasizes the distinction between "
zero contact angle surface and netting’Surface; A wetting surface can
exhibit a zero or finite contact angle. fhis suggests.theluse of the -
contact angle as an index of the hydrophobic nroperties of a surface or a
porous material,

However, ‘Adam (1938) states that'equation ZTS_?ihas little meaning
because of the indefiniteness of .. It is not.unuSual to observe thatv
advancing and receding contact angles may be,very different. .The contact
angle assumes a-maximum when advancing over a dry area and minimum when
receding over a previously wetted surface. The exact cause of this hyster-
esis effect on-contact'angles is still obscure however many explanations

have been proposed' Adam (1938) states that the hysteresis effect appears

to be related to a frictional resistance to motion of the 1iqu1d edge over

the solid ~ Another explanation offered is that the work of adhesion between‘

the solid and the liquid is ‘actually different for a dry surface than for

one that has been prev1ously wetted Surface roughness has also been co—'

_ gently suggested as an explanation, Shuttleworth -and Bailey (1948) and

-Adam (1933). Adam (1938) states that surface_roughness will increase the’

apparent contact angle if the true angle is greater than 90‘degrees‘and

decrease the apparent angle if the true.contact ‘angle is less than 90
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degrees, However, Bikerman (1950) concludes the surface roughness does
not influence the contact angle due to the cancellation effect of grooves

and ridges.

Significance

| It is.possible that if a soil exhibits a resistance to wetting or
forms a finite eontact'angle with water, these hydrophobic properties’
would modify evaporation, erosion, water adsorption and water movement
Baver (1940) ‘states that the contact’ angle between the 11quid and a 5011
particle is generally essumed to be zero; however ; -many studies,indicate
that this assumption is incurrect, 'Early work by Linford'k1930) shows
that the contact angle may be.zero for\ginerfif hut.becomes quite dif-
ferent frem'zero‘if an QEQEEEE‘Cdnétitue?t is edded. Jamison. (1945)
studied the hydrephobic nature of sandy soil found beneath citrus trees
in Florida and attributed this phenomenon to ‘the organic colloids in the

cemotes &0

soil. His data show that extracting the soil with ethyl and meth/; a1cohol
diethyl ether and water-free petroleum ether decreased the wetting time.
He suggests that- the effect of,the extractants was due in part to the re-
moval of small quantities of oils, waxes or other organic materials which
were not wetted by water. Swartzendruber et al. (1954) state that quantity
or duality of organic matter, either or both, may affect the wetting angle.

This- agrees with the data obtained by Cawlfield (1962)1[ in which an

organic. forest soil exhibited a smaller contact angle with water than soils

lcewlfieid, George E. The contact angle between water and soil
materials. Unpublished'master“s thesis.  Montana State College Library,
1962. : ' -
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with lower organic matter confent}, Emerson and Bond (19635 measured the
height of rise of water in natural and ignited sand columns. It'wgs
assumed that the ignited sand, wﬁidh_was subjected éo 500° C. temperature,
exhibited zero contact angle 5nd3‘coh5equently, tﬁe héight of rise was
greater than in the n;tufal sand column., It is evident that the organic
mattef would be oxidized at this temperature.

Recent investigdtions iﬁto the hydrophobic effédt on soi}ﬁwater
relationships has been coﬁducted by'Letey et al. (1962), Pelishek et al.

(1962) and Cawlfield (1962). Letey et al, (1962) packed a visibly hydro-

_phobic soil into a glass column, placed a head of water on the soil column

and noted rate of water penetration. After 7 minutes, the water had fail-

ed to penetrate the soil. Ethyl alcohol which assumed a zero contact
angle with the hydrophobic soil (Letey et al. 1962) readily entered the

soil, thus indicating that water entry was not prohibited by lack of pores;

Cawlfield (1962)‘fouhd, in a shortrtimé experiment; that soils with larger

coﬁtéct-angles lost more water due to evaporation,thén“did soil of lower
contact apgles.: Letey et al, (1962),a1so'studied thé‘effeét of contact
angle on evaporation and fbﬁnd that fhé hydrophobic sanénloét water at
a gteatef rate at the beginning but the evaporation rate from:fhe‘treéted
ééﬁd decreased and 400 hours after evgporation started, 607% of the water
in the_untreated sénd-had been lost and 45% of the water in the treated

sand was lost., This phenomena was explained by the formation of a.dry

—mulch surface layer on the high contact angle sand because of failure of

capillar§ forces in moving‘watgr’inﬁq the high contact angle sand,
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Pelishek et al. (1962) studied the effect of wetting egents on
infiltration into these same hydrophobic soils. Their data indicate that
aAWetting,egent increases infiltration\rates into hydrdphobie soils and.
.the wetting agents studied produced a beneficial residuai effect. The
modified P01seuille s equation derived by Letey et al, (i9625 appears ap-

plicable in the studies of liquid 1nfiltration and is given by

_ Cr2 ch + ZCr Xeosa -
Q=" 8L1_ L 6_/

. Whefe Q is the quantity of liquid enteriné the soil per nnit.area witn
.time? C is the‘nolume fraction of tne wet soil, r is the effeetive pore
radius,Jp is the density of the liquid, g is the gravitationai eonstant,
h is 1ength of the liquid colnmn,‘L is the wet soil column, 7, is the
1iquid viscosity) &- is the surface tension and . - is the conteet angle,
It is obvieus ffom.this equation that an ideal wetting agentenould be one
'that maintained-a high surface tensien and deereaseé the contact angle.
They state tbat'their wetting egents did not appreciably affect the
density and viscogity of water. 'It,ié also conceivable that a wetting
agent could deerease the infiltratien rate by decreasing the surface ten-
sion and decreasing the contact angle of an already hydrOphilic soil This
1ndicates that the magnitude of the contact angle could be of significant
.1mportance in the application of wetting egents‘

Another important moisture exchange effect of Hydrbphobic soils is

erosion potential of these soils, Osborn et al, (1963)12/ It would appear

20sborn, J. F., Pelishek, R. E., Krammes,.J. 'S. and Letey, J. Annual
Report for Califotrnia Agricultural Experiment Station, University ‘of
California, Los Angeles and Riverside, 1963.
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that since soil wettability influehces soil-water interactions,\erosive

H

action of water on a soil would/depend upon the soil wettability, An
experiment ;as Perfqrmed on a Qatershéd which.was left barren by fire and
was observed to exhibit hydr phobic'propérties. One-half of the plots
'were treated with a wetting agept and” the other ha;f uﬁtreated. Treatment

" reduced erosion aboué fifteen-fold, decreased run-off approximately 32%
and resglted in ‘the establishment of better vegetative cover.

Another very important aspect éf hydrpphobic and hydrophilic'soals
wasygtudi;d by Dexter and Miyamoto (1959). The& found that by coating the
s;rface'of sugar ‘beet seeds with'hydrophilic colloi&s increased water up;
take from sand and accelefated the emergence of seedlings.

Besides theée cogent investigétions, it has been suggested that the
capillafy theory may be modiﬁiéd by detg%mining'the wétting angle of a

sqil,_Swartzendfuber (1956).

-gkéhbdgkgf Me§§urement

- . Several methqés,hgve been suggested for determining thg magnitude
of thelliquid-splid cbntaét aﬁgiew The.cépiliary rise method'has béen
successfully applied by Letey et al; (1962) énd Emerson and Bond (1953),
Thelbasic éqﬁation employed is

J° er - .

‘where h is the height of'fise, ¥ is the surface tension of the-liquid,
oL - is the contact angle, F is the density of the liquid, g is the gravita-
tional constant and t is the effective pore radius. Letey et al. (1962)

coated sand &ith a watef‘extract‘of chaparral litter, NH40H extract of
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chaparral- litter and NHAOH-stérch'solution to produce various contact

. anglés. They placed these:sands info a column and observed height of water
riSe'ffom free water. There was almost a five-fold difference in height
of rise between tﬁe.uhtreate& and the most hydrophobic sand, In equation
[;Zi7 r and = are unkhown for a given liquid, however, if éth;nol is
éssumed to Wef all soiids with an apparent angle of zéro, r can be deter-
mihedq Ihe calculated value of r is then used to soive forag.when other
_'liqui&s are‘used for capiilary rise iﬁ columns which have been identically
packed.

Previous invesfigafion by Cawlfield (1962) has indicgted that eth-~
anol extracts coated on\giass_microécbpe slideé‘produced contact angles
greater than 90 degrees with water. HoweQer, since a separatioh of hot.and
coid.alcohol_soluble extract can be made, ié seems reasonable that cold
ethanol drops on hot alcohol soluble extracts could be used as a measure
of ethanol'g ability to wet all solidslcompletely. It should be noted.
that in so doing one assumes that no hot alcohol soluble material will aleo
be soluble in cold ethanol. Moreover, distilled ﬁater has a surface ten-
sion of aﬁproximately 72 dynes per ém, while ethanol has a surface tension
of only 20 dynes per cm,

It is conceivable, due to the various amounts and quality of organic
matter present in the A horizon, that ethanol may not always exhibit a
zefo contact angle. Letey et al. (1962) suggest that sinc; ethanol gives
the same infiltration rate in all cages, the only conceivable constant

angle would be zero,
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An alternate method of measufing Fhe hydrophobic properties is to
measure the relative wetting time, Jamison (1945) and Sonders et al.
(1950). Jamisén (1945) recofded the relative time of wetting as the time -
required for 20 cc. of water to penetraté the surface and be adsorbed by
the.soil. No specifications were given as to the bulk denéity'and depth
of-peneération., Sonders et al. (1950)~suspendéd Wyoﬁing bentonite, spray-
ing thin 1ayérs on tile and dried‘at 110° ¢, for 24 ﬁours, The time was
observed for a droﬁ of diétilled water to_spread on the thin layers.
Results from the capillar& rise meéﬁod were found to be coﬁparable with
the time of wetting mefhod;a |

McMillen_(l929) and Davis and Curtis (1922) use the "Bartell cell"
for-measﬁringltﬁe contact angle of a porous solid. This method of study-
ing the wetting process involves the measuring of the pfessﬁre exerted
‘when a fluid displaces a 1iduid from .a compréssed powdered solid. Dis;
advantage of this method lies with the tédious egqilibraéion point.

Variations of the drop on plate method for:measuring the contact
angle have been usgd by Mack (1936), Adam (1938), Man#owich (19535, Bige-
10& and Brockway (1956), and Cawlfield (1962). A variatién, mentioned by
Mack (1936), is a determination of acute contact angles from known volumes'
of d;pp}ets, The volume method appeérs to be advantggeous over the metﬁod
‘described by Cawlfield (1962). The yolume method requires that only the
basé-of the drop belmeasured;'hencg;é more rapid procedure would feduce
errors due to‘evéporation of the drop. Moreover, smallér drops caﬁ be
applied a;d their use is favoraﬁ}e especial&y on irregular surfaceé;

v

Mack (1936) states that small drops aséume'the advanqing angle of contact
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while large drops exhibit'a fluctuating angle of contact between advancing
and receding.angles. The size of the drop.influences the ease with which
a drop w111 spread over a surface. ‘The hydrostatic preaaure due to the
weight of large drops tend to enhance further spreading. The capillary
pressure within the drop opposes any further increase in surface area,
This pressure is inversely~proportional to the radius oflcurvature and,
hence, greater for small drops: Consequently, with increasing drop size,
both hydrostatic and capillary forces favor the probability of irregular‘
eﬁtension of the drop. - It is conéeivahle that with large drops the volume
may exert a greater.influénce on the contact angle than the properties of

the surface,

Soil-Water Interaction and the Darcy Equation

. The Darcy equation has been used to deecribe unsaturated (larger
pores are filled with air) flow through a porous material. However, in
many cases deviations from the. Darcy equation have been attributed to the
eoil-water interaction'and the changing contact anglée as water enters a .
dry soil. According to Baver (1940, page‘25l) the Darcyfequation for horif S
zontal unsaturated flow can be expressed as o

)z
/%here Q is the mass of water which passes in one second’ through l square

!
centimeter of an 1maginary plane perpendicular to the direction of flow,

'Q= KIY [87 BT -\ A 5 |

! X is the capillary conductivity and grad \P is the capillary potential

gradient that is, the amount by which Y increases negatively per centi-

-
!

R .

\,meter in the direction of flow. The'negative sign results from the moisture

\’ {

content of the soil decreasing in that direction.




, ' 11 .

‘Because of the heterogeneous properties of soil, the geometry of
the water-air interraces must undergo continual change. WNielsen et al,
(1962) tested the validity of'the aSSumptiOn that a unidue relationship
exists between pressure and moisture content in unsaturated flow studies
where the Darcy equation is assumed valid They found'a linear relation-.
ship between distance and the square root of time only at -2 millibar
pressure and at other pressures the lines were curvilinear, They suggest
that the changing contact angles couid be responsible for‘this lack of
_uniqueness between the water content and pressure., They aiso suggest that
.the non-Darcy flow which often occurs immediately-after time zero is dueo
to the changing contact angieo' Another explanation cou1d be the exo-
thermic reaction of water and water vapor on soils where the Darcy equation
'assumes isothermal conditions, Non Darcy behavior hasralso been exuiained
by a clay-water 1nteraction in which the adsorbed water takes on a modi-
fied structure, Low (1961); Henniker (1949) concludes that the adsorbed
water assumes a Quasi-crystailine ice structureu Low (1961) states four'
requirements for'water flow in the vicinity of a q1;asi-crystalline'struc-
ture at a clay surface. First, it-should exhibit a yield value at.the
hreshhold hydraulic gradient below which flow will not occura Second,
after flow commences, there should be a range of hydraulic gradients‘over
which non-Newtonian flow occurs, i.e.; the viscosity should be dependent
on the shearing force, Third the viseosity should increase with proximity
to the clay surface. Fourth, the viscosity of the water‘near'the surface

- of the clay should be greater than the viscosity of free water. TLow (1961)

p——
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_ concluded'that‘there is sufficient evidence to fulfill all the requirements
of a quaéifdry;talline structure near the surface of the_clay particle.
However,_Marﬁin (1?60)Vfoﬁnd that ‘the water molecdleg in the sorbed:
phase on kgolinife have greater randomﬁess th;n water méleéuigs in bulk
liquid water for at least the first two mole#ular'layers} Mbreovgr, he
~ states that no definite conclusion can be reached‘about the. nature of |
sérbed water on montmqrillonitg becahsé'df the profound influence of the ‘
exéhapgeablgjions;i‘He;conéludés'tha; thg structure‘of'séfbed water is not
an "ice-like'" structure but all previous data obtained are consistent with
either the two-dimensional liquid or the fi#ed adsorption site model.’
However, it ﬁay-ﬁé concluded that a clay-&atér iﬁtéréction does exist but
the exact nature is still obscure, |
The métheﬁétical theory of diffusion is given by _

Fe=-p O8O £97
a2 L

'where'F represents the flux, & is the volume of water per unit voluﬁg of .
soil and x is the independent variable of position.. The diffusion co--
efficient, D,_varies'with water contént., Asspminé fhat the cgpillary-
potential, (f , is a single valued fun§£ion of the water conteﬁt, & , and
cgmbining with the equation of contiﬁﬁity; equation j—$;7ﬁand'ZT9;7 can be

written

3?; - §x <D—§%*) 'f[1lo_7

The equation of continuity, which expresses the concept of conservation,

may be expressed as
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—ge- Qv | Lt

where t is time, V is the .velocity of -flow and'e is the moisture content
“on a volume basis. Equation jfl 7 has been derived from equation l 8 /
by Klute (1952) and from equation 1 9 / by Ferguson and Gardner (1963},
If ‘we consider a semi-infinite medium with the boundary conditions

0 =05,%x=0,t>0

0 =85, x > Q,‘t =0
and that D in eouation 1_9;7 is a function of only 6, then the. Boltzmann
transformation,

=1% X t-;5 . L1277

can reduce equation 179_7 to

-2y de (D - _

: dy /13 /-
and the boundary conditions become

9 = Gs, v = 0

82 65, ¥ > oo
then © is a function'of y oniy and, hence,*for any given 9, x is pro-
1portional to t% This treatment of water movement has been studied oy
Ferguson and Gardner (1963) and Gardner and Mayhugh (1958).

Kirkham and Feng (1949), Biggar and Taylor (1960) and Miller and
Gardner (1962) nse a similarlequation to etudy infiltration. TheAgeneraI.
form is given by .

Q = atB | | Ity
where Q is the cumulative infiltration after time, t from the start of

infiltration and' A and B are parameters. It.is obvious that a linear
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relationship would exist in a plot of quantity versus t5, Ferguson and
Gardner (1963) and Swartzendruber (19563 found slight deviations near the
origin and many of the_curves do not pass through the origin. The explana-
tion of deviations has been'explained by.the‘diffusivitv,_D, not being a
function of © alone over the whole range of distance.or time and also
that‘theAproperties of waterxr entering a dry soil are modified by clay-
"Water interactions,'l - ‘

s Besides the pressure, which has been found in some cases to produce
non;barcy behavior (Nielsenlet al. 1962),1bu1k densitv, initial moisture
content and temperature influences on unsaturated flow-deserve discussion.
Nielsen et al. (1962) show that soil columns packed at 1,289, 1, 297 and
1.302 g per cm? average bulk densities show no differences in distance

versus the ‘square root of time plots° Box and Taylor (1962) studied the

effect of s0il matric potential on the bulk density of ‘the soil. Their

data show that there is not significant differences in the matric potential

~between 1, 1 - 1.6 g. per cm? at all the initial moisture contents studied.

The matric §;£Z§¥;a1 increased ‘with increasing moisture ‘content.” In.plot~

ting distance versus- time on 1og log paper, and moisture content'as the'
-parameter Ferguson and Gardner (1963) obtained slopes of 0.46 - 0, h9

h They found slopes near 0,50 at high moisture contents and also the relation

between diffusivity and water content was linear at high values of 6,

This may be explained by the fact that water traveling through previous -

established channels would tend to flow further out from the clay particle

and away from the surface forces of the particle. ‘Because of their effect

on the cqntact angle; adhesive forces exhibit an influence on the initial
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wetting process; but after the soil has been wet, these forces no longer
are effective in producing liquid movenent and gerve only to anchor the
thin adjacent f£ilm. |
One would expect that temperature would influence infiltration.
This influence would be expected from the capillary theory as a result of
viscosity and-surface tension of nater‘with temperature. Jackson (1963)

studied water infiltration at 5.0, 13.5, 24.0, 33.0 and. 42,5° C. and -

N A

found 2- and 3-fold differences in distance-time relationships but no difu )

\
ferences in water d1stribution curves, He concluded that surface tension ‘\
and viscosity were the only contributing factors influencing the tempera- }
ture dependence of water 1nfi1trationq He also states that the contact //
.angle is not appreciably influenced with temperature in his studiess
Another source of heat would arise from the heat . liberated by the
adsorption of the water vapor preceding the liquid front followed by an
abrupt temperature drOp caused by the cooler 11qu1d front A temperature |
fluctuation of 30 and 12° C. for a clay ‘and a sandy loam soil respectivew
.hly, with an initial m01sture content near.zero were observed by Anderson
et al (1963) The magnitude of these fluctuations decreased exponentially
. with the.increasing initial water contents'and became essentially cero at
'water contents up to about 60% of the 15- bar moisturercontent.- Theyfcon-
.cluded that when the soil is dry, the vapor pressure of the water adsorbed
on the soil is very. low, the heat of adsorption is at 2 marimum and the
: Specific heat capacity is at a-minimum, " In this environment, the unobstruct-

ed pores permit rapid vapor movement and, hence, the temperature.fluctu-

ation will be greatest.- When the soil is wet, the circumstances are
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reversed, The most.important,influeﬁce on the magnitude'of a temperature
fluctuatio; is the textural classification, It appears that vapof ad~
sorption may play an important ﬁart in unsaturated flow when water in-
itially moves into an air-dry soil and at the wetted front where liqui-
faction may occur. Anderson et al. (1963) concludes that the rate-
limiting step in.unsaturated flow is the. evaporation at the wetted front.

Activation Energy

ﬁefote one can establish a rate-limiting step in a reaction, thé
activation energy must be calculated for each specific reaction and the
largest activatiqn energy would‘correspdnd to the rate-liﬁiting stép.
Hence, the activation energy is the enefgy Barrier that a particular re-
action encounters and the highest energy barrier encountered in a process
is the rate-limiting step, Low (1960) fqynd épparent activation energies
for Wyoming bentonite plugs raﬁging from 3.8 to 4.4 kecal. per mole.
Biggar and Taylor (1960) found energies ranging from 1 to 3 keal. per mole
- of water; “They concluded that tﬁe barrier. or barriers oﬁpasiné water in- '
filtration into dr& soil are located at tﬂe air-water interface assoqjated
with the advancing water front. They.suggest that a'large-cqnt&ct angle
could cause an energy barrier which could éccéﬁnt for the steep wetting‘
front., Moreover, Andersoﬁ'et al. (i963) suggest that the activation energy
for simple viséoué flow is 3.8 kecal, per mole and that higher values rééu1£
from interfacial intergctiops, These. interfacial interactions can be |
inferpreted as airwwatér and clay-waéer interactions.
The activation energy for unsaturaféd‘ﬁafer flow is determined from

-

the Arrhenius equation,
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d InK _ E

T T R [157
where K is the rate constant, Ep is the energy of actlvatlon, R is the
gas constant and T is the absolute temperature (Glasstone 1940 page 1088)
The Arrhenius equation is explained on the physical phenomena that only
molecules containing energy larger than some minimum‘ualue will take part
in the reaction} hence, an increase in temperature will induce a larger

concentration of such molecules. The Boltzman equation,n = exp. (EnEi}
‘ ' Ng RT

expresses the probability that a molecule will obtain. this energy. By

the use of the integrated form of equation 1715;7,

_EA

lax = | RT\‘+ Const 'L 16_/

where’ ln K is a8 linear. function of 1/T, the activation energy, EA, can
be calculated Low (1959) uses a somewhat simllar approach in determin-
ing activation energies for water flow in Na - bentonite plugs. Start-

ing with the Darcy equetion for unsaturated.flow

Q = KAi | YRYNI )

where Q is the volume of fluid per unit time, K is the .conductivity, A
is the cross-sectional area and i is the pressure gradient. It should
be pointed out that equation / 8_/ is the same as equation / 17_/ where
the total potential gradient is replacedlby the pressure gradient.
Equation [717_7 can be written as
k Ai £ 18_/

Q=g . ‘

where k is the permeab1l1ty, whlch depends on' the geometry of the porous

system, and 7 is .the viscosity of the fluid The effect of temperature
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on the viscosity of a liquid can be described as
M. = J exp. (B/RT) [;19;7
where J and f are empiriéaI'conétaﬁts for a given 1iquia (Glasstone
1940, page 499), According to the thwell-Boltéman distribution law
the number of molecules possesging the necessar§ énergy for filow is

-EA/RT

given as the Boltzman probability factor e s where E; is the energy

of activation. It is clear -that, since the rate of flow is proportional

emE/RT and viscosity is inversely proportionél'to fluidity or flow,

E/RT

to
viscosity will depend upon e and B in equation / 19_/ is the acti-
vation energy. From the theory of absolute reaction rates (Glasstone,

Laidler, and Eyring 1941, page 484)‘oﬁe.6btains '

J.= hN exp. (<AS+/R) _

-V ' , 1 20_/

where h is Plank's constant, N is Avogadro's ﬁum%er, V ig the molar volume,
ASi’is the entropy of activation and R is molar gis constant, By -sub-

stituting equation / 19_/ into equation jfl%;7 one can vrite

kAL exp. (~E/RT) [ 217
Q_'J .

Taking logarithms on both gides, one has

InQ=1nkAi - E . -
‘ J RT ' [22_[

Thereforé, the energy of activation. can be'detérmined by plotting
the logarithm of the‘flow rate agaiﬁst the recibfocal of the‘absolute.
temperature and determiﬁing the siope qf the resulting 1iﬁe, Anderson et
‘al,.(1963),used-this approach to the activation ehefgies‘of viscous and
vapor floﬁ whiie Biggar and Taylor (1960) make use oﬁ-éﬁe moaifigd‘Darcy

. equation,
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- 53 7
Q = Kt %, _ l 23/
where Q is the flow rate, K is adsorption'coefficient and t is the time -
of infiltration. Anderson et al (1963) state that the K in the above
equation does not correspond to the K in equation / 16 / since it does
not have the dimensions of a rate constant, i.e., reciprocal time. In

. order to have-the correct dimensions, the K should be .replaced by KZ and,

hence, the slope of the linear plot of 1og K2

against 1/T would enable
the calculation of the activation energy. .

" Data obtained from the activation energv concept indicate that a -
rate~1imit1ng step does exist and probably is located at the air-water
‘and clay-water interface. Associated data show that the bulk density of
Millville silt loam between the range of 1,14 to 1,21 g. per cmssdoes not
significantly change the activation energy. However the activation '

nergies appear to be higher for the finer size fraction of the Millville
.s1lt Jloam,  This can be explained by data presented by Kemper (1961) He
states that in addition to viscous movement which includes the movement
of the whole semi- crvstalline mass of water, diffu51on takes place.
From time to time each molecule obtains that amount of energy (free energy
'of activation) to allow it to break the hydrogen bonds tying it to the
sem1~crysta11ine lattice and move te a new pogition. ' Since the driving

force of viscous and diffusion flow is pressure gradient and free energy,

respectively, Kemper derives the relationship

P = 6.5 % 10°17 Asé : Y
b2 : '

where AP is the pressure gradient in dynes per cm?, b is: the depth of

[
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the film through whiéh'water travels and A G is the free energy gradient
which may rise from concentration gradients expressed in ergs per mole.
From this relationship he'states that diffusive movement is predominate
-when the film is reduced to 20 8 and viscous flow becomes nil at the molew
cular thlckness of 4,3 . This indicates that the free energy term becomes
large when the pore size or water films becomes small,

Anderson et al, (1963) disregards thé claywwéfet interaction, argu-
ing that a definite gieavage plane exists about each partic}e and beyond
that plane the water iz ﬂot influenéeé by the particle. Oné is then ieé
to believe that the alrhwater 1nteract10n is the rate- 1im1ting step. The
airwwater interface would be located ahead of the' wetted front and as-
sociated with the wvapor p’hase° .Since their data indicated an activation
-energ§ of 9,7 kecal. per mole which correspond to the energy of Qaporization,
they conclude that‘evapo;gtioh at the wétted front is_the rate-limiting |
step ih infiltration. It appears, howevef, that vépor movement ahéad of.
the wetted zone may play an 1mportant role in the rate of 1nfiltration, . 1

Vapor Adsorgtio ’

Glasstone et al. (1941) states that many reactions involving gases ]

will occur more rapidly as a heterogeneous process on the surface of a

sélid than as a homogeneous reaction in the gas pﬁase. This caﬁ be attribu-
ted to the surface acting as a catalyst. Since.adsorption of tﬁe gaseg
mﬁst play an imﬁortant part in héterogeneous reéétioms, this subject will ‘ O

be given some consideration. There are.two main types of adsorption of
‘ I ‘ ’ 1

gases by solids. They are séparated by the forces fnvdlved;'physical or van

f
i

der Waals adsorption involving physical forces and chemisorption forces - ;
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concerned wiéh chemical bond formation. Adsorption of the van der Waal
type is accompanied by relativeiy-low heat of adsorption, e.g., 5 kcal.
per mo}e compared to chemisorption valugs of 10 to 100 kcai° per mole,
Most of‘the investigations on vapor adspfption on soils have been
concefnéd @dth calculating poré size and surface area., The Kelvin equa-
tion or its modifications are usually used in céléula;ing the péré siée,
(Foster 1951; Cohan 1944; and Fmmett and Cines 1947). It may be express-

ed as

rqg -2 X V cos- . — -
RT In P/P, -1 25/

where rq is average radius of the capillary tube (pdfe size), X is the

surface tension of the. adsorbed liquid, V is the molal volume of the liquid,

R is the gas constant, T is the absolute temperature, P is the pressure

in which the solid and adsorbed film are in équilibrium, Py is the wvapor
pressure of free water and o is the angle betwéen the liquid and the

wall of the capillary. Cohank(1944) suggested'that~§d was the radius

after a monolayér had been adsorbed and the proper equation is

= "V cosst, . ' ’ .

c = . X — o~

RT 1n P/Po [ 26_/
The BET equation has been extensiveiy used to calculate the amount
adsorbed at the monolayer point. Brunauer et al. (1938) have derived an

equation for multilayer'adgorption which can be expressed as

¢ o
x' . 1, (c-1x’ o
V(1-X) CVW  CVy L 27/

vhere X'is the relative pressure, V is the amount adsorbed per gram of

églid, ¥V is the amount adsorbed per gfam at the monoiaygr point and C is

e
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equal to exp. /-(Q?'-QL)/RT'7 where‘Qi is the heat of adsorption of the
first layer and Qq, is the heat .of liquifaction and RT is the gas constant

and absolute temperature, respectlvely, The terms Vi snd C can be obtain-

ed from the s10pe and’ 1ntercept of the linear plot of versus X.
. ¢ V (I'XS

. )

This approach was used‘by Mortlend (1955)'in which he tested the.BET-equa=
tion for ammonia adsorption on cleys° He obtained linear plots in the
usual BET‘range-of 0.1 to 0.4 reletive pressure, He found Q1 for kaolinlte
and bentonite to se-G.S and 6.3 kcal. per mole,‘respectively. Heats of
adsorption ( A.H) can also be calculated from the Jintegrated form of the
Clausius - Clapeyron equation: . }

1n B2 '=,.As(__1__'- .1._)

[287

where P]_end\Pz are ‘the' equilibrium pressures for a giren adsorption at
temperatures Tl and TZ’ respectively, The heat of adsorption (Ql) cslcu~
1ated from the constant C of the BET equation and the heat of adsorption

( AH) from the Clausius - Clapeyron eQuation are not directly comparable,'
Q1 from BET equation is derived from kinetic theory and represents the -ave-
rage heat of adsorption on the least active portion of the surface of the
’adsorbent and assumes perfect gas behavior, AH from the Clausius -
Clapeern equation comes out of thermodynamic theory and hence congiders
the total range of adsorption. Mortland (1955) fOund a general decrease

in heat of adsorption as a gas is adsorbed From 20 to 50% of a completed .
nmnolayer, a heat of adsorption (AH) was 2200 to 24.0 kcal. per mole of

‘ammonia 'and from 70 to 80% it was 12.0 to 14.0 keal. per mole, These high

heats of adsorption are typical of a strongly polar molecule indicating a

“\
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strong bond ‘betwéen ammonia and clay surface. Heats of édsorption (AH)
showed the surface adsorpgion sites of Wyoming bentonitevto be hete%ogen—
ous, since the energy of adsorption varied according to the amount of
surface covered while Qi from the BET equation varied littlg with the ﬂa-
ture of the adsorbent. Goates and Hatch (1953) state that Q? represents
a quantitative measure of the affinity of a suﬁfacelfor an adsorbate. It-
is an intensive factor and, hence; is independent of surface area and is
determined only by properties of the adsorbate aﬁd the nature of the soil
colloids. They féund linear BET plots for four soils and calculated the
parameter ﬁ and Q. Results show C values range from 9.31 to 28.33 and
9 values ranging from 3.37 to 4,03 keal. pef mole. Goates and Hatch
(1954) found heat of adsorption (A H) of water vapor on silica ranéiﬁg!
from 14,08 kcal. per mole at 74% mqnolayer coverage to 11.52 kcal. per
mole at 267 more coverage than at a monolayef, The weight of water neces-
gsary to produce a monolayer on one gfam of ‘the adsor?ent'was 0,00%3~gram.
It appears that while AH may be influenced by the:surféce beiné covered,
Q? will represent the properties of both the adsorbate én@ adsorbent.l -

The surface area may also bg calculated from the BET equation since

WM =Vo ZE

NG -/ 29 /
where VM is again the amount adsorbed at the moﬁolayer, Vo is molar volume
of adsorbate, N is Avogadro’s number, ¢ is the ares per molecule of ad-

sorbate and £ is the surface area. This approach to calculating surface

area of clays has been used by Moonéy et al. (1952) and Orchiston (1953)..
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Orchiston (1953) found d1fferences in the amount of water. vapor ad-
sorbed by montmorillonite, i111te and kaolinite. These‘differences can
‘be explained by particle size and the relative strength of the bonds be-
- tween the lattices. As one w0u1d'expect; the exchangeable ions on the
clays atfect water‘sorption. This can be attributed to the hydration of
the.ions, direct effect of the soace utilized by’the.hydrated ions and
the effect on the packing area of the water layer. Keenan et al., (1951)
foundlsurface area decreasing with various ions on kaolinite in the
following order: Ca, H, Sr, Na, Ba, K, Rh, Cs, Li, It was found that
lithium was not hydrated in kaoiinite because the lithium ions were steri-
cally hindered by the outer oxygen atoms of the 1attice° Mooney et al.
(1952) found that in . the case of expandlng-lattice clays, the BET theory
gives not the monolayer capaclty on each surface of the expanded plate-
lets but the adsorption when only one layer of molecules,occurs between
each nair of platelets;' The nitrogen molecuie is too large to fit between
lattices and therefore, gives onlf'the external surface; Thus, the total
surface area is obtained by subtracting the nitrogen area from twice the
water monolayer area, Repeated adsorption-desorption measurements of
water on nontmoriltonite showed that the desorptiOn isotherns were repro-
ducibte while'the adsorption isotherms were dependent upon the initial
water content, Orehiston (1953)-noted~this same-h;steresis with the ex-
panding olays but kaolinite did not exhibit hy_steresis°

Phys1ca1 adsorption would be expected to occur rapidly. Mooney et

. (1952) states .that montmorillonite at a relative pressure of 0,65 had

adsorbed about 9OA of the total water sorbed in the flrst few minutes and
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thg increase in tofal adsorption from the end of 24 hours to 10 days was
only 0.31%. Physical adsorption is an exothe:mié reaction and, hence; an
incrgase in‘témperature would Qecrease’the amoﬁnt adsorbed. Data from
Goates and Hétch.(1954) show that isotherms at 50 and 75° €. would rough-
ly parallel oné another with tﬁe adsorption at 50° C. being-always larger
than the adsorption at 75° C.

It appears that since the contact angle can be used as an index of’
the hydrophobic propérties of a soil, it may be used as a measurable para-
meter.tqiquantitatively'describe the wettability of a parficular soil,
The wettabilitj of soil may~havé.significant application in erosion and
évaporation control, water movement upward‘from a water_tablé dand i?figae
tion practices, |

Mb?eover, in addition to direct practical application, information
on the magnitude and inﬁeraction at the soil-wafer"o: air-water interface
may produce valuable knowledge on the kinetics of water movement in un-
saturated soil. Hence, a étudy of éhe'liquid-sqlid contact angle was

undertaken.
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METHODS AND MATERIALS

A forest silt loam soil from the éoram ﬁ;perimental Forest.neap
Glacier National Park Was.chosen because of the'Visisle hydrophobic pro-
perties that these solls exhibited. One sample, designéted as CII, was
taken from an elevation of 4,000 feet and a location of SE%, NW¥%, Sec. 1,
T30N, R19W. The ﬁa;ent material is glacial till and the main vegetation
is Western larch, Douglas fir,.Rosa and Berberia. .Anothér éample, desig-
nated as CIII, was taken at an eievation of 4,850 feet at a legal des-
cription of NW%, SE%, Sec. 6, T30N, R18W. -ﬁouglas fir and‘spfuce pre-
vdomihate the free species. and tﬁimblebefry and huéklebe;ry dominate the
low Vegétatibn, Bﬁth samplgs were take; in the upper 2 feéﬁ of tﬁe'soiI'
‘ préfile. | |

These soils were air drfied and sieved through a 2 mm, screen. Ap-
‘proximately 100 to 125 grams were placed'iq Buchngr funnels and leached
with éold distilled ﬁétér-until thé effluent appeared clear, The soil
was ;hén'leaéhed with hot 0.05 N CaClp until-tépsioﬁeter reédings cor-
fesponded’with the inffluent. After cold and hot w@ter_tréatments,-the
soil was assumed free from water-soluble constituents. A‘small volume of
aicohdl was used to diéplace the water left in tﬁé soil. The soils were
‘then subjected to 95% ethanol ext¥actions in the soxhlet apparatus. To
concentrate the alcohol extract, the soil in the thimble was changed from
3to5 tiﬁes and the evaporating flask ﬁaiﬁtained at a safe level. The
extraction temperature for ethyl alcohoi was approximately ?00 C.. Ethanol

was chosen as a solvent rather than an inorganic solvent because of lack
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of residue on drying. Cawlfield (1962) nas'stated thet materiale‘which
exhibit high and intermediate centact angles can be obtained in an
ethanol extract of soil. It waS‘obserVed that a precipitate formed in
the ethanol extract in the CIII extreCt upon cooling. The cold and hot
alcohel soluble,fractions were senarated and designated as CA-III and HA-
III,'respectiver, and refriéerated in sealed containers until used.
Materials used in the study; Superbrite_giase beads%j a keolin;type clay
(dickite),é/ a siit,and glass microscope slides were‘coeted with the ex-
tracts and stored until used.

The method of cieaning the 3 by 1 inch glass microscope slides was
similar-to.the method nsed by Bigelow.and Brockway (1956)_and Cawlfield
(1962). The slides were washed in hot‘de;ergent, rinsed and placed in
eleaning solﬁtion.for 15 minutes, rinsed again .in hot water, distilled
water;and.placed in'e speeiel dust-free oven to dry. . The gieeS‘elides
were then coated with the various extracts and evaporated, coated and
‘evaporafed again. This cyele was repeated from 2 to 3 times until a un-
iform heavy coating was obtained

The contact angles of the extracts on glass slides were measured
at various vapor pressures by enclosing them in a plexiglass chamber with
an optical flat on one side and meesured by the: drop on plate method

with a Gaertner measuring microscope with a filar micrometer eyepiece,

33M Company,

4The sample was taken by Dr. H. Ferguson from a mine at Lewistown,
Montana, and established to be a pure dickite clay, -
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The apparatus has a totalimagnification of 32 diameters which is suffic-

iently accurate for readings to within 0.001 mm. Small droplets were ad-
mitted with a microliter syringe through a small opening on the side of
the chamber, All'méasurementS'were conductéd in a constant temperature

room at 20 X 1° ¢, Slides were allowed to equilibrate in the pfessﬁre

chamber for at least 3 hours previous to contact angle determinations.

This method was also applied tovglass-slides'coated with a uniform layer

- of coated dickite and silt.

The equation ﬁsad in caiculatiﬁg'the contact angle.froé the drop
on plate method'is similar to the equation'given b& Méck (1936); Man-
kowich (1953), and Cawlfield (1962). The equation |

o= 2 tan "L (w/%), | [307
where ot is the,confact'apgle in degrees, h is the maximdmgheight of tﬁe
dréplet and X is_the ;gdius of the base, can be applied-to acute angles.
This eﬁqatién can.be éasily converted to a volume-éédiué equ;tion

34 hx® = 6 (V/rr) o [317

h
where V is the volume of the droplet. Mack (1936) gives the values of
h/X corresponding to valués of V/X3 from O to 2.0§44, this being ihe range
where the angle remains-acute,‘ These values.of h/X can be usedlfq cal;
culateiacute angles by the ﬁée of equation [TBQ;7 and the formuia sin
(£ -90) =(2h/@~1 is usgsed for obtuse aﬁgies. The formula for acute and
obtuse angles are.derivedwby Cawlfield (1962), .

“While the contact angle may vary from one extract to another when

. coated on glass slides, it isugonceivéble that the organic molecules or

groﬁpé of molecules may re-orientate when coated on gilt and on clay par-
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ticles, lSeveral 0.5 gram samples of dickite or silt were thoroughly shaken
fot tno hours with 50 ml. of extract and coated on the clear glass slides
with an eye-dtopper and gllowed to evaporate. gepeated evaporations were
carried out until a uniform.coating was observed, Slides were kept in a
olean container until contact angle measurements could be made'under var-
ious vapor pressures. Henniker (1949) cites data from a study by Lenker
and MacHaffie (1925) in which flat surfaces were enposed to vatious water
and beniene.napor pressures, They obtained films of def1n1te thickness
Whlch were interpreted as an equilibrium approached from both dides. | The
 water films ranged from 45 % on 51lica to'SBOO‘R on,glass. Henniker
(1949) stated that eclays and glass have a pecullar power on orlentlng
water. Bangham (1946) found that these abnormal f11ms, which are several
angstroms thick, condense only on solids whose surface exhibit flnite
contact angles and the abnormallty persists only out to a definite dis-
tance from the solid surface.. The ot;teraon-of d;ssimilarlty between ad-
sorbed film and the . bnlk 11qu1d was thatl"drop of the liquid wonld form
-a wetting angle with the solid surface unt11 the adsorbed f11m reached a
eritical thickness when the drop adsorbed onto the film and would take
the form of,tne bulk liquid. It appears thén that a wetting surface
wouldlnot show critical thickness films and, hence, zero contact angle
would be observed at any vapor pressure while a'non-wetting surface would
exhibit Bangham's "eritical films". |
The silt was obtained from a Huffine s%lt loam., The silt loam was

air dried and screened through 2 mm. sieve. The soil was then subjected .

to a particle size separation based on Stokes' law‘to produce particles
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- of 0,01 mm, diameter, In order to disperse the silt loam, Calgon and
NaOH were used;rand after the separation, the silt was leached with CaCl,
solution and then with distilled water. |

Glass beads were placed in stainless steel photographic pans and
mixed with the various extracts. :The cbating-was accomplished by evapo-
rating the mixture at room temperature, and s£irring,freﬁuent1y until
‘air-dri, and placeé in an 85° C. oven fqr 8 to 1Q hours; This cyéle was
repeated two to three times to form a heavy cpating.' This procedure of
coating was also used on the dickife énd silt. All coatéd materials ex-
cept-the glass beads were placed in Buchner funnels aﬁd leached with a
weak' solution of CaCl, untillthe surface tension,'as measured by a du
Nouy tensiometer, of the effluent and inffluent becamé comparable., It
was observed that some of the extracts were leached from fhe coated maéer-
ials;‘ The glass beads were leached with distilléd water and surface ten-
sion measurements were made. The influence.of the éﬁtracts on these mater-
ials were then compared by desorption curves, vapof adsorption and un-
saturated flow properties. | | |

The desorption curves were drawn from the data obtained from the
pressure membrane apparatus, the porous plafe and hanging water column,
The haﬁging water column consisted of a frittéé'gléss~plate wﬁich at-
tached to a pre-boiled distilled water reserfoir coated with a thin film
of oil to prevent re-adsqrption of air.. The tension applied cOuld be ad-
justed ﬁy raising and lowering the ffitted élass plate and the centimeters

of water tension corresponded to the distance from the glass plate to the
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top of the water reservoir. The maximum tension that could be applied
was approximately 180 cm. of water.

A dynamiec method was used inldetermiﬁing the'adsorption-isotherms
of the dickite samples, Wbtér vapor of a given vapor'preséure was forced
to flow past the sample uptil equilibgium between thg dickite and atmos-
phere was gstablished. The vapor pressuré was controlled by bubbliﬁg
air through a heated 2000 ml. flask of'distilled water in'which the tem-
pérature was controlled by a "Glas-cool" heating mantle adjusted by a
variac. The saturated vapor was tﬁen led through about 10 feet of copper
tubing in which the surrounding air was held at 20 i 1° ¢, and through a
glass slide chgmber in which vapor pressﬁre measurements could be made,
Finaily, the air was fed through a plgxiglgss tube in which the dickite
was suspended from a quartz spriné‘balance;, The suction was édjusted by
a pinch clamp to maintain a tension of 85 cm. of water. The amount of
vapor adsorbed could be measured by a traveling cathetémeter with an
accuracy of 0.003 g. This procedure is similar to the apparatus used by
Goates and Hatch (1954). Rao (1941), Foster'(i951) and Dacey ‘and Thomas
(1954) employed the quartz spring balance in similar vapor ‘studies. EQuill¥
ibration time in most cases was approximately 10 ﬁoursp- The samples were
stored in a CaCl, dessicator until used. The averageltime 1a§§e bet%een‘
filling the bucket until measurement was approximately 2 to 3 minutes;

It is quite conceivable fhat some water would be adsorbed prior 'to measur-
ing. The study was conducted in a constant temperature room held at 20 *

1° C. and relative humidity of 60 to 65%.
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The vapor pressure during adsorption was weasured by the use of two
thermocouples, one wrapped in muslin and the other bare. Temperatures
were taken after water saturation of the muslin with a potentiometer.
The assumption was made that the relative velocity of the air past the

'thermocouples were at least 3 meters per second. A check with a sling
psychrometer against the thermocouplee wae found to be favorable.

In order to obtain vapor preseures of iess than 0.65, an alter-
nate method was employed. -Approximately 10 gram.samples or dickite,
which were coated with ethanol and HA-III.and designated as DPA and DﬁA-
I1I1, were placed over concentrated H>S80, until weighing showed equilib-
rium was reached, It was found that almost all the samples reach
equilibrium within.24 houre. Samples were then equilibrated at 27, 35,
47, 67, and 78% relative humidity by edjusting the-concentration'of-
H2804-at 20° C. The relative humidities were found by titrating the
HZSO4 solutions with NaOH using phenol red as an indicator° The values
for vapor_preSSures were obtained from the International Critical Tables
(Voluwe 111). A-siﬁilar method of vepor adsorption was used by.Qrchiston
(1953).

An experimental investigation into the influence of the contact
angle on unsaturated flow was undertaken, Experinental aoparatus'and
procedure were ‘similar to Nielsen elt‘al° (19_62)° Soil columns'were pre-

pared from air- dr1ed SPA and SHA--III° Due to the poor reproducibility
of structure with dickite, only the silt was . used to observe differences
between high and zero contact angle on unsaturated flow,' The silt was

packed 1nto a 3. 0 cm, diameter 1ucite cylinder composed of thirty-two
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l-cm sections with an average bulk -density of 1.35 g. per cm®  Infil-
tration of water into the horizontal coluﬁn wgé contrélled‘at -2 mb,
pressure by means of a fritted glass beaq plate connected to a c&nstant
head gfaduated burette, Meagurement of time begﬁn éhé instant the glass
plate was.placed in cohtact with the soil, All ébsérvations of quantity
and distance with respect to time were carried out at a'tempefature of
20° C. Packing the soil column was éccomplished with a méchanical ad-
justablé vibfating block to which the soil column was attachéd, Tﬁe
filling of the column was accompliéhéd with an autbmﬁtic withdrawal fun-
nel, A precision of + 0,06 g. per pm? could be obtained.
A method similgr to the one used by Bigg;r and Taylor (1960) waé

"used to determine activation energies, A gIass cylinder of 3.0 cm.
diameter and overall length of 17.2 em. was packed wifﬁ the zero and high
contact aﬁgle.silt and'unsaturated flow studies at 4.5, 20.0, 30,0, and
40.0° C. in’'a constant temperatﬁre bath were.'unde'rtaken° The coﬁstant |
temperature bath was sensitive to less than D.io C. Pécking was per-
formed to the same bulk density of 1.3 g. per cm® with a hand vibrator,
3u1k'density was obfai;éd,ﬁy.fiiling the g&iinder witﬁ a ﬁﬁown amount of
silt apq vibraféd to the same level in the cylindér. “All the vibrétiné'-
timés:wgre approximately!éiu51.‘ The;soii;golumn was paéked.and'the ap-
paratus was imﬁersed inAthe Ebnsfant temperature bath and equilibrated
for at leasf 3 hours prior to infiltrationf Anderson et al. (1963)
‘fouqﬁ with sensitive themocouples that in 2 to 3 hours their columns had
equilibratéd,l One end of the g0il column was held with a wire screen

:

- and -a rubber stopper with a lengﬁh tubing connected . to perm{t'an air
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outlet during the study. This end was coated with paraffin wax. The
source end of the column consisted of a porous glass plate connected
to a Iength of copper tubing‘and to an outside bufette. A constant ten--
sion of-10 cm, nes obtained with an attaehed-bubbler on the burette,
Converse to Nielsen et al. (1962), Biggat and Taylor (1960) found
straight line reiationsbdn between quantity of water entering‘and square
root of time with different tensions. However, Biggat‘and Tayior (1960)
present only dataﬁafter_an initial time intervald This becomes neces-
sary:because of the deviations from the Darcy law due to clay-nater inter-
action and non-one-dimensionallflow, At time zero the porous glass
plate was put in contact with the silt when the column was in an up~
right position and immediately turned to a horizontal poeition. . By ob-
serving the quantity of water entering and the time, one ean coﬁpute the

absorption coefficient and, hence, the activation energies can be found

" from the Arrenhius eqnation by the plot of log K2 versus 1/T. This was

done for zero and high contact angle silts by assuming that viscosity

and tempetature of water can be linearly related within out'temperature
range and that the contact. angle is independent of temperature. Low
(1959) 'plots - log N against 1/T between the temperature range from 25 to
36° ¢, and found a linear relationship.. Jackson (1963) concluded that

the contact angle remain congtant between the temperature range of 5 to
45 C from experimental data of the modified intrinsic factors. Th1s

can best be explained by the effect of polarization on wettability. ’
Sonders et al, (1950) state that wettability is a function of the polariz-v

ability of the surface ions.,K6 It would seem that nonpolar’ molecules would
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exhibit hydrophobic properties with polar molecules, e.gt,"ﬁater, The

- dependence of polarization on temperature may be written as

- b -
_P"?"'T : [ 32_/
where p is the polarizability and a and b are parametefé. This effect
of decreasing polarization with increaéing'tempefature would be masked by

the same relationship of viscosity and temperature in equation 1_19;7,

Glasstone (1940, page 546).
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RESULTS AND DISCUSSION

The original forest silt loam soils were cha?acterized_by'de-
sorption-cufves obtained from the presgure membrané (Figure 1)‘and ex-
hibits typical silt loam curves. CIT and CIIT soils were similar in
texturezand produced roughly paﬁallel desorption curves, This indicates
that differences may be due_fo.the quaniity or quality of ofganic matter
coﬁtained in'thésé two soils. The modified Walkley-Black method of
determining oxidizablg organic matter showed éhat CIi and CIII soils con-
: tained 1.3 and 4, AL organic matter respectively,, It appeafs, thén,
that quantity of organic matter may account for much of the difference
in the desorption curves,

The organic fraction of soils has been the subject of voluminous
litérature,'Broadbent‘(1953), However, due to its chemical coﬁpiexify,
a~comp1efe identification has been unsuccessful,

Tﬁe organic extract from the soilé was sﬁbjected'to vérioqs an#iy-
tical prbcedures to obtéin a generallidea of the ty@es of organic com-
pounds present. A sepa?afion of thelchlgroform soluble fraction from
300 ml. ethanol extract was performed. Approximately 29 ug. per ul, éf
the ‘chloreform soluble was placed on a thin layer chromatégram plate
with 1ecithin, behenyl alcohol, stearic acid methyl .sterate and trioleins
The unknovn gave a streak with a- concentration near triolein which may
correspond to some vegetgble oils, ‘AdSOrption with iodine‘showed about
10 to 12 different groups. Atnleast two groups were more nonpolar than

triolein, A few choices of compounds that may exist are fatty acids,
{ ' ! ’ .
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Figure 1. Desorption curves for two forest silt loam soils.
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wax esters, aldehydes or a hydrocarbon. An extensive seatch would be
required in order to separate all the groups indicated. . However, it
should be:noted that the extracts did include nany nonpolar groups that
may be responsible for their hydrophobic properties and this in turn
may contribute to differences in the desorption curves in Figure 1.

Table 1 shows the effect of relative humidity on the contact angle
of variOus extracts ‘and extracts mixed with dickite clay and coated on
glass slides. The contact angles represent -averages from at least 10
drops. | | |

The results of analysis of variance and Duncan's multiple range
test for contact angles, at 65% relative humidity are presented in Tables
II and 111" respectiuely., The highly significant F vaiue at the 1%
level is expected in light of Cawlfield's (1962) results° Data from
Duncan s multiple range’ test at the 1% level indlcate that a difference
between the water -solid contact angle means of 5, 3 degrees is required
for significant differences however a minimum of 4 5 degrees could
be interpreted as s1gn1ficance in all cases.’ If any two means are under-
“scored ‘they are not significantly different. The slides coated with
ethanol and ethanol + dickite produced zero .contact angies andg,hence,_
no.significant'differences would be'possible. The slides coated uith SCA-
III produced an initial finite contact'angle but the drop was quickly
adsorbedy hence, in the statistical analysis it was given a value of zero
degrees contact angle. The HA-III extract produced the highest contact
’ angle in each ‘case? hence, it was chosen to represent the high contact

‘angle material in vapor adsorption and unsaturated flow studies., It




TIable I. Values for contact‘ahgles at various relative humidities.

R,A. PA DPA C-II DA-II CA-III DCA-ITI HA-IIT DHA-IIT .SPA.

SC-II SCA-III SHA-ITI

65 o 0 34;0 111.1. 77.5 115.3 94,1 122.8 0 53.9 0 - 87.5
700 0 0 -- 107.0 -- 97.3 - 119.0 0 -- - --
75 0 ) C-- -- e .- 83.8 -- 0 0. 0 77.0
78 -- == - D -- 78.0 -- 112.8 -- -- -- C -
‘80 -- -- -\ -= -- -- -- -- 0 56.0
83. O 0 Q. 28.4 60.4 . 53.5 99.4 0. - --
PA Only.ethanol.
DPA Dickite coated with ethanol.
C-Ii Ethanol extract from C-II soil.
.DA-Ii 'Digkite coated with C-II extract,
CA-TIITI - Cold ethapql soluble extract from C-III soii.
DCA-TIT .- Dickite coated with CA-IIT extract.
HA-III Hot ethaéql solgble extract from C-III soil.
" DHA-IIT - Dickite coated with HA-III.
SPA - Silt coated with ethanol
CA-TI - Silt coated with C-IT extract.
SCA-III - Silt coated with CA-III extract.
SHA-III

. 8ilt coated with HA-III extract.

6¢
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Table II. Analysis of wvariance for confact‘angles of materials coatéd‘bn
glass slides at a relative humidity of.65%.

Séu:ce of : Sum of - ”Méaﬂ-  Calculated
variation , d.f.- . squares square F value
_Among treatmentsT 9 12,209.22 1356.58 102 . 3%
_Within treatments . 110 '14,593,37 13.27
-(Exrror) o
Total 119 -~ 26,802.59

+ A treatmént is-the'extractvmix with the silt or.dickite and coated on’
a glass slide. -

*% Significant at the 1% level.

i




Table III. Duncan's multiple range test at the 1% level.

'PA  DPA SPA’ SCA-III SCIT CIT - CATII SHA-ITI HATII DA-II- DCA-III

DHA-TIY

Means 0 0 O 0  53.9 54,0 77.5  87.5 941  111.1 115.3

122.8

Treatments underscored indicate the means are not signifiéantly different at the 1% level.

133
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should be noted that there is-a definite decrease in the contact angle
with increasing relative humidity. This can be'attriSutéd to Bangham's
“"eritical films" in which at a certain distance-from thé surfacé, the
drop would no longer belunder the influence of surface forces and wiil
be idenfical to the adsorbed water. The marked inérease.in the mag-
nitude of the congacp angles on the dickite coated slides may be at-
tributed to what Adam (1938) calls "surféce roughness'" and/or orienta-
tion of the organic groups. It is conceivable that certain organié groups
will Bg orientated with respect to the negatively éharéed‘cla& pafticle,
leaving.the nonpolar groups, which would tend to be hydrophobic, exposed.
| An attempt was made to determine the angle'between alcohol and the
extract, In order that the drop wouid not,dissolve the extract coatings;
cold ethanol dfoﬁs were placed on the hot alcoﬁol soluble extract coated
slides. .Only the HA-III glass slides exhigited finite angles, Exact
measurements were prohibiéed since‘etﬁanol wets the stainless steel
needle and in order to obtain a drop, a relatively large volume of ethanol
is required and then the range of the mic;oscope ishlimiting. However,
a visual approximation of 30 degrees was made. This would se;m to in-
dicate that Letey's et al, (1962) assumptlon of a zero contact angle with
ethanol may not always be correct. |

Moisture retention curves were drawn for glass beads coated with
CII, CA-III and HA-IIT and for DPA, DHA-IIT, SPA, and SHA—iII, Figure 2
represents the deéorption and adsorption curves for beads éoated with CII,
CA-III, HA-III and ethanol. These cungs are typical of moisture reten-

tion curves at high moisture conteﬁts. The initial tension applied to
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the saturated coated beads did not remove any moisture., This may be
attributed to the capillary forces of the beads wﬁich would be very
small at this water content and to the head loss acrogs the porous glass-
plate. The first movement of Water bggan at approximately 100 ém, of
water tension and water was rapidly lost dué to the uniformity of the
beads‘and,-conseqﬁently, the pore size. The zero contact angle sample
(ethanol-coated beads) did not lose as much water as compared to the '
high coentact angie sample., One would expect EhiS‘type of curve.on the
basis of the contact angle since the water molecules on the high con~-
tact angle samples would have a greater attraction for itself than for
the surface; Moreover, it would become more pfonouﬁced‘aslthe tengion -
increased and moisture decreases since the_surface forces would hav% an
even greater effect ag the liquid films sufrounding the particles de-
crease in c‘lept'h_o The differences in the tension at which dnainagé OCCUYE,
therefore, can be attributea to the surface tension of the liquia or the
liquid-solid contact angle, $Since tensiometer readingé‘dia not indicafe”
a change in surface tension, the difference"in tensions must be due to
the contact angle, These same samples were examined at greater tensions
on the porous.plate, However, the precision at tﬂese low moisture levéls
were inconsistent due to the uniformity of the pore size,

" Figure 3 shows therdesorpti;nrcurves for‘DHA-III and DPA. . These
curves show similar patterns of: hydrophobic and hydrophilic clays.
IPressures of 3, 6, 2 and 15 atmosphérés were é;pliéd to these same

samples and the moisture contents of all the samples were inconsistent -

/
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Figure 3. Desorption curves for DHA-III and DPA.
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at these relatively low moisture contents and interpretation was impos-

sible., The desorption curves described are similar to the curves des-

cribed by Letey et al. (1962).

It is clear that a soil with relatively large pores (e.g. sandy
'1pam) and a soil with fine pores (e.g, silg loam) -can have different mois-
ture contents and be adjacent to each other without water movement ocur-
ring. This can be seen from their fespective desorptiog curves; the silt
loam will contain a higher moisture content -at any pressure. Hence,
water movement will tend to occur as a result of differences in'tension
! and not moistd?e. This can also be true with ; hbmogenous.soil with a
layer of hydrobhosic silt at the surface and hydrOphilic silt below. The
hydrophilic silt could have a higher moisture content and yét no liquid
moveméﬁt upward would occur. This may not be unusual in that generally
the high organicgcéntent of the A horizon may exhibit temporary or per-
ménent'ﬁydroﬁhobic propértiés. . The hydrophobic silt at the‘surfacé would
have a tendeﬁcy for rapid evaporafion dué to thé lack of adhesiQe forceé,
This may also be important in water availapility to plaﬁt roots,

Assuming ;he Darcy equation is valid in unsaturateé'flow t?gatment
of SPA and SHA-III,_& plot of quantity and. distance of water mo%ement-
against ‘the square root of time was'determ;ned (Figure 4). An essentially
lingar felationship was attained; however, deviatiohs ffom linearity were
more pronounced at the beginning of the expefiment. These deviations
have been attribufed-to clayﬁwaper interaction and the,changiﬁg confaet
angle, AThe deéorption curves (Figures 2 and 3) indicate that the organic

coatings affect the adhesive forces at the relatively low temnsion range.
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However, it is conceivable that a soil-water interaction may be negli-

. gible due to the physical nature of a silt or sandy system,

The depreseedlinitial enﬁry of water ihto the SHA-ITI silt system
appears to:be‘the result of the high contaot angle.since the SPA does mot
exhihit:this de1a§ in enti’:y° It is rather intefesting to note the'inter~
section of the two lines at approximately 36 minutes, Observing the

. ) ‘ / '
slopes of the two lines, one concludes that the SHA-IIT is adsorbing a

- greater quantity of water which seems comntrary to any previous discussion

on hydrophobic soils. It is also 1nteresting to observe that the SPA
curve intersects the axis at the origin whereas the SHA-III curve does
not which favors Swartzendruber s (1956) suggestion of non~Darcy behavior
due to the contact angle. Liquid movement occurs only through thin £ilms
of adsorbed water, hence, liquid movement will cause the enlargement of
the films and changes at the 1iquid~partic1e and 11quid~air interfaces,
'Dete‘froﬁ Figure 4 was used to plot the rate de;eds time curve
which isfp%eseﬁfed in Figure 5. The rate was caiculated.from the inter-
vals between points plotted on Figure 4, A high initial rate of water.
entry wae obServed in the SPA which decreased cbnhinudll& and finally
leveling off at 0.2 ml, per minute., The SHA-IIT showed a somewhéh dif-
ferent curve, random peaks or "jumps" of dncreasing rate of entry were
observed These peaks dlsappeared after approximately 40 minutes which

corresponds to the intersection of the lines in Figure 4; Figure 5 shows

that the rate of water entry in the SHA-III is"not continually increasing”

_és one might conclude from Figure 4 but after 80 minutes the treated (SHA-

I11) and untreated (SPA) rates wefe'{deﬁtichl, The erratic peaks ﬁay be

\
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attribuFeq”to the éoil requiring a'migimum moisture content in order for
water flow, This minimum'moisture can Oniy.be traqsporﬁed by vaéér mo;ew
ment., It ié coﬁgeivablé #hat the tréafed silt wpﬁld resist vapor ad-
sorp;ion gnﬁ.a cerféin tiﬁe interval or @apér buil&up need bé negesséry
before liquid movement can occur, Liquid movement woﬁld then be obée;véd
as gudden "jumfs" in the ratetversus time.curve, The«diSafpearance of
theselﬁjumps" can.be éxpléined by a smaller moistﬁre gradient at the wet~
ted front as the wetted front advances gnd to the lapse of time in which
vapor adsorption has alrad& occurred, That is to say, when'water moves
from a free source into a dry soil, the moisture content changes con-
tinuously at all points within the system. This dynamic system results
in the alteration of.the thickness of moisture filﬁs éndrchanges in the
gﬁfvature of the-airféater inf:erfac_,e° Gardnei'énd Heieh (1956) state that

water only moves in unsaturated soil in the liquid state along surfaces

and through intersticés which contain water, This effective channel would

be determined by the moisture content ahead of the mass flow of water.

It appears that vapor movement ahead of the wetted zone would influence

the rate of flow., This could be a probable explanation to the lack of the -

"jumpe"” in the SPA-where vapor was rapidly adsorbed on the surface, It
appears that these "jumps" may corfeqund to en;rgy,barriers,
'Gardner-and'Hsieh.(1956) obtained data using dye tracks as a method
of measuring the veloéity into blotter paper at short-time intervals.
Photographs were téken over these intervals; hence, the velocity coqld be

calculated. The results were erratic and, hence, many measurements had to
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be made, They indicatéd‘that the]velocfties were_nét cbn;istent ﬁith uni-
form flow but er?atié and jumpy,

“ Miller and Miller (1955) discuss the irreversibility of liquid flow
through porous media. A given pore will suddenly émpty when the tension
is just enqugﬁ.to "sﬁck in" the air-water intérfacé:tﬁrOugh its largest
entry port. In order for that pore to refill, thé tension must be fe-'
duced until the surface tension can pull.the interface through the larg-
est pore and, hence, sudden filling Will occur. This caﬁ be mathematically .

described by equation / 2_/.

p =28

R

and élearly'the pore radius will govern water entry. Moreover, this sud-
-den empt&ing and filling %ill be macroscopically observed as the hysteresis
effect, Millefvand Miller (1955) assume that the adsorbed layers of water
have a negligible influence on flow in coarse silt to sand range but the
complex.dgpendence of the 1iquid-filled'sbace upon soil moisture tension
complicateé ;he cépillary floﬁ analysis. |

A cénsequencg‘of'the sudden filling and emptying of pores would
have its effect oﬁ aggregate stability. It would appear that drying would
cause shrinkage‘of the soii mass and,'consequéntly, unequal stress would
cauée cracks to form, Then, upon wetting, unequal swelling may occur énd
Suddeﬁ water moveménts into the pores might entrap air and tend to expiode
the clods enclosing the air space, This would iﬁdicate that wetting and
drying cyclgs tend to,éisinteg;ate thg ﬁlods,butipromofe smaller aggregates.

It is clear that the contact angle would modify this effect since it

1
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affects the rate_of wetting and, conseQdently; the rate of buildup of air
pressure within the clods. |
Figure.G and 7 are the linear plots for unsatufated flow at 4.5,

20,0, 30.0 and 40.0° ¢, for SPAvana SHA*IiI; respectivély. The results are
averages from duplicate replications; The flow for tiqe less than four -
minutes was not included since it was found fhét‘non-Darcy flow occurred
in this interval due to a éhange in tenéion applied uﬁoﬁ initial water
. contact with the silt., Table IV relates the slope of the lines at these
temperatures. In all cases ‘except at 40;0° C. with SPA, the slope or con-
ductivity (K) vas increasing with’ increasing temperatg;e; Jackson (1963)
obtained Siﬁilar results between the temperaturés of 5.0 and 42,5° C, The:
' increaéé in infilt;ation can be attributed to the temperéture dependeqce
of the Gisc;sity in eauation=2719_7, Since viscésity decreases with in-
creasing temperature (FiguréSS), iﬁfiltration will increase witﬁ increas-
ing temperature. IL should be noted tha; a éeviafion from 1inéarity
gxis;'between 20.0 and‘40,0° b. This may_expiaiﬁ,iﬁ pért, the near paral-.
lel lines between 36.0 and 40,0°‘C.'With SPA and alsoxthe;normal increase
bétween the 30.0 and 40,0° C. curves ﬁitb the SHA-III.

‘ Figgre 9 is obtained by,sqﬁaring the K valugslin Table IV to giye
it ‘the proper ‘dimensions of a rate constant and then piottingvthe 1ogAK2
against 1/T. Hence, from the'Arfehhius eéuation; the slopes from Figure 9
.are equal ‘to EA/Z,SR,. The activation engrg;es (EA) ﬁot SPA ‘and -SHA-III are
'4,2-énd 3.6 kecal. per mole, réspectively; These,Qalués ére iﬁ excellent
agreement with'the activation energies for simple viscéus fiownbbtained by

Low (1960) and the re-evaluated energies obtéingd by Biggar 'and Taylor
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Figure 6. Unsaturated flow at various temperatures in SPA.




Q (ml.)

32.0
30.0
28.0
26.0
24.0
22.0
20.0
18.0
16.0
14.0
12.0
10.0

8.0

6.0

4.0

2.0

54

Figure 7.

1.0 2.0 3.0 4,0 950 6.0
tk (minutes%)

Unsaturated flow at various temperatures in SHA-III.

7.0




Lol Ll el L b

55

_.Table IV. The K values (slope) for Darcy equation in unsaturated flow
at various temperatiures determined by least squares.

4.5° ¢, 20.0°¢c. © 30.0°cC. . - 40.0° c.

SPA 1.27 1.44 155 1.55

SHA-III 1.33 1.48 ~1.57. 1.65
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(1960). However, if the contact angle presents an initial energy barrier
- to water flow,-it would not be detected in this data due to the. fact that
the data represents flow after four m1nuteso The higher activation energy
for SPA than SHA-III would not be expected on the bas1s of the contact
.angle forming an energy barrier., However, it does agree with the desorp-
tion data in which SHA III 1oses a greater quantity of water at a given
tension than the SPA.

F1gure 10 represents the water vapor adsorption isotherm of DPA and
DHA-III. These appear to be contrary to the expected isotherms. One
would expect a greeter difference at low pressures where the water molecules
are more subject to surface forces. One explanation would be the small
amount of water adsorbed at these low pressures. howeyer, a more contribut-
ing explanation would lie in the cetions that are on the exchanger.; In
order to assure that none of  the extract would leave the dickite during the
experiments, it was leached with a low calcium‘concentration solution and
checked with a tensiometer until comparable readings.were obtained between
the effluent and inffluent,' Hence, there'are two opposing forces acting
on the'ion: one is energy of hydration and the other is the electrostatic
bond between the clay and ion., It is conceivable thet the organic -coatings
do not‘exert an intluence on either of these forces. The fact that there
is little or no differences in the’adsorption isotherns below P/P, = 0.8,
one concludes that ion hydration is occurring in this range° Therefore ‘no

1

differences would be expected. This is in excellent agreement with Martin' s

(1957) statement that capillary condensation does not begin below P/Pb

0.8 on kaolinite. It is evident that surface forces would exert an in-
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fluence.in the capillary-cpndensa;ion range; and if the added extracts have
influenced gurf;ce forces, more water would be adsorbed on the DPA than the
. DHA-III.. It ﬁouid be weli %6 ﬁote'aga;n.thaf the da;a is in agreemenf with
desofpfion data in the upper vapor pressure rangg; | |

Figure 11-is the BET plot of the data presepted in Figure 10 in the
usual BET'vapor pressure'range, 0 to 0.47. ‘Iq this range the pﬁihts ap-
pear to give a linear relationship. BET.;C' vdlues for the DHA-III and
DPA are 33.6'and 44 .5, respectively, Marfin (1957) fopﬁd'c #alueé of 53.0
for Li and K kaolinite cla& and eéfimatéd that fhis.cofresponded to %5%
of a completed monolayer before a secoﬂd-layer'fbrms. It-is evident that
acC valuexof 44.5 woula cofrespond to a monolayer of something greéter
than 75% complete, perhaps 80 to 90%. B;ﬁn;ﬁer et al. (1938) state that
a com§1e£éd-monolayer corresponded to C valueé of 100, It w0u1d;appeé£
. that a ﬁigh.coﬂtact angieﬁsﬁfface:adsorbs vapor arcund a fized site ¢(hy-
dfatea ion) and ; second adsorbed layer forms at tﬂese sites before 75%
of a ﬁonolayéf is complete. On‘the other hand, a wetting surface will
almost complétely ad#orb é ﬁonqlayer before Startiﬁg a second layer.

It will be‘granted that Figure 11 shé%s a very- small difference be-
tween the two lines; however, the DPA pointslgré all below the DHA;III‘line,

Since C = exp. (AQ/RT), one can obtain AQ véiues for both DPA and
DHA-III. Then since AQ = Qg - Qi) and

.Qp, = RT 1n 23.756 o
A 760 . 337

~which is the Gibbs free energy and as used by Goates and Hatch (1953), Q?

can be calculated and represénts the affinity‘of"the surface for water mole-
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Figure 11.

BET plot.
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cules, The values of Q?.fOr ﬁEA and DHA-III are -1172 and -1342 cal. per

‘mole. "It appears that DPA has'a.greater'affinity'for water molecules
,than the DHA-IIT surface,a This would indlcate ‘that vapor adsorption ahead

of .the wetted front would adsorb more readily on the untreated soil than

on the treated soil, Hence, if a dry soil requires a-mlnimum moisture con-

tent for liQuid movement vapor adsorption may be the rate-limiting step

in unsaturated flow This would also explain the depress inrtial water

entry into the treated silt, |
However, Anderson et al. (1963) o0ncludes from vapor flow studies

that the rate of evaporation at the wetted front is the rate-limiting step-

'in ‘water movement through unsaturated soils.- Mbreover, they state that -

vapor adsorption is not an activated process, i.e., the process is not
temperature dependent; hence, it has no effect on the apparent activation
energy for vapor flow, Dacey-et al.. (1958) found mater vapor adsorption
on charcoal to be ‘temperature dependent'and,.further, calculated the acti-
vation'energy'to be 3;4 kcal. per mole. However, there has been 1o experif

mental evidence to show the apparent activation energy for vapor adsorption

on ciays°

From published experimental. data on vapor adsorption on Millville
loam, one can ca1cu1ate the activation energy for'evaporation and vapor ad-
sorption. Langmuir adsorption isotherms at various temperatures can be

drawn from data obtained by Koh1 5/ (1962, page 56) in the vapor pressure

5Kohl Robert. Utah contr1but1ng pro;ect report to the technical

committee. Western Regional Research PrOJect Ww-68. 1962
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range of 0 to 75 mm, 0oil., The Langmuif<eQuatioh is derived from the as-
sumption that at equilibrium the rate of evaporation is equal to thenrate

of adsorption and is given by

y ‘ym ym L3867
where P is the pressure, y is the volume of water adso;bed, ym is the vol-
‘'ume adsorbed at the\ménolayer point and 'a' is equal to Ky/Kz. K; and Ky
reﬁresent‘the proportionality constants for rate of evaporation and rate
of adsorption, respectively, (Barrow, 1961). It is evident that a 1iﬁear

plot of P versus P will produce a slope of 1_ and intercept of a_., 1In
y ' ym , ym

the pressure range studied éxcellent‘Langﬁuif isotharms were plotted and
'a' values were calculated. At this point, it woﬁld be advantageous to
quantitati;ely describe BotH'K1 and K,. Data obtained from Wieéand and
Taylor (1960) enables one to Eompute the values for Ky (rate of evapora-
tion) on Millville loam at the temperaéures i4.8, 24.8,;and 34.8° C. used
by Kohl (1962). Since Wiegand and Taylor (1962) iﬁdicate thgt the evaﬁora-
tion rate was éalculated after 160 to 200 hours, it would appear that the
soil surface ﬁould be fairly dry and woulé correspond to the pressure
range being studied. Then, plotting log K1 vﬁrsus 1/T, one can calculate
the activatiﬁn eﬁefgy for evaporati6n. Similarly, since Ky values can be
‘found from the cor?esponding 'a' and Ky values, activation energy for ad-
sorptiop‘can be calculéted. In so déing,‘one must assume thgt the evapora-'
ting surface is covered with a monolayer ot lééS‘Of water and the fraction
of sﬁfface covered remains fairly cbnstanf over the pressure range studieda

Apparent activation energy for evaporation and vapor adsorption were found
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to be 9.6 and 6.6 kcal. per mole, Howéver, one must add the activation
energy for vapor diffusion through air (l.l'kcal. per mole)é/'to the act-
ivation energy for vapor adsorptibn. Then; according to- Anderson et al.
(1963), an average of the tﬁo ac;ivatibn‘energies (9.6'ana 7.7 keal. per
molé) would describe the apparent aétivétién éhérgy for”vaﬁor flow: Their
value for vapor flow is 9.7 compared to 8.7 kcal. per mole obtained ébove°
An average>va1ué may have no real physical ;ne'aJning° It should be noted
that thgwactivétioh-gnérgy for evaporation (9.6 kcai, per m01é5‘corres§onds
to .the heat of vépofization of water (i.e., 9.7 kqél;‘pér mole) and that
Anderson et al,value qf 9.?”k9a1.'per molg‘fof vapor,flqw 6dr:ésponds
closely with the éalcﬁla;éd value of 8,7,kcai.'perymb1e, It ;Ould‘appeaf
that both eVaporation‘aﬁd‘vépor'adsorﬁtion'qﬁe gqtiﬁated‘procesééé‘and,
hehce, both may contribute to' the apparént‘aétivaéion'energ&lfof yéébr f

flow, Furthermore, evaporation appears to be the rate-limiting step.

6Anderson, D, M. and Linville, F. A. Arizona contributing project
report. Water Movement in Soils. Western Regional Project W-68. 1960.
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CONCLUSICN

There appear to be many natural soils that exhibit a H&drophobic
nature, ei;her temporary or pérmanent. These soils ﬁre observed mostly
in sandy soils primarily because visuai observations are most notice-
able on these soils. However, this does not mean that hydrophobic prop-
ertiés do not exist in clay soils. \Another source of water resistant soils
lie in bﬁrﬁed-over land,

The source of hydroﬁhoﬁic soils probably arise from tﬁe organic
fragtion. In ethanol extracts from hydrdpﬁobic gsoils, nonﬁolar groups
which can cause non-wettiﬁg were observed. ﬁowevef, an extensive search.
for the_specific'groups_was not carried-oﬁt,

The water cont;ct angle was used as an index of the hydrophobic
characteristics éf the ethanol extrﬁcts and significént differences were
found between two forest soils. Contact angles -as largé as 122.8 degrees
were found. Moreover, cold ethanol contact angle was formed on axhot
ethanol-‘extract indicating'thétAethaﬁol does not wet all surfaces—as
reportéd by Letey et al. (1962).

| .Déta obtained from desorption curves indicate that fhe relative ad-
hesion between the soil Particles and water become important in hydro-
phoﬂic soil-water relationshipé9 e.g., runoff, evaporatioﬁ, capillary
rise‘froﬁ"a water table, irfigation and water-holding capacity. Moreover,
differences in desorption curves Wéré'observéq at relati&ely ﬁigh mo;sture
contents.

Data show that_increésing_relative humidity tends to decrease the

liquid-solid contact angle. However, even at high relative humidities,

L e B
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some extracts exhibit eontact angles as large as 99.4 degfees. It is con-
ceivable that.a hydrophobic soil at 15 atﬁosphére'tension (98% relative
humidity) will stillléxhibit hydrophobic properties.

Unsaturated. flow studies indicate that a minimum moisture content
is necessary before liquid movement will occur. This appears to be a
manifestati;n of liquid movement through thin films over the soil particles.
Since- a monolayer will not form over a hydrophobic soii, multilayer ad;
sorption must first occur. DMoreover, unsaturated flow appears to occur
in "jumps" and enhance sudden filling and emptying of pores causing dis—
intergration of aggregates.

Kinetic theory applicaﬁ;ops to vapor adsorption studies indicate
that the surface of a hydrophobic soil has less affiﬁity.for water mole-
cules than hydrophilic soils. It appears that thelrate-limiting étep
in unsaturated soils may be associéied with the vapor phase. This would
be in agreemént with Andérson et al. (1963) conélusion that evaporation
at the wetted front is the only rate-limiting step to unsaturated flow.
Howevgr, calculated data from Millville 1oam~inéicate that the activation
energy for adsorption is not zero as assumed by Andgrson et al. (1963)
but almost equal to the -activation energy“for evaporation; Since the
contaét angle influences both evaporation of.water from a soii'particle
and adsorption of water vapor, it would appear that the wetting properties

of a soil are important in unsaturated flow studies.
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