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The components of surface free energy of silica gel deposited on glass plates, aluminium
or plastic sheets (commercial Merck’s plates for TLC) were determined by applying two
theoretical approaches: the Lifshitz-van der Waals acid-base approach (LWAB), the
geometric mean of apolar and polar interactions approach (GM). The thin layer wicking
method was applied. Besides, from the measured contact angles of probe liquid
(diiodomethane, a-bromonaphthalene, water, formamide, glycerol and ethylene glycol)
surface free energy components were calculated for the substrata on which the silica gel
was deposited. In this case the equation of state (ES) was additional by applied. The study
has shown that both the kind of substratum and that of the chambers used for measuring
the penetration rate of the liquid do not influence the calculated values of the surface free
energy components of silica gel. The components calculated from the two models of
interfacial interactions: y™V and y/8 or yd and y¢ appeared to be practically the same if
diiodomethane and a-bromonaphthalene were considered as weakly polar liquids, i.e.
donor-acceptor interactions in the surface tension were taken into account. However, when
¥ and y,;~ of these liquids are neglected, considerable differences occur, particularly in the
determined value of Lifshitz-van der Waals component. The values of the total surface free
energy of substrata calculated by applying three thermodynamic approaches are very
similar, but if diiodomethane and «-bromonaphthalene are considered as weakly polar
liquids this similarity is more distinct. © 2000 Kluwer Academic Publishers

1. Introduction face tensions) of both contacting phases, diminished by
Surface free energy of solids and its components aréhe work of adhesionWja) between these phases. Ac-
important parameters characterizing surface propertiesording to Fowkes [19], th&Vs of dispersion interac-
of solids and interfacial interactions. However, determi-tions (%) can be expressed as a geometric mean, while
nation of the surface free energy components is still unOwens and Wendt [20], and Kaelble and Uy [21] used
resolved, because the known methods, which are basedso the geometric mean for polar interactiop$)(
on contact angle measurements [1-5], adsorption mea/an Osset al. [22—-27] expressed the work of adhesion
surements (determination of the film pressure) [6—8by the geometric mean from Lifshitz-van der Waals
or enthalpy of wetting [9-14], are indirect ones. An- componentsk-"), and from electron-donor/{") and
other important problem is interpretation of interfacial electron-accepton”) (and vice versa) parameters of
free energy. In the literature of recent years two basi@cid-base ) interactions for two phases being in
approaches for the description of interfacial free en-contact.
ergy can be found [5, 15-17]. The first is based on the Making a comparative analysis of thermodynamic
assumption that surface free energy of a solid or lig-approaches Schneider [5] found that the values of sur-
uid consists of components resulting from various in-face free energy obtained from the equation of state
termolecular interactions [18-27]. The other [28, 29],(ES) on high and low energy substrata were not con-
although strongly criticized [15, 30-32], assumes thasistent with fundamental premises of the theory. Ac-
surface free energy does not consist of any componentording to this author [5] in the approach based on geo-
and therefore the interfacial free energy is a function ofmetric mean equation (GM), underestimated values of
the total surface free energy of contacting phases onlyhe dispersion component of surface free energy have
Considering additivity of the components, the liquid- been obtained for most systems studied. However, the
liguid or solid-liquid interfacial free energyA>,) is de-  results obtained from Lifshitz-van der Waals acid-base
scribed by the sum of total surface free energies (surtlLWAB) are compatible with theoretical assumptions
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but depend on the sequence of determination of acidean differ a little in thickness in different places of the
base component [5]. For several cases Schneider coujilate.
not determine electron-acceptor parameter because heln this paper, for further testing of the thin layer wick-
obtained a negative square root value [5]. ing method, the effect of the kind of substrata, on which
Itappears from the studies oftzzuket al. [1-3] that  the porous layer of Sigis deposited, on the determined
for some systems similar values are obtained for thenagnitude of the surface free energy components was
components: apolap andy™W), polar ¢-°) and acid-  studied. For this purpose the commercial plates (Merck,
base {”B) of surface free energy using the approachapplied in TLC) were used with a layer of silica gel de-
based on geometric mean [20, 21] and that of van Osposited on a glass plate, aluminium or plastic sheet.
et al [22-27]. Also, two kinds of chambers were used in this study:
Berg [33] and Morra [34] had questioned the experi-one was made in our laboratory and another was a typ-
mentally determinegt™ andy ~ parameter for PMMA ical commercial sandwich chamber used in TLC.
and PCV, but they do not reject the approach by van Oss From the penetration rate of the selected probe lig-
et al. [22-27]. It cannot be excluded that the real sur-uids, using the theoretical models described in earlier
face of these polymers may possess interactions as dpapers [9-14], the components of SiGurface free
termined from the experiments because of the presen@nergy were calculated according to both approaches:
of adsorbed water, some impurities as well as polageometric mean of dispersion and polar [20, 21] and
functional groups resulting from technological poly- Lifshitz-van der Waals acid-base interactions [22—-27].
merization process itself. These two approaches were also used for calculation
However, Lifshitz-van der Waals acid-base approactof the components of surface free energy of glass,
[22-27] seems to give a better insight into intermolecu-aluminium and plastic substrata on which gi®as
lar interactions. The main problem in using this methoddeposited. In this case the components were deter-
consists in determining “true” values of acid-base pa-nined from measured contact angles of diodomethane,
rameters of probe liquids. To determine the electronw-bromonaphthalene, water, formamide, glycerol and
donor and electron-acceptor parameters in surface temthylene glycol.
sions for monopolar and bipolar liquids, van @$sl For calculation of the values of surface free en-
[22-27] assumeg~ =y =255mJ nT?forwateras ergy components using LWAB approach the surface
the standard bipolar liquid. As mentioned above, also @ension components of probe liquids determined by
negative value of square root is obtained in some sysvan Osset al. [22—-27] and Lee [36] were used More-
tems for electron-acceptor interactions [5, 35]. over, it was also analyzed, whether the negligence of
Lee [36], however, has very recently presented arelectron-acceptor and electron-donor interactions for
interesting approach to the problem of the referencaliiodomethane and-bromonaphthalene lead to sig-
y~ andy ™ parameters for water. Considering Taft andnificant differences in the calculated values of surface
Kamlet's [37] solvatochronic parameters of “linear free free energy components [22—-27].
energy relationship”, or “linear solvation energy rela- From the determined surface free energy compo-
tionship” (LSER), which concern a solvation process,nents of glass, aluminium and plastic substrata the to-
he has found for water that a more appropriate ratio ofal surface free energy was calculated and then com-
yT/y~is1.8instead of 1, as assumed by van &sd.  pared with the data calculated from the equation of state
[22—-27]. This leads to new values of these parameterg28, 29].
not only for water but also for all probe liquids used for
contact angle measurements [1-3] or thin layer wicking
technique [9-14]. Lee [36] has recalculated the litera2, Experimental procedure
ture data for many polymers, proteins and others ang 1. Liquids

he foun_d t.hat _the new acidic and basic parameters fOA” ||qu|ds used were pure for ana]ysis or Chromatog_
probe liquids in general cause a decrease of the basjgphy. Water was obtained from Millipore reverse-
parametey ~ and a slight increase of* parameter of  gsmosis filtration unit. Table | contains the literature

the solids. As the author stated, this finding does nogajues of the surface tension and its components of the
solve the problem of determination of the mterfaaalmobe liquids [25, 27, 36, 38—40].

free energy components, but it is a step to learn these
parameters more closely.
Besides the problem of theoretical description of in-2 2. The thin layer wicking experiments

terfacial interactions, the experimental circumstanceﬁ.he thin layer wicking experiments were conducted

have to be_taken into account. In an earlier paper [1212 the same way as described elsewhere [9-14]. As a
itwas stu.o!led whether the thickness O.f porous layer o odel solid silica gel 60 deposited on the plates for thin
a solid (silica gel) affects the penetration rate of probq

liquids, and in consequence the value of the determined” <" chromatography (TLC) was used (Merck):
components of surface free energy. Using commercial — TLC glass plates silica gel 60 (layer thickness
SiO; plates (Merck), the same values of components 00.25 mm),

silica gel surface free energy were obtained for a pow- — TLC aluminium sheets silica gel 60 (layer thick-
dered layer even up to 2 mm in thickness. This is ofness 0.2 mm),

a special importance, when the coating is made in the — TLC plastic sheets silica gel 60 (layer thickness
laboratory by water evaporation, and the obtained laye®.2 mm).
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TABLE | The surface tension components of probe liquids in mNtrat 20°C

Liquid " yld ylp Ref. N ylLW ler N Ref. n ylLW yfr N Ref.

Nonane 2291 2291 O [38] 2291 2291 O 0 2291 2291 0 0

Decane 23.9 23.9 0 [38] 23.9 23.9 0 0 23.9 23.9 0 0

Diiodomethane (D) 50.8 50.4 0.4 [40] 50.8 508 ~0 O [27] 50.8 50.8 0 0 [36]

50.8 0.7 0 [25]

a-Bromonaphthalene (B) 44.6  43.7 0.9 [40] 444  444~0 ~0 [27] 444 435 0 0 [36]
444 436 04 0.4 [25]

Water (W) 72.8 21.8 51.0 [39,40] 72.8 21.8 255 255 [27] 728 21.8 342 19 [36]

Formamide (F) 584 314 27.0 [40] 58.0 39.0 228 396 [27] 58 39 31 29.1 [36]

Glycerol (G) 63.3 33.6 29.7 [40] 64.0 34.0 392 574 [27] 64 34 53 425 [36]

Ethylene glycol (E) 48.2 315 16.7 [40] 48.0 29.0 192 470 [27] 48 29 26 348 [36]

All plates were without fluorescent indicator. The of interparticle capillaries and G is the change of the
plates for thin layer wicking experiments, ¥®.5 cm  specific free energy accompanying liquid penetration

in size, were cut off from a large silica plate. into the porous layer.
The penetration of the liquids was conducted in two For completely wetting liquids (no contact angle) the
different chambers: driving force in case of bare solid surface is equal to the

work of spreading (the difference between the work of

— The chamber made of aluminium, in which the : . Lo
’ adhesion and cohesion of the liquid)G, = Ws = ys—
top wall was a glass plate [9-11]. The chamber Was, o= Wy — We: 9 b S=7s

placed at 12 angle. During measurement one end of
the plate (about 3 mm) was placed in a small Petri dish AGp = (yaV V) — 2y, (2)
into which a little probe liquid was poured.

— The commercial sandwich chamber made bywherey"" =y, for n-alkanes.
Chromdes (Lublin, Poland) for thin layer chromatogra- Forliquids, which form defined contactangle on aflat
phy. In this case the construction of the chamber allowsurface of the studied solid, we consider that the liquid
the liquid to penetrate the layer deposited on the substrgenetrate the interparticle pores in the thin porous layer
tum in horizontal position. The front of the penetrating at a dynamic advancing (in the case of the bare surface)
liquid was observed through the substratum. and the dynamic receding (precontected with the liquid
vapor surface) angles (not contact angles appropriate
%r Young equation) [9—14]. The corresponding free
@hergy change is related to the difference between the

pecific change of energy calculated from Equation 1

was applied. Prior to Wic_king experiments the plates;, bare,AGy, and precontactedy Gy, which is equal
were heated at the following temperatures: to, AGp — AGp=Wx — We.

Inthe case of glass plates and aluminium sheets me
surements were made using the first chamber, where

— glass plates and aluminium sheets were heated for Thus for the model of acid-base interactions at solid-
2 h at 130C, liquid interface (LWAB) [9-14] the folowing relation-

— plastic sheets were dried in a vacuum 2oh at  Ship can be given:
80°C. 1/2
_ _ _ _ AGp — AGp = Wa — We = 2(y Wy W)Y
Dried plates were stored in a desiccator with a molec-

—\1/2 _ 1/2
ular sieve, or keptin closed vessels with saturated vapor +2(vs ) 24 2(vs 1) 22y, 3
of the liquid studied. The time of the silica gel contact
with the liquid vapor was 24 h. In the case of apolar liquids, in Equation 3 the terms

Wicking experiments for decane, diiodomethane,concerning acid-base interactions are reduced. In the
a-bromonaphthalene, water, formamide were made aapproach (GM) based on the geometric mean from ap-
20+ 0.1°C for bare (b) and precontacted (p) surface ofolar and polar interactions it is:
silica gel using all kinds of the plates. 12 12
AGy — AGy = 2(yI%Y) "+ 20P29") " — 21 (4)

2.3. Calculation of surface free energy

components from penetration rate 2.4. Contact angle measurements
A general form of Washburn equation allows determi-Contact angles measurements were performed #t 20
nation of surface free energy components of a solid).1°C by the sessile drop method using a microscope-
from the penetration rate of probe liquids for bare andgoniometer system at 25magnification. A 2ul lig-

precontacted surface [9-14]: uid drop (diiodomethaney-bromonaphthalene, water,
formamide, glycerol, ethylene glycol) was settled by
W2 — EAG 1) microsyringe and the contact angle was read out both
2n from the left and right side. Measurements of advancing

contact angles were made on glass plates, aluminium
wherex is the distance at which the liquid displaces inand plastic sheets, from which the silica gel layer had
timet, n is the liquid viscosityR is the effective radius been removed. Thus prepared plates were washed in
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double distilled water with ultrasounds, then dried: theOn the basis of the contact angle measured for one
glass plates and aluminium sheets at’f3fbr 2 h, and  liquid only the total surface free energy of solid, can

the plastic sheets in vacuum at°8for 2 h. Prior to  be calculated:

the contact angle measurements the plates were stored

in a desiccator with a molecular sieve. 172 _ 1/2]2
Ve (G2 = )™2]" _ soos  (12)
1— 0.015(sp)V/2

2.5. Calculation of surface free energy and
its components from contact angles
2.5.1. The Lifshitz-van der Waals acid-base
approach-LWAB
Interfacial free energyy 2) of two contacting phases 1
and 2 is expressed by the equation:

It is usually assumed that for such systems for which
0 > 0 the film pressure of the liquid on the solid surface
is equal tare =0 [1-5, 28, 29].

3. Results and discussion

— 1y — 2y W W) 1/2 Before the det_erminatior_l of surfac_e f.ree energy com-

re=rtr=2ny:) ponents by using the thin layer wicking method it is
\1/2 _ 1/2 : . . . .

— 2()/1+Vz ) — 2(3’1 y2+) (5) necessary to find an effective radius of the interparticle

pores formed in porous silica gel layer. This is possible
In the case of contact angle)(the work of adhesion is when the surface free energy of a solid is depressed to

described by the following relationship: the value corresponding to surface tension of a hydro-
carbon, i.e. apolar liquid completely wetting the solid
_ LW, Lwy1/2 +.—\12 (no contact angle), e.g. due to the formation of adsorp-
(cost + 1)y = 2(ys "' %)+ 2(vs ) tion film (by contacting the surface with saturated va-
+2(V§V|+)l/2 (6) pAo(-r; of n-alkane). Then in Equation AG is equal to
p=N-

This equation contains three unknown parameters, F19- 1 shows the penetration rate for two alkanes:
Measuring the contact angles of three liquids with"-"onane and-decane (mean values from at least 4-6

+ the components of measurements) in porous silica gel layer on a glass plate
F;gr precontacted (curves 1p, 2p) and bare (curves 1b, 2b)
surfaces. As mentioned in the “Experimental” section
the penetration rate measurements were performed in
two kinds of chambers. In the case of glass plates the

known parametersy™, ¥, %
surface free energy can be determined. Using the a
proach of van Osst al. [22—-27] the total surface free

energy of a solid or liquid can be divided into two parts:

y =y 4y (7
H 210 T T T T T T
2.5.2. The geometric mean of apolar and -
polar interaction approach— GM | TLC glass plates silica gel 60 /A2b ]
In this case interfacial free energy is expressed by th Ib, 1p - n-nonane /

following relationship: 1800 |- 2b, 2p - n-decane 4 7

1/2 1/2

—2vs)" (8
whereyP involves dipole-dipole interactions, hydrogen
bonding or both. Then, from Young equatigv, can
be given:

Y2=Y1+Vy2— 2()/1dl’2d)
1500

1200
1/2

(cosd + L)y = 2(y2 J/|d)l/2 +2(r8y) (©)

Timet, s

In Equation 9 two parameters are unknow: and 900

¥2. They can be determined from two equations wher
contact angles for liquids are measured, for whhfh

and " are known. In this approach the surface free 600
energy is considered as a sum of the dispersjdh,

and the nondispersion?, components:

4. p 300
y=v +v (10)
0 L L L L L P T
2.5.3. The equation of state approach-ES 0 10 20 30 40 50 60 70 80 90
The so-called equation of state for the interfacial free (Distance x)’, cm’

energy can be expressed [28, 29]:
Figure 1 »® = f(t) functions forn-nonane (curves 1) and-decane

[()/1)1/2 _ (3/2)1/2]2 (curves 2) wicking bare (b) and percontacted (p) surface of silica gel 60
2= 12 (11) deposited on glass plates. The penetration rate-alkanes was mea-
1- 0-0150’11/2) / sured in the aluminium chamber.
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TABLE Il The effective radius R) of the interparticle capillaries in 8000 T T —————T—T

the porous layer of silica gel 60 (layer thikness 0.25 mm) TLC glass plates silica gel 60 "
[ 1b, 1p - diiodomethane
The effective radiuR, x107% cm 2b, 2p - a-bromonaphthalene A

Penetrated — 6000 -
distance, cm Ro Rio Av R ot

0-4 4.141 4.831 486+ 0.488 4 4000 i
4-9 5.278 5.654 B66+0.266 &

0-9 5.266 5.465 B66+0.141 F

2000

measurements were performed in a chamber made
our laboratory (aluminium chamber). v
AsitisseeninFig. 1,twostraight-line sectionscanbe o2 30 10 @& o 0 %
found, slightly differing in the slope: one from 0—4 cm,
the other from 4-9 cm of the penetrated distances. Sim-
ilar relationships, though difficult to interpret, were ob- Figure 2 The same relationships as in Fig. 1 but for diodomethane and
tained in earlier studies [9-11]. Thus, it was interestingy-bromonaphthalene.
to find out how the changing sloping affected the cal-
culated components of the surface free energy of sil 0 ey
ica gel. Using the results from Fig. 1 for precontactec g If":,'.:_""“"' e i
surface, the effective radius was determined for thre: . | 5 25 s
penetrations ranges, i.e. 0—4 cm, 4-9 cm and the who
penetration range, 0—9 cm, by the least squares methu .
the linear equation were adjusted. The values of effec.. = | - .
tive radii for two hydrocarbons (nonane and decane; :
with consideration of the particular sections are listec= = * i dh -
in Table II. For the first straight-line section somewhat
smallerRy_4 values were obtained, while for the sec-  ua T ;
ond section theR,_g values are more suitable for the = - i -
entire penetration range. L ;
Applying all the calculated mean values of two alka- I W om 4 s W M8 0
nes, for the particular rangeRy_4, R4_g, and the func- T I —— g—
tion x2 = f(t) for bare silica gel surface for these hy-
drocarbons, the value of Lifshitz-van der Waals Com_Figurg 3 The same relationships as in Fig. 1 but for water and for-
ponenty ", was determined from Equation 2. It was Ma™mde:
assumed that the change of free energy accompaning
n-alkane penetration is equal to the work of wetting byponent, assuming that they are apolar liquids, i.e. ne-
spreading [9-14]. The calculated values of the apolaglecting, small acid-base (acceptor-donor) interactions.
componentytV, of silica gel are given in Table Ill. The presence of iodine in diiodomethane molecule in-
As it can be seen, the values of this component arelicates that;" should be greater than zero. An elec-
practically the same for all cases. Therefore, in fur-tronegative atom as well as andelectrons are present
ther calculations of surface free energy components a-bromonaphthalene molecule, thus this liquid should
mean radiusRp_o) was used. It was experimentally de- demonstrate the weak electron-dongr, and electron-
termined from penetration of alkanes on precontacte@cceptory,”, interactions. Therefore, in further consid-
surface. erations these liquids will be treated either as apolar, or
Besides, two otherdiuids were used to determine this as weakly polar.
value, namely diiodomethane amebromonaphthalene. Fig. 2 shows the penetration rate of two apolar lig-
Van Osset al. [26] have proposed to use these lig- uids: diodomethane angbromonaphthalene while in
uids for determination of Lifshitz-van der Waals com- Fig. 3 for two polar ones: water and formamide on bare

(Distance x)z, cm’

U]
L]

L L
.

"

TABLE 11l Surface free energy components: apolar, Lifshitz-ven Waré%x, acid-base;(.sAB): electron-acceptonf") and electron-donons”),
and total surface free energys] of silica gel (in mJ n1?) determined from wicking experiments for TLC glass plates silica gel 60 (surface tension
components of probe liquids taken from literature [27, 36, 38])

SiO, 60, glass plates

ye eV A ZA S vs ¥ A A
from W from W
nonane decane Av Av. and F and F
R GCo Cio Co10 D B B,D, Co 10 [27] [36]
E0*4 39.0 40.9 39.9 39.9 43.0 40491.8 1.2 38.0 13.5 54.4 1.6 28.3 13.5 54.4
Rs-9 38.7 40.6 39.6 425 436 41492.1 0.4 51.3 9.1 51 0.5 38.3 8.8 50.7
Ro_g 38.3 40.1 39.3 40.3 43.4 41402.1 0.5 45.6 9.5 50.5 0.7 34.1 9.8 50.8

6085



and pre-contacted surface. From these relationshipsaterfacial interactions those of acid-base interaction,
AGp and AG,, from Equation 1 and the Lifshitz-van y/*B, and total surface free energy, are also listed.
der Waals component from Equation 3 were calculatedAs it can be seen, very close values of surface free en-
Then from simultaneous of solution of two Equations 3:ergy components of silica gel were obtained (maximum
electron-acceptoy", and electron-donoy,, param-  standard deviation is 2.5 mJ™).
eters of silica gel surface free energy were determined Comparing the results presented in Table Il and IV
using the mean value ¢f" for two hydrocarbons, di- it can be found, that a perfect agreement was ob-
iodomethane ang-bromonaphthalene. From the value tained for all the surface free energy components cal-
YW and the data in Fig. 3 the parametegs andy, culated for the values of surface tension from paper
were calculated for the particular penetration sectionspf van Oss [27]. The mean values of the components
basing on the values of surface tension components aff silica gel (for three kinds of substrata) are equal to
water and formamide from paper of van Oss [27] andytV =407+ 0.5 mJ nv2, yo =446+1.1 mJ n72,
on the new data from Lee’s paper [36]. The obtainedy," =0.74+0.2mInT2, yAB =114+ 1.6 mInT?, and
values are listed in Table IlI. the total surface free energy=52.0+ 1.5mJn72. As
As it appears from Table lll, that in the case of di- it is seen, the substrata on which the porous layer was
iodomethane ang-bromonaphthalene a slightly higher deposited as well as its thickness (0.25 mm on glass
YW value was obtained than for alkanes. The valueplates, 0.2 mm on aluminium and plastic sheets) did
of y5-, from the first straight line section (0—4 cm) are not practically affect the determined value of compo-
lower than for the second one (4-9 cm) as well as frorments of surface free energy. The different measurement
the data of van Oss [27] and lee [36]. When the wholechambers used for penetration rate experiments did not
penetration range (0-9 cm) is taken into consideratiomnfluence the determined values.
[27], s =45.6 mJ nT2, a good agreement is obtained  The values of surface free energy components of sil-
with yg~ of silica gel [11]. ica gel determined on three different substrata obtained
Similar experiments and calculations (for the wholewith the help of the new data of surface tension compo-
penetration range 0-9 cm) were performed for sil-nents for water and formamide [36], were in very good
ica gel samples which porous layer was depositeéigreement. A decrease of thg value by about 25%
on aluminium and plastic sheets. From the penetragfrom 44.6 to 333+ 0.9 mJ nT?) and slight increase in
tion rate of nonane, decane, diiodomethane and y; (from 0.7 to 104 0.3 mJ n12) were found, whilst
bromonaphthalene (not reported here) the values of'® andys practically remained unchanged (Table I
YW were calculated. Then the electron-acceptor anénd 1V).
electron-donor interactions of surface free energy of Alkanes used for determination of Lifshitz-van der
silica gel 60 were determined from the penetration ofWaals component provided a little lowgt™ value
water and formamide and calculated values of Lifshitz-was than that obtained for diiodomethane amd
van der Waals component (from van Oss [27] and Ledoromonaphthalene. As mentioned earlier, van Oss [27]
[36]). Table IV presents these values as well as measuggested to neglect acceptor-donor interactions of the
ones with standard deviation. For full illustration of latter liquids at solid-liquid interface, i.¢,” =" =0.

TABLE IV Surface free energy components: apolar, Lifsbitz-van der Wadl¥)( acid-base/®): electron-accepton{") and electron-donor
(vs), and total surface free energys) of silica gel (in mJ n2) determined from wicking experiments for TLC aluminium and plastic sheets silica
gel 60

SiO,
Aluminium sheets Plastic sheets
yaW v Yo yoB ¥s yew v Yo yoB ¥s
van Oss [27]
37.8) 15 43.2 16.1 53.9 383 1.1 44.4 14.0 52.1
38.9) 1.3 43.3 15.0 53.8 38%8 1.1 44.4 14.0 52.8
38.%) 1.4 43.3 15.3 53.6 38% 1.1 44.4 14.0 525
42.4) 0.7 43.7 11.1 53.5 399 0.9 44.5 12.7 52.1
42.1°) 0.7 436 11.0 53.1 4268 0.5 44.8 9.5 51.9
40.9 0.9 435 125 53.4 4001 0.8 44.6 12.1 52.2
+2.3 +0.4 +0.2 +25 +0.3 +2.0 +0.3 +0.2 +2.3 +0.3
Lee [36]
40.9 1.3 32.4 12.6 53.5 4011 1.1 33.3 11.7 51.8
+2.3 +0.5 +0.2 +2.2 +0.1 +2.0 +0.4 +0.1 +25 +0.4

YW determined from:

a)n-nonane.

b) n-decane.

c) average frorm-nonane and-decane.
d) diiodomethane.

e) a-bromonaphthalene.

f) average from (c-e).
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TABLE V Surface free energy components: apolar, Lifshitz-van der Waal)( acid-base ¢£®): electron-accepton/+) and electron-donor
(ys7), and total surface free energys) of silica gel (in mJ m2) determined from wicking experiments for TLC glass plates, aluminium and plastic
sheets silica gel 60; diiodomethane antiromonaphthalene as weakly polar liquids [25]

SiO, 60
Glass plates Aluminium sheets Plastic sheets
Liquids — y&" v v AR VS S VS Ve e R 7Y v Vs A

DWF 30.9 2.5 445 21.1 52.0 32.8 2.7 428 215 54.3 30.1 2.7 43.6 21.7 51.8

BWF 34.7 15 44.9 16.4 51.1 32.9 2.8 428 219 54.8 33.6 2.8 43.7 22.1 55.7

Av. 32.8 2.0 44.7 18.8 51.6 32.9 2.7 428 217 54.6 31.9 2.8 43.7 21.9 53.8
+27 07 03 33 +£06 +01 +£01 40 +03 +04 +25 +£01 +£0.1 03 =£2.8

However, in further investigations these interactionspredominates. The same tendency in values of surface
were taken into account, and from the penetratiorfree energy components can be found for many stud-
rate the surface free energy components of silicaed polar solids [5, 9-13, 36]. The determined compo-
gel were determined for two sets of three liquids:nent values seem to depend on the method used. For
DWF (diiodomethane, water and formamide) and BWFexample, the values of silica gel components deter-
(a-bromonaphthalene, water and formamide). An analmined from adsorption isotherms by gas chromatog-
ysis carried out for five liquids commonly used for raphy are electron-acceptor,” =451 mJ nT2 and
contact angle measurements [4], i.e. water, glycerolelectron-donotys =6.12mJn12, thus the acid char-
formamide, diiodomethane and bromoform showedacter of the surface predominates [8]. It is obvious
that among the ten possible combinations the setbecause the silica gel surface is conditioned with dry
of three liquids: water-glycerol-diiodomethane, water-hydrogen in a chromatographic column before the mea-
formamide-diodomethane, water-glycerol-bromoform,surements. However, during the measurements, e.g. of
water-formamide-bromoform were the best for deter-contact angles [5] or thin layer wicking [9—13] the stud-
mination of y*'W and y/*® of surface free energy of ied surface contacts with the air and the water vapor
solids. In this case the error in contact angle measurgrom the atmosphere.

ments for these liquids caused the smallest errorin cal- As it results from the studies of deZuk and
culations of these values. Besides the liquids mentioneddziennicka [1], the changes in wettability of quartz
van Osst al. [26] used als@-bromonaphthalene and by water and organic liquids as a function of air hu-
ethylene glycol. It results from this that for calcula- midity and the time of quartz contact with water, are
tion of surface free energy components of solids by thehe result of the changes in surface free energy compo-
method of van Osst al. [22—-27] the most suitable set nents due to adsorption of water molecules on the solid
of liquids which consists of an apolar liquid (in fact a surface and the suitable structure of the formed film.
weakly polar) with a high surface tension, and two polarA strong orientation of water molecules occurs at the
liquids. They are different considerably in the values ofexpense of the decreased surface free energy of quartz,

W,y andyt. which in consequence causes a considerable decrease
Table V presents the values of surface free enin quartz surface interactions (polar component).

ergy components of silica gel determined, usjig= The properties of silica gel surface depend on the

0.7 mN nt! for diiodomethane andy =y"=  geometric structure and chemical character of the sur-

0.4 mN nt?! for a-bromonaphthalene [25]. The mean face [41]. After removing the physically adsorbed water
values of the particular components of silica gel(heatinginvacuum at 20Q) hydroxyl groups (silanols
are (for three kinds of platesy!v =325+0.6; —4.6 OHnnT2) remain on the surface. They are strong
vs =054+04; yo =437+10; yI®=208+17 adsorption sites owing to the specific interactions with
andys=53.34+1.6mJnT2. Asitis seen, the introduc- the adsorbate molecules (the formation of hydrogen
tion of acid-base parameters in the surface tension dfonding) and siloxane bridges considered as hydropho-
these two liquids leads to considerable differences in theic sites [41].
values of surface free energy components (Table IlI-V). From the determined surface free energy compo-
The values of -V decreases from 40.7t032.5m3t  nentsytV, y& andy; of the studied silica gel it can be
which gives 25.2% difference of this component value,concluded that water molecules are adsorbed with the
ys increases from 0.7 to 2.5 mJ7%) while y; and  hydrogen atoms oriented towards the hydroxyl group
ys do not practically change (44.7 to 43.7 and 52.0 to(the acid end in Lewis’s theory) due to the fact that the
53.3mJnT?, respectively). silica surface becomes electron-donor (basic). Such a
Thus, the assumption that diiodomethane oar model of hydrogen bond formation is more likely, and
bromonaphthalene interacts with the adjacent phasi¢has been confirmed by Grivtsov [42] with the help of
only by Lifshitz-van der Waals forces results in con- numerical modeling by molecular dynamics.

siderable differences in values of apojat, yJ and There should be taken into consideration also the
y&8, and thereby in predicting free solid-liquid inter- possibility of dissociation of surface hydroxyl groups
facial energyys. in the presence of water and the resulting formation of

The value ofy; is much higher for the studied sil- a negative charge on the surface. In this situation the
ica gel thany;" i.e. the basic character of the surfacewater dipoles are oriented by the positively charged part
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TABLE VI Surface free energy components of silica gel (in m#)ndispersion ;(/sd) and polar (/sp) determined from wicking experiments for
TLC glass plates, aluminium and plastic sheets (surface tension components of probe liquids taken from Ref. [40])

SiO, 60
Glass plates Aluminium sheets Plastic sheets
Liquids ¥ v Vs ¥ ve Vs ¥ ve vs
DW 34.5 31.6 66.1 36.5 31.0 67.5 33.6 334 67.0
DF 36.1 17.0 53.1 37.8 17.6 55.4 34.9 17.1 52.0
BW 35.2 31.2 66.4 33.8 32.7 66.5 34.1 32.0 66.1
BF 35.9 19.2 55.1 36.6 14.9 51.5 36.4 17.6 54.0
Av 35.4 24.8 60.2 36.2 24.0 60.2 34.8 25.0 60.0
+0.7 +7.7 +7.1 +1.7 +9.1 +8.0 +1.2 +8.9 +7.9

TABLE VII Contact angles, and their standard deviations (degrees) for the liquids measured on the glass platess, aluminium and plastic sheets

Type of plates b 08 Ow OF Og O

Glass plates 434827 26.0+1.5 33.42.6 25.0-2.9 29.94-1.8 14.3+15
Aluminium sheets 44.82.2 33.8£3.5 71.5+3.7 66.3+ 3.8 77.14+2.4 65.3+:2.9
Plastic sheets 4142.0 25.5+3.9 75.6-2.4 51.6+3.4 60.4+3.3 43.9+1.2

towards the silica surface, whereby the surface becomes aluminium and plastic sheets. On the surface of
electron-donor. It seems that water molecules adsorbeglass plate the largest contact angle is formed for di-
on silica gel essentially change the surface propertiemdomethane, and the smallest one for ethylene gly-
of this adsorbent. col. On aluminium sheets the contact angle values
From the literature data it appears that for manyfor water and glycerol are very close and compara-
systems the values of surface free energy compoble to water contact angle on plastic sheets. On plas-
nents calculated through the geometric mean of aptic sheet the contact angle values of diiodomethane,
olar and polar interactions [20, 21] and according toe-bromonaphthalene, water and formamide are com-
the model of Lifshitz-van der Waals and acid-base in{parable with those for perspex [5].
teractions [22-27] are practically the same [1-3]. To Taking the contact angle values from Table VIl one
test this for the silica gel studied the componentscan calculate (Eqatuions 5 and 8) the components:
y3, and ¥®, of the surface free energy of silica were Lifshitz-van der Waals and acid-base as well as disper-
also calculated from the results presented in Figs 1-8ion and polar ones of surface free energy of the plates
and on the basis of, y,d and ylp values for probe studied, assuming that the film pressure of the liquids
liquids (Table I). The values of the dispersion andis 7e=0. The results are listed in Tables VIII and IX
polar components of the gel determined from Equa-<considering diiodomethane ardbromonaphthalene
tion 4 are shown in Table VI. From this table appearseither as apolar liquids (Table VIII) or as weakly po-
that, the mean values gff =355+0.7mJnt2 and lar (Table IX). Analyzing the values of*", y5 and
y¥=24.6+0.5mJ n2 of silica gel on three kinds of Ys components it can be found, that with DWF and
plates do not differ significantly from thgt™%V =325  BWF sets for glass the obtained values of the compo-
and y28 =20.8 mJ nt2, when diiodomethane and nents are the closed to mean values also presented in
a-bromonaphthalene are considered as weakly polafables VIII and IX. In the case of aluminium and plas-
liquids (Table V). However, considerable differencestic sheets every set of the liquids gives similar results
occur when the above liquids are considered apoef the components. The mean values have a small stan-
lar (ytWV =407 andy?® = 114 mJIn?). The average dard deviation (to 0.8 mJ4), while in the case of glass
value of the total surface free energy of silica gel calcuplates itis maximally 5.3 mJ n? for the electron-donor
lated for these components is equal tol608 0.1 (from  component.
GM) and it is higher than 53+ 1.6 mJ nT2 (LWAB). When diiodomethane ang-bromonaphthalene are
As it has been stated above, although the silica getonsidered as apolar liquids thé"V value for alu-
layer was on different substrata (glass plate, aluminiurminium sheet is 34+ 0.2 mJ nT2, whereas for glass
and plastic sheets) the determined values of the paand plastic sheet: 39+1.0mJn2 and 396+
ticular components of SiDsurface free energy were 0.7 mJnt2, respectively. Although the apolar interac-
practically the same. Nevertheless, the determinatiotion of the plates studied are very similar, their acid-
of the substratum surface free energy seemed intebase interactions are essentially different. Fhevalue
esting, therefore the contact angle were measured fas 4064 5.3mJ nT? for glass, 200+ 0.3 mJ nT? for
six liquids: diiodomethane,a-bromonaphthalene, aluminium sheetand84 0.7 mJ n12 for plastic sheet
formamide, water, glycerol and ethylene glycol. The(Table 1X). Despite the fact that changes were observed
mean values of the contact angle are given innyg,ys andy28 values of the plates on which porous
Table VII. The contact angles for diiodomethane,silica gellayer was deposited, it had no influence on the
a-bromonaphthalene on all kinds of plates are very simvalue of the determined surface free energy components
ilar, while for polar liquids they are definitely larger of the silica gel studied (Table Il and 1V).
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TABLE VIII Surface free energy components and total surface free energy (imf)bfglass plates, aluminium and plastic sheets determined
from contact angles of the probe liquids (Table VII); diiodomethanesabdomonaphthalene as apolar liquids [27]

Glass plates Aluminium sheets Plastic sheets
tiquids »eV v s B s R 2 7 7 S AN VN 74 S 78
DWF 38.1 1.3 40.5 145 52.6 375 0.5 20.6 6.4 43.9 38.9 0.4 6.6 3.2 42.1
DWG 38.1 25 34.9 18.7 56.8 375 0.6 20.9 7.1 44.6 38.9 0.8 55 4.2 43.1
DWE 38.1 0.4 46.7 8.6 46.7 375 0.6 21.2 7.1 44.6 38.9 0.3 7.0 29 41.8
BWF 40.0 1.0 40.7 12.8 52.8 37.2 0.5 20.6 6.4 43.6 40.2 0.3 6.6 2.8 43.0
BWG 40.0 2.0 345 16.6 56.6 37.2 0.5 21.0 6.5 43.7 40.2 0.7 5.4 3.9 44.1
BWE 40.0 0.3 46.4 75 47.5 37.2 0.6 21.3 7.1 44.3 40.2 0.3 6.9 2.9 43.1
Av.2 39.1 1.3 40.6 13.1 52.2 37.4 0.55 20.9 6.8 44.1 39.6 0.5 6.3 333 42.9
+10 +09 +£53 +44 +43 +02 +0.05 +03 +04 +04 +0.7 +£02 +0.7 +06 +£0.8
Av.D) 39.1 1.7 30.3 134 52.5 37.4 0.75 15.7 6.9 44.2 39.6 0.7 4.7 34 42.9
+10 +12 +£39 443 443 +02 +005 +02 +03 +04 +0.7 +03 +06 +05 =£0.7

a) Average values calculated for surface tension components of probe liquids from van Oss [27].
b) Average values calculated for surface tension components of probe liquids from Lee [36].

TABLE IX Surface free energy components and total surface free energy (inR)Jbifglass plates, aluminium and plastic sheets determined
from contact angles of the probe liquids (Table VII); diiodomethanesabdomonaphthalene as weakly polar liquids [25]

Glass plates Aluminium sheets Plastic sheets

Liquids »" " o K% S S Z A O S 7 e S o

DWF 29.5 3.6 39.7 23.9 53.4 31.4 0.03 20.2 1.6 33.0 35.3 0.9 6.5 4.8 40.1
DWG 29.8 4.4 36.7 25.4 55.2 31.1 0.1 22.0 3.0 34.1 35.5 1.2 5.7 5.2 43.2
DWE 28.65 1.6 48.7 17.7 46.3 31.1 0.1 22.2 3.0 34.1 35.0 0.7 7.3 4.5 41.7
BWF 315 2.9 39.9 21.5 53.0 33.1 0.1 20.3 2.8 35.9 36.9 0.7 6.5 43 40.3
BWG 31.5 4.0 36.3 24.1 55.6 33.1 0.2 21.6 4.2 37.3 36.9 1.0 5.6 4.7 42.8
BWE 315 1.2 48.1 15.2 46.7 33.1 0.3 21.9 4.2 37.3 36.9 0.5 7.1 3.8 43.3
Av. 30.4 3.0 41.6 21.3 51.7 32.1 0.1 21.4 3.1 35.3 36.1 0.8 6.5 4.6 42.1

+1.3 +13 455 +40 +42 +10 +01 +09 +10 +10 +09 +03 0.7 +£05 +£1.1

The values of the surface free energy and its compo- Also the values of dispersio,rg and pOlaU/sp compo-
nents for the tested substrata, calculated with the helpents were calculated by using the geometric mean of
of the new data of surface tensi_on component for wateglispersion and polar interactions [20, 21]. Calculations
and formamide, are presented in Table VI [36]. In this of ;.9 andy? from Equation 9 were made for the follow-
case the electron-donor parameter for the substrata Wagg liquids pairs: DW, DF, DG, DE, BW, BF, BG and BE
observed to decrease, and the electron-acceptor paragfwhich one was an apolar and the other polar liquid.
eter to increase a little for the glass and plastic sheetshe results are given in Table X. The calculated values
respectively. Both the values of ac_|d-base Interactionsf the dispersion component for all kinds of plates are
and the total surface free energy did not change. similar, which is characterized by a small standard de-

If donor-acceptor interactions of diiodomethane andviation. The values of the polar component are different
a-bromonaphthalene are taken into consideration theor various liquid sets. For glass plates fdevalue de-
ys'-W values calculated for all kinds of plates are smalleriermined from the set of liguids: DG, DF, BG and BF is
At the same time this causes an increase in electromractically the same as the mean one, i.e. 21.4 ¥ m
acceptor interactions. The electron-donor componeniyhile a considerable discrepancy of that from the set of
as in the case of the silica gel studied, practically rejiquids DW, DE, BW and BE occurs. Considerable dif-
mains unchanged. ferences in the value of this component are also found

TABLE X Components: dispersion§) and polar {£) and total surface free energy] of glass plates, aluminium and plastic sheets determined
from contact angles (Table VII) of the used liquids, in mJ%f40]

Glass plates Aluminium sheets Plastic sheets

Liquids ¥ ve Vs 7 Ve Vs ¥ Ve vs

DW 324 31.6 64.0 34.8 8.2 43.0 36.6 5.8 42.4
DF 33.6 19.9 53.5 36.4 1.9 385 36.4 6.8 43.2
DG 334 22.1 55.5 37.2 0.4 37.6 36.7 5.0 41.7
DE 34.6 125 47.1 37.9 ~0 37.9 37.2 31 40.3
BW 32.0 317 63.7 334 8.6 42.0 37.1 5.7 42.8
BF 33.9 19.7 53.6 355 21 37.6 36.7 6.6 433
BG 334 22.0 55.4 36.8 0.4 37.2 37.3 4.8 421
BE 35.3 12.0 47.3 37.9 ~0 37.9 38.2 2.8 41.0
Av. 33.6 21.4 55.0 36.2 2.7 38.9 37.0 5.4 42.1

+1.1 +7.4 +6.4 +1.6 +3.6 +2.2 +0.6 +1.5 +1.1
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TABLE X1 Surface free energy of glass plates, aluminium and plastic(LWAB, GM and ES) similar values of surface free
sheets calcu_latt_ed according to the equation of state from contact angl@nergy are obtained, however, with different accuracy.
ofthe used liquids (Table VIl The agreement among thevalues obtained by differ-

¥s (MJ nT2) ent methods does not mean that the three approaches
are useful in the same way for the surface free energy
determinations. A measure of the usefulness of a given
Glass 39.3 404 656 532 575 745 55139 approach can be found examining, for example, the
Aluminium 389 37.6 462 333 317 237 3%B7  golid-liquid interfacial interactions and the work of lig-
Plastic 40.1 403 425 413 420 366 4&3.1 uid adhesion to the solid surface [3].

Typeofplates (D) (B) (W) (F) (G) (E) Average

for aluminium sheet, whereas for plastic sheet the valf" Conclqsions_ . : :
ues are approximaté. These results also indicate whic'r:1rom the investigations carried outit can be stated:
pairs of the liquids are suitable for determinations of 1. Using two models for description of interfacial
the components. free energy: acid-base and geometric mean approach,
For the last ten years the approach of van @ss.  almost identical results gf*"V andy? as well asy/*®
[22—27, 36] has mostly been used for description of in-andy? were obtained both for the studied silica gel and
terfacial interactions, and often for comparison the val-plates used as substratum for porous silica layer.
ues of Owens and Wendt method [20] and Neumann's 2. The above agreement between the compo-
equation of state [28, 29] were also calculated. One ofient values is obtained when electron-acceptor and
the mostimportant conclusions resulting from this anal-electron-donor interactions for diiodomethane and
ysis is finding these approaches useful, in such procesgomonaphthalene taken into consideration.
as adhesion, adsorption, wettability which depend on 3. Using the new values of the surface tension com-
the surface free energy interactions [5, 15]. To components for water and formamide was obtained a de-
pare three approaches the total surface free energy cfease inthe value of electron-donor interactions and an
the studied substrata was calculated from the deteincrease of electron-acceptor interactions which, how-
mined components (Table VIII-X) as well as calcu-ever are still low, whilsty2® and ys did not undergo
lated from Neumann'’s equation of state (Equation 12}any changes.
[28, 29] using the measured contact angles (Table VII). 4. Neglecting electro-donor parameters in the surface
This calculated values are presented in Table XI. Adension of diiodomethane and-bromonaphthalene
it appears from the table the biggest standard deeauses considerable differences in the values of deter-
viation was obtained for glass plategs€551+  mined surface free energy components of silica gel (thin
13.9mJm?) and the smallest for plastic sheets layer wicking method) and glass plates, aluminium and
(ys=405+£2.1mInT?). The free energy of glass plastic sheets (contact angle measurements).
varies from 39,3 (diiodomethane) to 74.5 mJtethy- 5. On the basis of three thermodynamic approaches
lene glycol). These values clearly show that “equation(LWAB, GM and ES) comparable values of total sur-
of state approach” is wrong. It is an experimental ar-face free energy of the studied substrata were obtained,
tifact that contact angle of diiodomethane on the glasfiowever, the best agreement have occurred for plastic
plate was 43t 2.7° (Table VII), and evenifthe total sur- sheets where acid-base interactions are smallest.
face free energy of glass is 55 m3fnthese is no con- 6. The thin laye wicking method is very useful for de-
tradiction. It is only a proof that the surface free energytermination of surface free energy components of solids
can be really spitted into differentinteractions, and if di-when it is difficult to measure contact angles. The kind
iodomethane interacts only by the dispersion (Lifshitz-of the chamber used for penetration rate measurement
van der Waals) forces, it amounts.822,7mJ nt2  of a liquid, the thickness of the deposited layer as well
(Table V). as the kind of the substratum on which it has been de-
From Table Xll it can be found that applying the posited do not affect the value of the determined surface
three approaches to describing interfacial interactionfree energy components.

TABLE XII Total surface free energy of glass plates, aluminium and plastic sheets calculated using different thermodynamic approaches (from
contact angles of the used liquids - Table VII)

¥s (MI nT2)
LWAB
from Table 8 from Table 9
Type of plates [27] [34] [25] GM ES
Glass 52.2-4.3 52.5+4.3 51.7+4.2 55.0+6.4 55.1+13.9
Aluminium 44,1+ 0.4 442+ 0.4 35.3t1.8 38.9+2.2 35.+6.7
Plastic 42.8+0.8 42.9+0.9 40.6£0.8 42.1+1.1 40.5+2.1

LWAB - the Lifshitz-van der Waals acid-base approach.
GM - the geometric approach.
ES - the equation of state.
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7. In the case of strongly polar solid, e.g. silica gel,19

the presence of adsorbed and oriented water moleculé&8-

and electrostatic interactions cannot be ignored becausz?

they essentially effect surface free energy. 29
8. It seems that the approach taking into account

quantitatively electron-donor and electron-acceptor in23

teractions (hydrogen bonding) allows a better expla=24.

nation of the phenomena occurring at interfaces, e.g
stability of the colloid system, enrichment of raw min-
eral materials, etc. 26

27
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