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ABSTRACT

Basic theoriesrelating wetting phenomenon on non-ideal surface and porous solids are briefly comprised. Thetext
comprehends thermodynamic principles of wetting, description of contact angle onideal and non-ideal surface and
capillary action with adight remark to liquid wicking into theirregular pore structures. Further the methods used for
contact angle measurement on discrete solids are mentioned which isfollowed by a concise review of models used

for the estimation of surface free energy of solids.

INTRODUCTION

Theproperties of surfacesand interfaces charac-
terized by surfaceor interfacid tension and surfacefree
energy are of agrowing importancein recent years.
These propertiesarejoined with many phenomenacon-
cerning adhesion, wetting, spreading andwickingwhich
expressthemselvesin everyone’s daily life, natural pro-
cessesaswdll asin huge amount of industrial applica
tions such ascoating, printing, lubrication, composite
or mineral processing, textile and wood finishing, oil
recovery, painting, highly absorbent materialsand ad-
hesived*®. These processesinvolvevarious materia's
for instancewood, paper, stone, soils, cerea sand tex-
tile® which could cover dl possibletypesof surfaces.
polar, non-polar, much more often rough than smooth
or even porous and thismay bring many obstructions
totheir surface characterization.

Whilst the measurement of liquid surfacetension
isquite easy dueto itsdeformability, thelack of mo-
bility of themoleculesin asolid surface precludesits
direct measurement. Severa independent approaches
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have been used to estimate solid surface energy in-
cluding contact angle measurement, direct forcemea
surement, the Lifshitz theory of van der Waalsforces,
thetheory of molecular interactionsand many others.
Among these methods, contact angle measurement of
pureliquidswith known surfacetension on agiven
solid surface isbelieved to be the simplest and the
most straightforward approach. Despite the concept
simplicity, practice has shown that the acquisition of
thermodynamicaly significant contact anglesrequires
intensiveeffort!. Thevalue of obtained contact angle
can be affected by the quality of solid surface, purity
of measuring liquid, methodology etc.

Thereare severa well-known techniques of con-
tact angle measurement on flat and smooth surface
e.g. sessiledrop or adhering gas bubble method and
Wilhelmy method¢l. Neverthel ess, most of thereal
surfacesare not ideal but rough and heterogeneous
and many materialsare available only in theform of
powders and fibres. It may be possibleto compress
these particlesto obtain flat surface but such system
could provide different contact angle values because
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thematerid undergoesstructurd and possibly lsosig-
nificant chemical changes. Therefore, it wouldbemore
suitableto measure contact anglesdirectly ontheorigi-
nal surface.

Despitethedifficulties, there are several methods
which areapplicableto powder and fibrous materids.
Themost popular iscapillary rise method**" and thin-
layer wicking!**®*9, Some authorsa so published for
instancetheuse of Wilhe my method>?. Furthermore,
the measurements seemto yield also an additiona no-
tion of poresize and structure of the material*4224,
although it doesnot provide so extensiveinformation
such asmercury porosimetry.

The paper isintended to yiddd asummary of present
theories and approaches used for surface properties
characterization of solids.

THERMODYNAMICSOFWETTING

Surfaceand interfacial tenson, surfacefreeenergy

Theexistenceof surfacetension of liquids causes
many striking phenomenasuch asliquid surfacebulging
abovearimof avessd, floating of pinsor water drops
rolling down plant leaves. Thereiscontractileforceact-
ing on the liquid surface. It arises from the fact that
moleculesinthebulk of liquid phase are completely
surrounded with other moleculeswith theintermolecu-
lar interaction radiatingto all directions. Theinterac-
tionsmay not beequivaent but outwardly they result in
zeroforceactingonthemolecules Thestuation changes
on the surface where the concentration of theliquid
moleculesissgnificantly lower insomedirections, hence
someinteraction are missing and the bulk molecul es
tend to pull the surface mol eculesinward.

The contractileforceiscaled surfacetensony and
can be defined asaforceacting perpendicularly to a
lineof unitlength (1) whichliesintheplainof thesurface
of aliquid.

Thework dWdonein extendingamovablesdeby
adistance dx can be expressed as:

dW =y.l.dx @
Sincel.dx= dA expressesthechangein area, theequa
tion (1) canberewritten as:

dw =y.dA=dG @
Now vy represents the work done by any reversible pro-

———— Review

cesstoform aunit areaof new surfaceor interface. If
theprocessisdoneat congtant temperature T and pres-
surep, theincrement of work will equal theincrement
of Gibbsfreeenergy dG, whichisaso equivalent to
increment of Helmholtz free energy dF under the con-
ditions of constant temperature T and volumeV, both
with respect to surface areachange:

(3], (5)
Y_ aA T,p,n_ aA T.,V,n (3)

Theletter ndenotesmol ar amount which expressesthe
assumption of adsorption equilibrium-162,

Albeit theexistence of the contractileforceisno-
ticeablemainly onliquid surface dueto mobility of the
molecules, it operateson al typesof interfacesasare
liquid-vapour (LV), solid-vapour (SV), solid-liquid
(SL), non-miscibleliquids (LL) or solids(SS). Phase
boundariesinc uding vagpour phasearecommonly caled
surfaces(liquid and solid surfaces) and therestisnamed
interface. When characterizingtheinterface properties,
surfacetensiontermisgenerally used for liquid sur-
faces, thenotion of surfacefreeenergy isused for solid
surfacesand therest isdesignated asinterfacial ten-
sion. Surfacetension of liquidsand interfacia tension
areusualy reported in mN/m whereas surfacefreeen-
ergy ismoreoften givenin mJm?. Whiletheunitsare
equivalent, thevalues of surfacetension and surface
freeenergy areequd only inthe caseof pure substances.
For multi-component systemsthe surface energy can
beinfluenced with for exampletemperature or volume
changesaccompanying mixing.

When dedling with energetics of phaseboundaries,
theterm ‘interface’ is generally used, which describes
the planeof the contact between two different materi-
als. Theword ‘interphase’ can seem to be the same
but thereisasignificant differenceespecidly when con-
sidering the problematic of adhesivejoint and surface
treatment processes. Interphase region denotesthe
area between the adhesive and adherent and its na-
tureiscritical for determining the propertiesand qual -
ity of the adhesive bond. The areaof interphase has
different chemical and physical characteristicsthan
either the bulk adhesive or the adherent and may in-
cludeseveral interfaces?®!.

It should be remarked that solid surfacesvery of -
ten consist of several regionswithout clearly defined
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boundaries between them. For instance polymer sur-
face can compriseoxidation products, plasticizers, pro-
cessing aids, adsorbed water, contaminants, dust etc.
Thisoften causes great variation in the surfacewhich
may affect for examplejoint performancewithout hav-
ing asignificant influenceonthe bulk propertiesof the
materid. Inaddition, the surfacesaredynamic systems
and their nature can changerapidly immediately after
preparation in responseto itssurroundings. Therefore
itisdifficult to be confident about the surface charac-
teristic of solidg?627,

Work of cohesion, wor k of adhesion and spreading

Surfacetension of aliquid (aswell as surfaceen-
ergy of asolid) isameasure of cohesion between the
molecules of the sametype 1. Cohesionisexpressed
aswork of conesion W _ (W ,):

WC = Wll = 271 (4)
Herey, standsfor the surfacetension (energy) of the
phase 1. Itisawork required to separate acolumn of
one phase with unit profile area whereby two new
surfaces between the phase and vacuum are created.
Andogoudy thework of adheson W, isameasure
of attractionforcesbetween diss milar moleculesof two
phases1and 2. Thisisstated in Dupré’s equation:
WA :W12:'Yl+72_712 ®
which givesawork required to separate phases 1 and
2 aong the interface with unit areaand to form two
new surfacesof phase 1 and 2invacuum. It should be
stated that work of cohesion and adhesion aremoreor
less hypothetic termsbecausereal systemsarenotin
vacuum but other (mostly vapour) phaseispresent.
Now athree phase systemwill beunder consider-
ationwheresolid (S) standsfor phase 1, liquid (L) for
phase 2 and thisis surrounded by vapour (V) phase.
When the adhes on between solid and liquid molecules
W, isstronger than cohesion betweenliquid molecules
W _ spreading occurs, which can be characterized with
spreading coefficient S:
SzWA_WC:YSV_YLV_YSL ©)
Therelationship reveal sthat spreading isaccompa-
nied by thereduction of SV interface and expansion
of SL and LV interface. The spreading coefficient Sis
positivefor spontaneous process, where wetting oc-
curs, whereas negative value of Sresultsin afinite
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contact angl€'t1628, Perfect wetting occurswhen the
solid surface energy and liquid surfacetension are
equival ent and this observation can be used for sur-
face characterization.

CONTACTANGLE ONIDEAL AND
NON-IDEAL SURFACE

Young equation, young-dupré equation and
contact angle

Contact angle (CA) isaresult of the balance of
three vectors acting on the three-phase line amongst
solid, liquid and vapour, namely solid surface energy vy,
(orvyg,), liquid surface tensiony, (ory,,,) and solid-
liquidinterfacia tensiony, (Figurel). Theequilibrium
wasfirst described by ThomasYoung in 1805 and thus
iswell knownasYoung equation:

Y, COS eY =Ys—Ta 7
where, standsfor Young (ideal) CA. Theequationis
valid evenin the presence of gravitation becausethe
gravity effectisvanishingly smdl intheregion closeto
the contact linewherethe contact angleisgiven. Nev-
ertheless, it should be stated that Young equationisde-
fined for ided solid surfacewhich should be perfectly
smooth, rigid, chemically homogeneous, insolubleand
non-reactive 12930,

Figurel: Liquid drop onasolid surface

By expressing theequation (5) intermsof thesolid,
liquid and vapour phases as W, =y +7v, - 74 and
introducing thisinto Young equation (7) following ra
tionisobtained:

W, =y, (1+cos8) (8
Thisisdesignated as Young-Dupré equation which cre-
atesthe basisof thetheory of adhesion. It enablesto
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formulate the correl ation between the work of adhe-
sion and the contact angle and excludetheterm of SL
interfacial tensiony , which could bedifficult to de-
terming*t3Y,

Thevaueof the contact angle canrangewithinthe
limitsof 0° and 180°. The 0° contact angle represents
the completewetting regimeinwhich aliquid spreads
onasolidsurfaceformingthinliquidfilm. Inthepartia
wetting regimeafinite contact angleisestablished. Sur-
faceswith 8 < 90° are usually regarded as wettable
and thosewith 6 > 90° as non-wettable. Surfaces with
thedrop tending to form aperfect spherewhich hasthe
180° CA are perfectly non-wettable.

M odification of young equation

Aswasd ready mentioned, theYoung equation was
defined for theequilibrium onanideal surface. Never-
theless, somemodificationsare bdieved to berequisite
not only for areal surfacebut alsofor theideal one.

In practice the solid surface energy may be low-
ered dueto adsorption of mainly liquid but also other
molecul es present in the vapour phase; thereforeitis
necessary to takeinto account the conditions of each
measurement. There aretwo possible extremes. The
firdisso-caled ‘dry’ wetting which means that the solid
surfaceisintheequilibrium only withits own vapour
and the solid surfaceenergy (SSE) remainsunchanged.
The second extremeis ‘moist’ wetting when a film of
liquid moleculesisadsorbed at the solid surface. The
difference between SSE of ‘dry” surface y.” and SSE
of ‘moist’ surface v, isdenoted asfilm pressuren

Te=7s—7s ©)
Since the adsorption processis spontaneous, they°
valueisawayshigher than thevalue of y.. Thefilm
pressure parameter can be introduced into Young
equation:

Y, .COSO=y2—yg -, (10)
Then_ parameter can be determined for example by
messuring of theadsorption of liquid vgpour onthesolid
surfacein dependence onits partial pressure. How-
ever, itisgenerdly assumed to benegligibly small espe-
cdlyforlow-energy surfaceswhen afinite CA isformed
and not very volatileliquidg+2-32,

Another possible modification can beusedtore-
grict the effect of thelinetens onwhichstemsfromthe

= Review

fact that threeinterfacia tensionsmay beinfluenced by
each other a thecontact line. Especially, themolecules
of thesolid could interferewith theinteraction between
theliquid and the vapour phase. Thefollowing equation
showstheYoung equationincludingthelinetenson:

(o)
E+YL cosO=y5—7g (1

whereo is the line tension and R is the radius of the SL
contact circleinthe planeof thesolid. Nevertheless, it
may affect CA only whenthedropisextremely small.
For sufficiently large drops (where R — «) theline
tensionisreducedto classic Young relation. Thusfor
practical purposesitisnegligiblet2,

Contact angleon rough and chemically hetero-
geneous surface

Solid surfacescan berardy consideredto beided.
Mostly they areto someextend rough and chemically
heterogeneous and thusobtai ning Young contact angle
on such surfacesisquite questionable. When spesking
about non-ideal surfaces, it isnecessary to distinguish
actual CA and apparent CA. Actual contact angle
(ACCA) isthe CA between thetangent to theliquid-
vapour interface and the actual (local) solid surface;
whereas apparent contact angle (APCA) isthe CA
between thetangent to theliquid-vapour interfaceand
thelinerepresenting the nominal solid surface, asde-
pictedinFigure2.

Figure2: Actual and apparent contact angles on rough
solid surface

Actua CA istheonerequired butitisrarely acces-
sible on rough surface and can be very variable on
smooth but heterogeneous surface*2%3334, Sincethe
APCA ismostly attainable, some corrd ations between
APCA andided CA for varioustypesof surfaceswere
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discussed, but thiswas so far not successful?.

Basic relationship between Young CA 0, and
APCA onrough surface 0, was devel oped by Wenzel
in 1936:
cos@, =r cosO, (12)
Symbol r standsfor ‘roughness factor’. This factor is
measurable and given asratio of theactua versusgeo-
metric surface. For smooth surfaceisr = 1 but for rough
surfaceitisadwayshigher (r > 1) becausegreater anount
of actual surfaceiswetted. The effect of roughened
surfacemagnifiesthewetting propertiesif etheristobe
more wettable or morerepellent. Differencesdueto
variousdegreesof roughnesscan bemuch greater than
any differences caused by the nature of the materials.
Therefore some substanceswith smooth surface and
poor repelling propertiescan beexcd lently repdlingin
theform of fibers because of much larger amount of
surface ared®!. It should be highlighted that Wenzel
equation (12) isvaidonly inthecaseof ‘homogeneous’
wetting regime when the liquid penetratesto all the
roughnesses and grooves of the surfacg?’-%=7,

Thestarting point for CA on smooth but heteroge-
neoussurface . isthe Cassieequation. Concerninga
surfacewith areasof two different chemistries1 and 2,
following equation is obtai ned™:
cos@_=f cos@ +f,cos0, (13)
f, andf, denotefraction of areacontaining component
1and 2 (f,+f,=1) and 6, and 6, are respective CA of
components 1 and 2. Thiscan be generalized for sur-
facewhich comprisesi-chemigtrieswithi-contact angles,
ascan beseeninfollowing equation'?*;
cos@_ = Zf cos 9, 19
When the surface roughnessistoo high, air bubbles
may betrappedinthegroovesunder theliquid. Thisis
so called ‘heterogeneous’ or ‘air-pocket’ wetting re-
gime23:3637_ Sych surface can be regarded as compos-
ite consisting of two components with different
wettability — air and solid material. In this case Cassie
equation can bemodified as.
cos@ , =fr cos@, —(1-1) (15)
Thisrelation was devel oped by Cassie and Baxter“,
Themeaning of the symbolsissubsequent: f isfraction
of projected areawetted by liquid andr, isthe rough-
nessratio of thewet area.

Thetransition between homogeneous and hetero-
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geneousregimedepends on the geometry of surface®.
Heterogeneouswetting isvery important mainly for ul-
tra-hydrophobic applicationsbased on so caled ‘lotus
effect” and self-cleaning applications 44,

Advancing and receding contact angles and
hysteresis

Contact angle interpretation can be escorted by
many difficulties because awiderange of practically
stable CAs may appear on areal surface. When the
volumeof adrop isincreased during an experiment, the
three phase contact lineispinned but remainsfixed and
the CA growsuntil themaximumvaueisreached, which
isreferred as ‘advancing’ CA O,. After that the ad-
vancing of the contact line occurs, whereasanew dry
areaiswetted, whichissometimescalled a“stick-slip’
mode. Andogicaly, if thedrop volumeisincreassed, CA
diminishesuntil itsminimumvaue, cdled ‘receding’ CA
0., and then the contact line recedes®*3. The same
arisesfor exampleduringasolidispushedin or pulled
out of aliquid, capillary elevation and depression or
inclination of the solid surface.

Thedifferencebetween advancing and receding CA
ishysteressH whichiszerofor ided surfaceand rises
asthe surface deviatesfromideality. To someextend
the hysteresiscan be used to examinethe non-ideality
of surface. Three major causes of the hysteresishave
been invoked which are surface roughness, chemical
contaminationsin the solid surface and solutesin the
liquid which may deposit onthe solid surface®. It was
suggested using the advancing and receding CA to ob-
tainthe most stableAPCA 0,, . on non-ideal surface,
which can be estimated by relation:
0,.=(0,+6,)/2 (16)

It can be also expressed as arithmetic mean of CA
cosines. Thisisdenoted ashysteresisapproach but so
far it wasnot sufficiently substanti ated®.

It should bestated that when the CA lieswithinthe
interval [0,; 0] thecontact lineremainsmoreor less
immobile but asthe three-phase line beginsto move,
the CA becomesto bedynamic and changesalongwith
thevelocity of contact line®®*4. This‘dynamic’ CA 6,
and can significantly vary from the CA gained under
static condition 0, which isvery important for most
practical applicationsbecause overwhelming majority
of manufacturing processesaredynamic.
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CAPILLARITY,WETTINGOF
POROUSSOLIDS

A very largeclassof theartificial and natural pro-
cesses involves porous bodies that are wetted by
liquids such as printing on paper, coating of wood,
water percolationin soil. Liquid penetration in po-
rous solidsisin general governed partly by the sur-
face energy represented by the contact angle and
partly by capillarity which depends on the geometry
of the system.

L aplaceequation

Inthecaseof partia wetting thesurfaceforcestend
to makeliquid-vapour interface spherical. Thereisa
pressuredifferenceAP operating across the curved inter-
face. The pressureisgreater at the concave sideand
the pressuredropisproportional to theradiusof cur-
vatureand thesurfacetension of theliquid. Thisrela-
tion of pressuredifferenceand the curvatureof the sur-
face describes Young-L aplace equation of capillarity,
whichwasderivedin 1805:

werfod)
1 2

whereR, and R, denotetheprincipd radii of curvature
of theinterface. For hemispherica LV interfacewhich
has only one radius of curvature (R, = R, = R), the
Young-L gplace equation acquiresfollowing form:

(17)

Ap= 2L
R

Inthe case of the planar surfaceisthe pressurediffer-
ence equal to zerot33049],

(18)

L ucas-Washburn equation

Wetting of porous solidsis caused by capillary
penetration. The simplest theoretical model used to
describethissituationisaliquid penetration into a
cylindrical capillary filled with vapour phase (with
negligibledensity) whichisdipped inthesufficiently
large liquid reservoir so as the meniscus shape of
theliquidin capillary isnot influenced by theliquid
meni scus curvaturein reservoir, asshownin Figure
3. Flow of theliquid isdriven by the pressure dif-
ference acrossthe LV interface asgiven by Young-
Laplace equation (17).

———— Review

Figure3: Liquid penetrationintoacylindrical capillary

If thecapillary iscylindrical anditswallsare per-
fectly wettable by the penetrating liquid, then the me-
niscusisassumed to be perfectly hemisphericd (thein-
terfaceradiusof curvature R equalstointerna capillary
radiusr) and the pressure difference acrosstheLV in-
terfaceisgivenby eq. (18). If thereisacertain appar-
ent CA betweenthecapillary wal and LV interfaceand
spherical meniscusthen R, =R, =r/cosd and the pres-
asuredifferenceisgiven by therelation:

_ 2y, cos@
===
It should be emphasized that the apparent CA isthe
onewhichinfluencethissystem.
Thepressuredifferenceisthedrivingforceof cap-
illary penetration whichisbaanced by viscous dissipa:
tion of theliquid, the hydrostatic pressureand inertial
forcesastheliquid imbibes. The hydrostatic pressure
P, of theliquid column can be described as:
P, = hpg (20)
wherehistheheight of theliquid column, p standsfor
liquid density and g for gravity acceleration. When the
hydrostatic and theinterfacid pressuredifferencesare
equated, themaximal height of thecapillary riseh
may becd culated:

AP (19)
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_ 2y, cos@
B Apor
Symbol Ap standsfor thedensity differenceacrossthe
LV interface.

To expressthe viscous dissipation of liquid, the
Hagen-Poiseuille’s law is used which describes a mov-
ingliquidinacapillary. Assuming thelaminar flow and
no slip conditionsthe pressure difference acrossthe
capillary APn isexpressed as.
ap, = 3mdh
Tor? dt
Thesymbol n meansliquid dynamicviscosty andt rep-
resentstimeinwhich theliquid passin hdistancein
capillary. Finally the relation for inertial forces

i §15,17,44,46,47] :

d*h (dh’
P.=p|h +| —
' p[ dt? (dt)]

Theeffect of inertial forcescan beneglected sinceitis
ggnificant only intheearly stage of penetration or when
rislarge or n very small“d, Aslong as the wicking
height issmall, the hydrostatic pressureisalso negli-
gible, but after period of timetheliquid column ceases
to risedueto the balance of surfacetension and grav-
ity When omitting theinertiaand gravitation there-
sulting balance can bereduced to:
2y, cos® _ 8hm dh

r 2 dt
Theintegrationwith theinitial conditionsof h=0andt
=0leadsto thefamiliar equation which wasindepen-
dently deve oped by L ucas and Washburn equati on“°:

(21)

max

(22)

(23)

(24)

_y.rcos@ N
2n
Thisreatesthe height of capillary rise (or more pre-
cisely thedistance of penetration) to the penetration
timeinacylindrical capillary517444647,

In the case of the penetration into aporous me-
diathesinglecapillary issubstituted with abundle of
the cylindrical capillaries characterized by mean or
effective poreradiusinto which thekinetics of the
penetration isthe same asfor thereal porous me-
diumi1517:444647 However, the model may beinsuf-
ficient especially for the porous solidswithwidedis-
tribution of the pore sizes. Moreover, the effective

h? (25)

Physical CHEMISTRY o

poreradius of anetwork of capillarieswith varying
radius determined by L ucas-Washburn equation may
differentiate from the radius obtained by other
measurements, such as mercury porosimetry or ni-
trogen adsorptiont®Y.

Instead of therate of capillary rise, the measure-
ment of the capillary pressure change AP which ac-
companiesthecapillary riseof aliquidintoatube packed
with powder can be performed using equation (19)1%2.

Irregular pores

Itisnatural that real porous solids have mostly
very complicated structures containing poreswhich
are often denominated as cavities, channels, interstices
etc. Thepores can be distinguished according to the
sizeonmicropores, havingwidthssmaller than 2 nm,
mesopores, ranging from 2 to 50 nm, and macropores
which achieve morethan 50 nm diameter. The size of
the poresisthe major parameter for the porous solids
characterization; therefore, number of methodsfor the
poresizedistribution analysisexists. Asregardsthe
types of pores, they can be closed, opened, blind or
through and can be al so classified according to the
shapesinto cylindrical, angular, ink-bottle, funnel or
slit-shaped poreg™!.

For estimation of thewetting propertiesinirregu-
lar pore structures, idealized systems haveto be often
used, such ascylinders, prisms, spheresor periodic
surfaces, which preferably resemblethe original pore
structure becausethe capillarity inirregular poresmay
bequiteanomalous.

For exampleangular poresundergo different fill-
Ing stages and spontaneous displacement during the
transition from dry to wet and viceversa. Under dry
conditionstheliquid first accumulatesin the corners
dueto capillary forces and then the capillary radius of
curvatureincreasesuntil theliquid menisci contact each
other (Figure4). After that the middle part of the pore
isfilled. Whentheporeisdrained, theliquidfirst leaves
the central part and afraction of theliquid remainsin
the corners, which isnot possiblein the cylindrical
tubes. The Cassie-Baxter equation can beincorpo-
rated into the capillary rise model becauseit ispos-
sibletotreat theangular porewithliquidfilled corners
asaround channel with composite surface consisting
of solid and liquid surface**,
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Figure4: Triangular porewith liquid filled corners

Further some computation approacheswere de-
vel oped alowing calculation of wicking distanceversus
timewhich usefor examplesnusoida tubeshapesm-
plificationto represent disturbances of broad and nar-
row passagesin pores. A convenient approachisaso
to describe a pore as a sum of various segments of
cosinefunctiong™.

Wetting properties of irregular porous solid de-
pendsalso onitshistory of wetting and drying. A hys-
teresisinliquid retention may be observed which may
stem from differencesin advancing and receding CAs
duringfilling and drainage of pores, air-entrapment in
irregular pores, ‘ink-bottle’ effect resulting from the
fact that the drainage of non-uniform poresisgov-
erned by the smaller poreradius, the changing radius
of curvature of poresetc.[*3.

CONTACTANGLE MEASUREMENT OF
DISCRETE SOLIDS

Themeasurement of the contact angleisnecessary
to estimatethe wetting properties of solids. However, it
should be mentioned that contact angle characterizes
thewholewetting sysemwithitsinteractionsrather than
thesolid surfaceitsdlf.

Several approaches have been proposed for CA
measurement but only afew of them such ascapillary
penetration and thin layer wicking techniqueswerein-
tended for being used on porous solids. Neverthe-
less, in some casesa so other methodssuch asWilhemy
method and sessile drop method have been used. Be-
sides, itisalsofeasibleto evaluatethe CA fromthe
heat of immersion measurement based onthe calori-

————— Review

metric observation, which isbeyond the scope of this
paper and hence no more detailswill be discussed.
Regardlesstheused method, it isessentia to consider
which CA can be obtained with respect to the prin-
ciple of themeasurement.

Washburn method

Themost frequently used techniquefor powdered
solidsisprobably Washburn method asthelargeamount
of published research pgpersmay indicate. Themethod
Is based on the Washburn equation (25), where the
porous solidistreated asabundleof cylindrica capil-
larieswith mean or equivalent poreradiusr*517;

he o 1. cos8 ,

2n
Two main experimenta procedures can beused: either
the penetration distance or theliquid massgain mea-
surement. Therd ation between liquid massmand height
hinthecolumn of porousmaterial isgiven asfollows:
m =nRhpe (27)
Letter R _standsfor theradiusof the column, symbol p
isliquid dengity and € represents porosity of the mate-
ria packed inthe column. Thiscan be substituted into
€g. (26) to obtain modified Washburn equation, which
dlowstheinterpretation of theliquid massgainvs. time
measurement:

2 =[r* (nRﬁ)zez] pzycoset _c pzycoset

2 n n
Symbol Cisthesolid materiad congtant comprising the
term in the square brackets, which reflects the pore
geometry of the solidi*™.

Figure 5 shows an experimental set-up for the
Washburn technique. The solid sampleis suspended
on amicrobalance. Thetested material can befixed
by means of solid sample holder or in the case of
discrete solid it ispacked into aglasstubewith afrit
at the bottom. The sample is brought into contact
with theliquid surfacein the vessel and the liquid
risesinto the pores due to the capillary action’™®, |t
isusually believed that the upper CA limitis90° to
allow the spontaneousliquid penetration. Neverthe-
less some authorsreport CA ashigh as 115°, which
may bein some cases joined with small volume of
liquid reservoirtit12,

(26)

(28)
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Powder material

Liquid surface line Glass tube

Glass vessel

Glass sieve

A

—

Figure5: Experimental set-up of the Washbur n measuring
techniqueusing glasstubewith packed powder material

Whenthemassof thewickingliquidismeasured as
afunction of time, then two unknown remain: thecon-
tact angle 0 and the constant C, as can be seen in the
€g. (28). Hence, it isnecessary to determinethiscon-
stant in advance by performing themeasurement witha
liquid under the condition of perfect wetting (where6 =
0°), which is usually some alkane e.g. n-hexane, hep-
tane, octane. The determined value of constant Cis
used i nthe subsequent measurement with another test
liquid, whichdlowsthecal culaion of the contact angle.
Very commontestingliquidsarewater, formamide, glyc-
erol and ethyleneglycol aspolar and diiodomethane or
o-bromonaphtalene asnon-polar liquids>.

Unfortunately, theindirect experiment may resultin
many inaccuracies. It isessential to usereproducible
sampleswith thesames ze, weight and measure of com-
pression inthe case of powders. Also theassumption
of thezero CA for thematerid constant eval uation may
be erroneous 515, Thereareal so other questionable
topicssuch astheinfluence of thewetting linevel ocity,
adsorption of theliquid vapour on thesolid sampleor
theirregular capillariesin the porous system!“857, |t
should be a so mentioned that the\Washburn technique
givesrather advancing CA thanreceding or equilibrium
oneand thevaluesof solid surfacefree energy (SSFE)
caculated from thisCA may beinaccurate>>™9,

Physical CHEMISTRY o

Even through the mentioned problems, the capil-
lary risetechnique has been frequently used inwhole
range of materials such asnatural fibres, wood, soil,
stone, ceramics, fabrics, paper, pigment(”:91014.17.56.58]
Moreover, some studies appeared to usethistechnique
for estimation of the porosity!42369,

Thin-layer wicking method

Thistechniqueisamodification of theWashburn
method, thereforeit arisesfrom thesame principle, as
suggested by van Oss et. al.l®1¢2, |t is designed to
measure contact angles of discrete solidsand themain
difference stemsfrom the preparation of the sample.

A powdery sample can be deposited on amicro-
scopicglassdideintheform of aqueousdurry anddried
or theglass can be sprayed with glueand shakenina
flask with the sample. The glasscovered with thin po-
rouslayer of thetested materia isthen suspended ona
microbalance and after the didetouchestheliquid sur-
face, theliquid soaksup thedidethroughthecapillaries
formed between the particles deposited on the glass
surface. Thewicking experiment can be proceeded not
only withthesevertica and open-air samplesbut aso
the horizontal set-up and the sandwich chambersen-
closing powdery materialsareused. Aswell asinthe
Washburn method, the distance of penetration or the
welght of the soaking liquid may be measured to obtain
contact angle'857%°62, Themethodisnot intended only
for powdersbut a so fibres can be used®2,

Wilhemy method

The Wilhelmy method isbased on balancing the
forcesof surfacetension (ST), gravity and buoyancy
acting on asamplewith well defined shape suspended
vertically intheLV interface. For aknown length of
wetted perimeter of thesampleP, theforce F acting on
the balance can berepresented as.

F=mg+ Py_cos@-Vpg (29)
Letter m standsfor sample mass, V istheimmersed
volumeof thesample, p istheliquid density andtherest
isasusud. Extrapolating thetrend of thetota forceto
thezero depth of immersonwherethebuoyancy iszero
and assuming the constant sample weight following
equationisvdid:

F =Py,_cos@ (30)
Thewetted perimeter can be determined either by di-
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rect size measuring or using aliquid of known ST for
which the CA issupposed to be zero such as n-hex-
ane*1220 Then the CA of theliquid formed on the
solid surface can then be gained. The method inheres
inthe measurement of theforce acting during immer-
sion on thewetted perimeter of the sampleviaweight
monitoring.

Figure 6 shows ascheme of an experimental set-
up for theWilhelmy technique. The samplewith acon-
stant perimeter is suspended on athin rod from the
electro-balance. Theunited poroussolid such asfab-
ricscan befasten by meansof solid sampleholder while
the measurement of the powders can beaccomplished
using aplate covered with athin powder layer just like
inthe previousmethod. One end of the sampleisthen
submerged into aliquid. Both, advancing and receding
CAs can be obtained by immersing the plate into or
withdrawingif from theliquid at constant speed™“5,
Itisessentid to measureboth CAsmainly inthecase of
heterogeneous surface where the advancing CA is
mostly representativefor low-energy surface portion
whereasthereceding CA isindicativeof the higher-
energy portionl*2,

-pg"

-

Figure6: Experimental set-up of Wilhelmy measurement
method

Although the method was originally intended for
using on flat compact surface, many researchesintro-
duce some corrections to adapt it on porous solids.
Oneof themost common difficultiesin experimentsus-
ing poroussamplesistheabsorption of theliquid. This

———— Review

can bereduced usingliquidswhichyield CA higher than
90°. Further, whole range of modifications has been
used such as: theimmersion speed aternation; how-
ever, thiscan deform the L meniscus, end-sedling of the
samplesand Washburn-likemasscorrectiontoinvolve
the absorbed L1*2%, Another inaccuracy can spring from
thewetted perimeter determination. Theapplication of
theeffective perimeter instead of thegeometrica oneis
indisputablebut inthe case of theglassdidewith glue
fixed powder layer it can be quite questionablewhether
totreat it asacomposite surface. Themethod hasbeen
applied onwholerange of porous stones, wood, non-
woven fabrics, powder{120-22,

M ethodsbased on shapeof drop or bubble

Another valuabletool to obtain the CA of solidsis
the sessiledrop method based directly on ' Young equa-
tion (7), wherealiquid dropisplaced on thehorizontal
solid surface. The drop volume can be increased or
decreased in order to establish advancing and receding
mode. Adhering gasbubblemethod issymmetrica only
withthedifferencetha agasbubbleisplaced under the
solidimmersed intheliquid. The CA can bedirectly
read using telescope with goniometric scale, whichis
not very accurate but immediately available. Another
optionisthe CA eva uation from the photographic or
digita imagesby acomputer program using proper fit-
ting strategy to the experimenta drop profile, whichis
known asAxisymmetric Drop ShgpeAndyss(ADSA).

It is possibleto evaluate the CA either from the
drop profileor fromthediameter (referred asADSA-P
or ADSA-D). Intheformer casetheanglebetweenthe
planeof SL interface and thetangent tothe LV inter-
face crossing in the three phase contact line is mea-
sured, as illustrated in figure 1. This way is more
favourablefor higher CA. Intheletter the diameter of
the drop isexperimentally measured from the above
view, which bringsmoreadvantagestolow CA but dso
moreinput parameters are necessary in comparison to
the profile approach. In any casethe establishment of
finite CA iscrucid™®4,

The approach wasinitially proposed for smooth
flat surfacesand the application on therea and porous
solidsisaccompanied with high CA variability mainly
duetothelack of drop symmetry and thelossof vol-
umeby capillary action. Despite this problem the ad-
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aptation for non-ideal surfaces occurred. Some pre-
cautions should be followed e.g. the drop hasto be
symmetricandthevolumesufficiently largewith respect
to roughnessand heterogendity proportion®?, Thetime
between deposition and image acquisition or CA read-
ing should bekept toaminimumto avoid volumechanges
dueto the evaporation and absorption. Regardlessthe
type of surface, adrop should be every timeplaced on
anew surfacethat had not beenin contact withaliquid
previoudy and when acquiring theimagesfactorslike
illumination, focusing and rel aive placement of thecam-
erato thedrop should be considered®.

Thetwo mentioned techniquesare commonly used
for flat solids but have been already used al so on po-
rous stones, wood, cell layersetc.®2, Notwithstand-
ing theliquid absorption of drop by the porous materia
can be considered aproblem, it can beturned to profit
in some applications. For materialswith high suction
rate and capacity and hydrophobic materia swith CA
above 90° the Washburn experiment does not work.
But optical CA measurement can provide proper re-
sultsby themeasuring of CA versusage of the dropl et
placed onthematerial, which isenabled mainly dueto
theavailability of high-speed video equipment in recent
years. Alsothedrop penetration timeismeasured which
denotestimetakenfor thedrop to penetrate completely
into the porous substrate with noliquid remaining on
thesurface. Thishasa ready been successfully used on
tissuemateria sused for digpers, cosmetic tissues, fur-
ther writing and printing papersetc.[%7,

ESTIMATION OF SOLID SURFACE
FREE ENERGY

Althoughin some applicationsthe estimation and
comparison of the contact anglesissufficient, the CA
dataaremostly converted to solid surface free energy,
which allowsthe characterization of thesolid surface
without having to explicitly describethetest liquids.
Several different modelswere devel oped. Theright
choice depends onthe nature of thetested solid (polar,
non-polar, high- or low-energy material) and there-
quired results(only total surfaceenergy or dispersive
and polar contributionsetc.). The proper selection of
thetypeand number of liquid resultsfrom the chosen
mode and it should a so enableto characterizedl types

Physical CHEMISTRY o

of theinteractions contributing tothesolid surfacefree
energy (SSFE) to obtainreliableresults.

Intermolecular interactions

Thenon-cova ent and non-d ectrostati cintermol ecu-
lar forceswhicharecollectively caled Lifshitz-van der
Waead sinteractions(LW) can bedividedintothreegroups
accordingtotheorigin. First group defined by Keesom
includestheinteractions operating between two mol -
ecules (1 and 2) with permanent dipoles. Theenergy of
interaction between such moleculesisdependent onthe
thermal energy kT, as can be deduced from thefol-
lowing equation:

ykesom o 2uips _ Ch

? 3(4mey)’k Tre  r°
Themeaning of thesymbolsisasfollows: V - the po-
tentia energy, u, and - dipolemoments of molecules
land?2, ¢ - dielectric permitivity, k;, - Boltzman con-
stant, T - absolute temperature and r - the distance
between theinteracting molecules.

Second typeof LW interactionsisinduced interac-
tion between mol eculewith apermanent dipoleand a
neighboring neutral moleculereferred as Debyeinter-
actions. Thepotential energy of theseforces between
different moleculesmay begivenas.

(31)

Debye _ _ all-lg + azl‘i _ _C_|12

12 - (411:80)2l'6 - r6
L etter o denotesthe polarizability of molecules. The
potentia energy isindependent of thetemperature be-
causetheinduced dipol efollowsthemotion of the per-
manent dipol e gpart from thetherma motion.

Thelast type of LW interactions, which arenamed
after London, is generated as a consequence of ran-
dom fluctuationsin polarization of molecules. Thisleads
to acreetion of temporary di polesinfluencing each other.
Although these forces are the weakest compared to
the previoustypes, they are the most significant be-
causethey appear in al kindsof molecules, not only
those containing polar molecules. Theso called disper-
sveinteraction energy between unlike molecules may
be described using thefollowing formula

3,0, PP Cy
T 2dme )it 41, r° (33)
| =hv is the ionization energy where h stands for Planck
constant and v for the frequency of fluctuation.

(32)

London __
12
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Thecongtants ¥, C},, CL, which occur intheequa:
tions(31)-(33) characterize subsequently thepolar, in-
duced and London’s interactions between molecules 1
and 2. Thesethreetypes of interactionsuseto bein-
cludedinto oneterm becausethey aredll inversely pro-
portional to thesixth root of the distance betweenin-
teracting moleculesand thetota LW interaction energy
isthen given by asum of these components.

Other forcesinfluencing themagnitude of surface
chemistry are Lewisacid-baseinteractionswhich are
generated between e ectron acceptor (acid) and el ec-
tron donor (base). They appear inthe compounds con-
tai ning hydrogen bonds- strong secondary bonds be-
tween atomsof hydrogen and ahighly electronegative
element such asF, O, N and Cl or other compounds
interactingwith Lewisacidsand bases ™.

Fowkesapproach

Fowkes theory!""® represents a basis for sur-
face energy estimation mainly for the cal cul ation of
dispersive components of the SSFE. Fowkes pro-
posed that SFE isameasure of attractiveforcesbe-
tween solid and liquid and that the contributions of the
attractiveforcesareadditive. Total SFE isthereforea
sum of al energy componentsarising fromvariousin-
termol ecular interactions acting between the compo-
nents of the samekind:

YEYPHY Y YL (34)
the superscript L expresses dispersive (London)
interactions, K meansK eesom interactions, | stands
for Debye (induced) forces, H denotes hydrogen bonds
and AB areinteractions between acidsand bases.
Practically, thetotal SFE isdivided only intwo
parts. dispersiveyP and non-dispersvey™ fusngdl non-
dispersive components:
Y=Yy (35)
Fowkesassumed that only theinteractionsfunctioning
acrosstheinterfaceass st to theadhesion and thusonly
dispersveforcesareimportant inthisrespect. Thegeo-
metric mean approach was exerted for the interface
energy cdculation:

Yoo =¥s+Yi —21sY. (36)

Thesymbolsy®_ andy® mark dispersive partsof ST
of solid and liquid. After joining theequations(7), (8)
and (36) following formulacan be obtained whichwas

——> Review
devel oped by Good™ and Fowkes®2:

W, =7, (cos0+1) = 2,/y2y> (37)
Thisenablestheca culation of dispersveportion of SSE
P, fromthe experimentally acquired values of 6, yL
and y° . If a non-polar liquid is used then
v, =v° anditispossibletowrite:

1+c0s0 = 2,/y2 Iy, (38)

It should be mentioned that the equations(36) and (37)
arevalid only the case when both theliquid and solid
arenon-polar but it isalso possibleto gain acceptable
resultswhen only one of themisnon-polar.

OWRK approach

Owens, Wendt, Rabel and Kagl blg727375:76.7880] ex -
tended Fowkestheory d so for the situationswhen both
dispersiveand polar interfacial forces act acrossthe
interface, which coversall cases when the solid and
liquid arepolar. It isassumed that dispersive parts of
both phasesinteract with each other aswell asthe po-
lar parts but there are no interactions between polar
and dispersiveforces. The SFE valueiscomputed asa
sum of dispersive and polar portionsi.e. y =y° + .
Theinterfacid tensonmay bewritten as:

Yo =Ys+Y0 — 270 —2y¥eY] (39)
Introducing equations (7) and (8) into thisrelation
leadsto:

W, =y, (cos0+1) = 2,/y2y° +2/y%y (40)
Themeasurement with two liquidswithknowny®_ and
" values (commonly water and methyleneiodide)
alowstheestimation of thedispersiveand polar parts
of SSFE.

Practically, theresultsobtained by thisapproach are
not absolutely confidential becausevarioustest liquids
providevariouspolarity vauesof givensolid. Thissprings
from thefact that theterm polar contribution coversall
non-dispersive componentswhich mostly includea so
asymmetric donor-acceptor interactionswhich can not
be described with common geometric mean approach.

Dala suggested amethod for theparalel solution
of severad equationswhen morethantwotest liquidare
used, which offersmorereasonableresults. Itisbased
on theleast square method and theformulain subse-
quent form:
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BE R

which may bewccessfullyaoplled particularly onpolar
systems.

(41)

Wu - harmonic mean approach

Also according to this approach”>™ surface en-
ergy isequa tothesum of dispersiveand polar partsy®
andy®. Theonly differenceistheharmonic mean method

TsY0

used for thecdculation:
_ _ YYD
Yo STSTIL { 1o +17 +1§+7E’)
By substituting relations (5) and (8) into (42) afinal
formulafor surface energy contribution can be derived:
YsY0

YeYL
(1+cos8,)y i=4{ +—=>H J
o lve v Syl

Thesubscript Li indicatesthe use of several liquids.
Thisprocedureisconvenient mainly for low-energy
systems such aswater and polymers.

The combination of geometric and harmonic mean
methodisasofeasble

(42)

(43)

1 2+ 2 "
or
YS +YL|

These equations provide good resultsmainly in sys-
temswith high energiesfor instanceglasses, oxidesands
metas.

It should be remarked that utilization of theliquid
withsmilar valuesof polar and dispersive partsleads
to erroneousresults of surfaceenergy; hence, aparam-
eter D for two different liquidsdenoted withi andj is
introduced:

D= 62)67) - ko) 6r) (46)

If theva ueof the parameter isequd or higher than
10mN/m (or 10 mJ'm?) theliquid combination can be
used for themeasurement. Generdly, themethod ismore
suitablefor measurement between polymersand com-
monly availableliquids.

Equation of stateapproach
Another group of model §727378.79818% jshased on

Physical CHEMISTRY o

the thermodynamic equation of statein thefollowing
form: vy, =f(y,, vo) wheretheinterfacial tensiony
dependsonly onthevaluesof y andy, .

Berthelot suggested following relation known as
Berthelot’s combining rule:

Yo =Y +¥s—2JY s (47)
Theincorporation of eg. (7) into thisformulaleadsto:

¥s
Yo
Thissimplifies calculation of they, and 6 values and
consequent re-substitutioninto Young equation enables
theacquirement of y, vaue.

Ward and Neumann stated aformulafor low-en-
ergy surfaces:

__Ghrs=ym )’
Y (1-0015ysy, )
Theintroduction of the Young equation providesaway
for y, calculation from the known values of contact

age

cosf=-1+2 (48)

(49)

¥L +(0,0157s - 2)yey.

1. (0.015ysy, —1)
Cond dering thedevitionsfrom the geometric mean, it
isusud tointroducean empirica parameter which serves
asacorrelation factor. In thisconnection the coefficient
isreferred asinteraction parameter @:

cosf =

(50)

W, =7s+7L —Ys =20YsY. (51)
Theinteraction parameter equalsto 1 for ideal phase
boundaries. Good™ attempt to calculatetheinterac-
tion parameter @ (which ranged from 0,53-1,17) by
means of statistical thermodynamic but only for rela-
tively simple systemswhich did not include hydrogen
bonds and interactions conveying the chargetransfer.
Becausethetheoretica computation of theinteraction
parameter for more complex systemsistoo trouble-
some, anempirical relation wassuggested by Neumann:
(52)
Theterm B is an universal constant [ =0,0001247
(m?mJ)? whichreturnsrelatively good resultson low
energy surfaces but similarly to other
one-liquid approachesthe choiceof liquid affectsthe
resultingy.

O =Pl -1s)?
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Li and Neumann combined eqg. (47), (51) and (52)
and derivedfollowingformula

-0,0001247.(y(_ ~ys)?

Yoo =YL tYs— 2V Vs € (53)

Subsequent joiningwith' Young equationyields.

cosf=-1+2 Ys .6_0'0001247'(7L"7S)2 -
Ve

Thenext relation was outlined asthe equation of state
by Wu:
_ ¥, (1+cos6)’
° 4
Herey . isafunction of theinteraction parameter and
surfacefreeenergy. Thevaueof y. isderived fromthe
dependencey. =f (0) as amaximal valuey, .

(55)

Acid —base approach

Van Oss, Good and Chaudhury(527:7585-88 quite
lately proposed thisLifshitz—van der Waals/ acid—base
theory. According to thisapproach the SSFE equalsto
asum of two components.

Y=yt (56)

Symbol YV isacontribution of theLifshitz-vander Wedls
(LW) forcesincluding London, Keesom and Debye
interactions because they show identical distance de-
pendence and can be therefore treated with the same
combining rule. Another part of surfaceenergy y*8is
joined with Lewis acid-base (AB) forces caused by
electron transfer between donors and acceptors. One
of themost ordinary interactions of thistypeishydro-
gen bonding. The polar part of surface energy y2 can
acquire positiveor negativevaueandisseparated in
two non-additive parts:. € ectron-acceptor (acidic) y*

and electron-donor (bacic) v

'YAB — 2 'Y+'Y_ (SD
Surface energy can then be calculated as:

(1+cosO)y, = 2y "5 +vivs +41ivE) (58)

Theleft hand siderepresentscohesonintheliquid and
theright hand side adhesion between Sand L. There
arethree unknowns (y*, v, v remaininginthe
relation and thus the measurement with threeliquidis
required. At least two should be polar and one of them
isrecommended to bewater. If morethan threeliquids
areused theleast square method can be gppliedinthe
followingform:

> Review

+ Y_i - Y+i
s +7s y W VTs _YLLW (59)
Li

Li
Thesubscript Li designatesi-thliquid and 0, is contact
anglemeasuredwithi-thliquid. Incomparisonwiththe
threeliquidsca culation, theregresson methodismore
resstant againg ill-conditioning dueto bad liquid choice.
Theresultisusually very closeto value obtained with
recommended liquid set.

Zisman approach

Zisman["2757687 noti ced that the correl ation of cosH
andy,_isvery oftenlinear. Zisman methodisbased on
the measurement of the dependence of cosd on total
surfacetension of liquidsy, , which can be expressed
as.cos0=f(y).

After thelinear extrapolation cos® — lisapplied,
thevaueof critica surfacetensiony_ isacquired, which
correspondstothestuation whentheliquid idedly wets
the solid surfacei.e. 6 = 0°. The dependence can be
described with afunction:
cos@=1+b.(y.-v,) (60)
Parameter b isaconstant typical for aseriesof used
liquids. It should be emphasi zed that the procedureis
valid only for obtaining y-". of solidswith the apolar
liquids. In addition, thevaueof y_ characterizesthe
molecules on the solid surface but it does not corre-
spondtotota surfaceenergy.

1+cosO;, 7y,
2 W

LIST OFSYMBOLSANDABBREVIATIONS

A Area

o, O, - polarizability of molecules1and 2

AB :acid - base

ACCA - actua contact angle

APCA : @pparent contact angle

B :universa constant [ =0,0001247 (m?
mJ*)’]

C : Washburn materia constant

Crtu : congtantscharacterizing polar (induced,
london) interactions

D - parameter in eq. (46)

€, €, : porosity, didectric permitivity

f(f1,f2,fi)  :fractionof wetted area(contaning com-

ponent 1,2 0ri)
F : Helmholtz freeenergy, force
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R,R,R
Rk

.YD (K, 1,H, AB, N)

,YLAB (,YSAB)
.YLLW (.YSLW)

ve (v.F)
Y+! Y-
h

n

: interaction parameter

: gravity acceleration

: Gibbsfreeenergy

:surfacetension

critical surfacetension

:maximal vaueof thefunctiony _=f(0)

fromeq. (55)

:liquid-vapour interfacial tenson=lig-

uid surfacetenson

- olidHliquidinterfacid tendon
: 0lid-vapour interfacid tenson=solid

surfacetension (energy)

v, Of thesolid surfaceinequilibriumwith

itsown vapour

- dispersive partsof surfacetension

- dtatic contact angle

- Wenzd contact angle

- Young (idedl) contact angle

- wetted perimeter

- pressuredifference

- hydrogtatic pressure

- pressure caused by inertial forces

: pressure caused by viscousforces
-capillary radius, roughness factor,

distance between molecules

- equivaent poreradius
: roughnessrétio of thewet areaof rough

compositesurface

- radiusof the SL contact circleof liquid

droponasolidintheplaneof thesolid

-radii of thecurvature of aninterface
- radius of the column (tube)
- energy contributionsdueto dispersive

(Keesom, induced, hydrogen bonding,
acid-base and non-dispersive)
interactions

:acid-base part of v, (v,
: Lifshitz-van der Waal s— dispersive part

of v, (vo

: polar partsof surfacetension (energy)

or solid (liquid)

- electron-acceptor (electron-donor)

part of surfaceenergy

-highof capillary rise, hysteress, Planck

constant

: dynamicviscosity
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1, -ionizationenergy

K : Boltzman constant (k, = 1,380658.10
2 JKD

I ‘length

L ‘liquid phase

LW :Lifshitz - vander Wads

THTR - dipolemomentsof molecules1and 2

n - molar amount

P . pressure

T, - film pressure

0 : contact angle

0, - advancing contact angle

0. : Cassie contact angle

O : Cassie-Baxter contact angle

0, : dynamic contact angle

0,c : most stable contact angle

R : receding advancing contact angle

p - dengity

S : s0lid phase, spreading coefficient

SSE (SSFE) : solid surface energy (solid surfacefree
energy)

t ‘time

T - temperature

\ :volume, vapour phase

V feesom - potential energy caused by Keesom
interactions

v Peve :potential energy caused by Debye
interactions

Vv, honden :potential energy caused by London
interactions

W -work

W, (W,,) :work of adhesion (between different
molecules1and 2)

W.(W,) :work of cohesion (between the same
moleculesof the phase 1)

W, (W)  :workof cohesoninaliquid (solid)

X - distance
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