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Liquid adsorption and immersional wetting on
hydrophilic/hydrophobic solid surfaces

Imre Dékdny

Department of Colloid Chemistry, Attila J6zsef University, H-6720 Szeged, Hungary

Abstract - The preferential adsorption on adsorbents with different surface hydrophobicity (hydrophobic
layer silicates) can be properly described by the thermodynamic data of the adsorbed layer. When the
components in a binary liquid mixture are very different in polarity, as they are in methanol-benzene
mixtures, the polarity of the surface can be characterized through the shape of the excess isotherms and the
azeotropic composition. The free energy 471G = f(xy) calculated from the excess isotherms, gives
information about the decrease in free energy due to the displacement. The displacement enthalpy
isotherms A5 {H = f(x1) can be determined with flow microcalorimetry and the thermodynamic description
of the adsorption layer is complete. The combination of displacement free energy and enthalpy with
adsorption excess amounts gives a new way to determine the volume of the adsorbed layer. The
combination also gives data to determination of the molar ( A51g, 471h) thermodynamic data, which
describe the polarity of a surface in a certain liquid mixture.

INTRODUCTION
Silicate surfaces are usually hydrophilic against water because inorganic counter jons compensate the negative charges created
by isomorphous substitutions in the silicate layer structure. By exchanging these counter ions by cationic surfactants the

surface can be made hydrophobic. Suitable cations are, for instance, alkylammonium jons or alkylpyridinium ions.

Surface excess adsorption isotherms from binary liquid mixtures respond sensitively to the degree of hydrophobicity of the
adsorbent [1-6]. The composition of the adsorption phase changes with the character of the surface. Preceding studies with
montmorillonite as adsorbent revealed the mutual influence of the liquid molecules and the long chain organic cations onto the

surface structure of the adsorption layer(4-6).

By combination of adsorption excess and enthalpy isotherms of wetting, this work is aimed at the structural changes occurring
in the adsorption layer in response to changes of the liquid composition. In the case of organophilic montmorillonites the

structural changes of the adsorption layer can be detected by X-ray diffraction studies.

Our aim is,therefore, to establish correlations between the adsorption excess isotherms and the enthalpy isotherms, and to
calculate the dependence of the enthalpy of wetting on the composition of the liquid mixture. The results provide useful
information not only about the structure of the adsorption layer, but also the colloidal stability of dispersed systems in organic

medium,

1. THEORETICAL RELATIONS
1.1. The volume and the composition of the surface layer
For the adsorption of binary liquid mixtures, the adsorption excess amount n 10(“) on the solid surface is given by definition
[1-3]):

n,0®) = 10(x 0-x ) = nOAx, 0

in which n® is the total amount of the liquid mixture, x4 is the mole fraction of the first component before adsorption and x|

in the equilibrium bulk phase.
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If only physical adsorption occurs the material balance from of the adsorption the Ostwald- de Izaguirre equation is obtained:
nlc(") = n%Ax| = n%xy-n3%x) = ny5-n¥ = nS(x5x)) ()
which establishes a correlation between the adsorption excess amount, the material content n% = ny5+n5 and the com-
position xyS = ny/n® of the interfacial layer. According to the adsorption layer model the volume of the interfacial layer
{V$] is given by the next equation.
VS=n8 V1 + 1%V 2 3)
Vm,1 and Vi, o are the molar volumes of the materials in the adsorption layer and, by first approximation, can be
considered identical with the molar volume in the liquid state. This model ("adsorption space filling model”) is essentially
analogous to the pore filling model and implies the condition that the thickness of the adsorption layer should be constant in
an certain composition range. From the knowledge of the adsorption volume VS, and the specific surface AS, the thickness of

the layer t = VS/AS, can be calculated [4-6]. Equation (3) can be transformed into
V8 = (045 + rng%) Vi, 1 @

where 1 = Vp, 2/V,, | is the ratio of the molar volumes of the components. Introducing the volume fraction of the

adsorption layer:

S S
O =MYmL g Dy =R ®)

from Equations (2)-(5) we obtain the relationship

et St oWy, 6
(Dls_xls+rx25_¢l+Vs(x1+rx2) ©

in which (I)l = x3/(x} + r xp) is the volume fraction of the bulk phase. The volume fraction of the adsorption layer can be

calculated from the excess isotherm and VS,
There are several methods for calculating the adsorption capacity of the pure component Vsl'o. One is the well-known
Everett-Schay function [7,8):

X1X _ Vml _f_.§:£] xj

n 0@ =~ VS o L1751 )

which can preferentially be applied for the determination of VS ,0 in the case of U-shaped excess isotherms,
Another is the Schay -Nagy graphical exteapolation, in which n%) and n%) can be calculated from the middle linear section

of the S-shaped excess isotherms [2,8]. The value of VS is obtained from Eq.(4).

1.2. Immersional wetting in binary liquids
The heat of immersion can be calculated for the adsorption layer model. When the adsorbent is immersed in the liquid

mixture, an adsorption layer n¥ = n%; + nS; is formed on the surface. The total enthalpy of welting is given, according to
Everett {7,9]:

A Hp= n5x8A.hy + nSxpSA.hy + H3¢(x;) + AHS(x)) ®
in which AH®(xq) = HE(xy) - H®(x{°) is a mixing therm, i.e. the change in the enthalpy of mixing in bulk phase. For a
given liquid mixture, where Axl = x19 - x|, is known the function AHe(xl) can be calculated from the enthalpies of
mixing found in literature. The function Aw”t = f(x{) should be corrected by function AHe =f(x1). In adsorption of ideal

or almost ideal liquid mixtures, this correction is not necessary (AH®-0). After the correction, introducing the volume
fractions @5 and D55, Eq.(8) will be

AGH = A H-AH® = @505 oAk + Do5nS; A ghy + HS(D,5) ©)

The therm Aahi = hS; - h; (i=1,2) is the change of enthalpy due to adsorption of the components i which will further be
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called molar enthalpy of adsorption. The nsi,o (i=1,2) is the adsorption capacity in the pure liquid. In Eq.(9) "SZ,OAahZ =

A H,O is the wetting enthalpy in the pure second component. After further transformations,
By H = A H-AGH," = @ 0S| o(Aghy-Byho/r) +HSED ) (10)

which is related to the calculation of Ay H displacement enthalpy. The enthalpy change due to the adsorption displacement

can be measured in a flow microcalorimeter.

If the adsorption layer shows ideal behaviour, H5¢=0), the surface layer composition @S calculated from the calorimetric
data [10}):

AyH-AH° Ay H
AGHO-AyH0 Ay H (O - AwHy0

)

DSy cal =

In systems with U-shaped excess isotherms, where the function AWH= f(x1) increases monotonously, (I)ls is calculated

according to Eq. (9) (Fig.1A).

In systems with S-shaped excess isotherms, the function Awll=f(d)l) has a backward section for (I)] >d)l‘, and Eq. (9) is
not suitable for the calculation of @¢5. For this purpose, the enthalpy isotherm of immersional wetting has to be divided into

two sections at the azeotropic composition (x| ), and the calculations have to be made for the regions separately [11-14).

The first section ranges from @ (=0 to @ ;=P 2 and the formula proposed is

(AgH - A H 00,2

o5y oy =
Leal A Ha - A H.0

(12)

which is & version of Eq.(11) using U-shaped excess isotherms. In Eq.(12) the heat of wetting AWH“, related to the

azeotropic point, is obtained from the function A H(P ) at OB (Fig. 1B).
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Fig.1.  Correlation between the adsorption excess (nyO(n)) and the
enthalpy of weiting (A, H) isotherms.. A: U-shaped excess isothermt,
B: S-shaped excess isotherm.
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The second range is from ® =% 1o ® =1, In this case the following equation can be used:

AGH-A H,N(1-0™
Ps = (Q,8+ Oyl-AyhHHI-97) 13
Leal = 1 AHO-A 18 @

If the values of d)sl,cal calculated from Eq.(12) and (13) are identical to the composition of the interfacial layer (Dls, then
H%€=0, i.e. the adsorption layer, behaves ideally.

Another method for determination of the adsorption capacity is the combination ny$ ="10(") + 08 xp  (Eq.(2)) with

Eqgs.(8,9). If H¢=0, we obtain [12]:

AyH-AHPO
JT«‘Q'S'L = Aghy - Aghylr + nS(Aghy - Aahz/r);l—’f,‘(-,g (14)

This equation is also a linear function, the intercept of which is b= Aghy - Ajhy/r, and the slope S = nS (Aghy -Aghy/r).
The adsorption capacity is n = S/b. Eq.(14) was first applied by Woodbury and Noll for the study of the adsorption of
diluted solutions via flow microcalorimetric measurements [15] . According to our studies on the adsorption of binary liquid
mixtures, Eq.(14) can well be used for the determination of nS in a relatively wide concentration range [14].

In S-shaped excess isotherms, the value of the adsorption azeotropic composition x 2 is known. As, at the azeotropic point,
x12 = %15 = n)%/n® the value V* can also be determined form Eq.(4):

VS=[nSxj® + rn® (1-x4#)] Vi (15)
The differential molar enthalpy of wetting (Ad,wh) can be calculated by differentiating Equation (8) in relation to

(nls=ns x5,

d(AH-A Hy9) 3 dHse
Ad,wh = [ dnls T,AS = Aal‘l'AahZ/r + dnls T,AS (16)

Assuming that the adsorption layer is ideal, Aw,dh=Aah 1- Agh {/r the difference between the adsorption enthalpies of the

two components is constant. This difference can also be determined from Eq.(14). The validity of both Eqs.(14) and (16) can

be checked by experimental data.

1.3. Free energy of wetting in binary liquids
The free energy change can be calculated in analogy to Eq. (10):
AZIG = AWG-AWGZO = d’lsnsl,O(Aagl-Anglr)+Gse((bls) un

In Eq. (17) AG%(D)) is neglected because the Gibbs equation contains only quantities characteristic of the adsorbed layer,

which means that mixing in the bulk does not affect data related to the adsorbed layer.

Free energy of wetting is the isothermic reversible work done when an S/L interface forms and is calculated from the Gibbs

equation [2,16-18]:

G(n)
AZIG =0 - 0'20 = -RT jﬂL_dal (18)

where 020 is the S/L interfacial energy in pure component 2 and G is at a) = x; f} in the mixture, respectively.

The Redlich-Kister equation is very relinble for calculating the activity coefficients for the bulk phase of the two components
{19]:

lnfl=xi{iaj[(Zj—l)-x,—xz].(x,—x,)i"z} (19)
=
2 X . j-2
Inf, = Xl{ZO‘j[xl -(2j-1-x,]-(x, - x,) } 20)
=



Liquid adsorption and immersional wetting on hydrophilic/hydrophobic solid surfaces 1503

After determination of the liquid -vapour equilibrium data, the activities can be calculated (a;=fix;) [20-23]. Combining
Egs.(17) and (6) gives (21) if, in a certain concentration range of the adsorption layer, GS¢ - 0. This assumption can be

justified with Eq.(17) because Ay |G = f("I’sl) gives a linear function in a wide concentration range:

BoOX1 A Agie) + 181 (e i-Agegl—2— 21
n O®D, (Bag1-Rag2/1) + 071 0(By81-0y¢2 O] @n
Equation (21) gives a straight line provided the adsorbed layer can be taken as ideal, i.e., AGS® = 0, For displacement

enthalpies, similarly,

Ay Hx X
A L0 W
2 OO, r(Aghy-Aghg/r) +n l,O(Aﬂhl'ARhZIr);l_(sl(TJ @2

Applying Eqgs. (21) and (22) together, provides several data as:
(») adsorption capacity (n%) g and V&) g = 0S| o*Vp, )
(b) molar free energy of displacement (Ay g = Augy-Aghy/r)
(c) molar enthalpy of displacement (A |h = Aghy-Ahy/r)
(d) molar entropy of displacement (Ay s = Aysp-Aysin).

1.4. Interlayer swelling and disaggregation in binary liquids

Adsorbents susceptible to swelling or disaggregation in pure liquids or mixtures do not maintain their definite surface
structure, which is characteristic in the dried sate. When such an adsorbent is immersed in a liquid, internal surface areas
become accessible and the material is disaggregated (Fig.2.). In case of layered materials such as 2/1 layer silicates, the
internal surface areas (inter-layer-spaces) also become accessible, but the adsorbent is not disaggregated completely [24-27].

The stacks of layers remain together and the wetting liguid is present between the layers. These structural changes can be

detected by X-ray diffraction and the layer separation can be determined [4-6,27].

Before wetting, the enthalpy of the adsorbent is mh$ = Asdryhs. In the equilibrium state after wetting and swelling and
disaggregation the enthalpy is changed to ASehS + ASWH. The surface of the wetted and disaggregated adsorbent is
ASyer, ASye > Asdry' The enthalpy of swelling is Agy H and h¥ is the surface enthalpy of the adsorbent e.g. in unitof Jm -2

Considering these effects in Eqs. (8)-(10), the next Eq. becomes:

AyH=O8 A H® | +(1-05 DA H) + H(DS ) +hS(AS yo-ASy ) + Ay H  (23)

L
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Fig.2. The immersional wetting process in different types of adsorbent
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For layered materials, this statement can be checked by X-ray diffraction. However these measurements indicate the interlayer
separation (basal spacing d[ ) to depend on the compusition of the liquid mixture . Therefore, the part of enthalpy related
{o swelling Asw“ depends also on the composition of the bulk phase. The function Asw” = f(‘bl) in Eq.(23) can only be
determined if the adsorption and microcalorimetric studies are in the same liquid mixture on non-swelling adsorbents having

almost identical surface properties. Comparison of Eqs. (8-10) and (23) gives the relationship
AL = A g + 1D 5) 4 Al (24)

Ay can be computed separately. In non-swelling adsorbents the difference AL H - A ;g gives the function Hse(d)sl)_

The enthalpy of swelling can then be calculated to
Ag il = A H-A g - 1IS8(DS ) (25)

as a function of the bulk phase composition.

2. MATERIALS AND METHODS

The adsorption experiments were performed with organophilic derivatives of two clay minerals, the non-swelling illite and
the swelling montmorillonite. Preparation of the organophilic derivatives has been described in previous publications
[14,26,27]. The following materials were used (Table 1):

Iilite, Montmorillonite: natural layer silicate, d < 2um, separated by peplization and sedimentation, purified by dialysis,
pretreated with methanol.

Surfactant-clay organocomplexes: purified clny made organophilic through treating with cationic surfactants to different
extent (4-6,14,26,27):

Hexadecylpyridinium-itlites ([IDP-illite)

Hexadecylpyridinium-montmorillonites (11DP-mont.)

Octadecylpyridinium-montmorillonite (ODP-mont.)

Dimethyldihexadecylammonium-montmoriltonite (DMDH-mont.)

The organic cation content (organophilicity) is given in Table 1.

Table 1. Results of the analysis of the adsorption excess isotherms and
S/L thermodynamic potential functions in methanol(l)-benzene(2) mixtures
Adsorbent organic v‘l'o-lo2 v’m-lo2 v‘,‘o-lo2 v'l'dxo2 " -Byh Th,S
cation ) | mip | ey | @@p) | Wimel W/mol W/mol
mmol/g S.N. Eq.(14) Eq.(21) Eq.(22) Eq.21) Eq.(2)
Na-illite 0.000 3.37 3.37 3.30 3.00 2.50 13.65 11.15
HDP-illite 1 0.097 5.03 4.62 4.60 3.67 2.82 4.32 1.50
HDP-illite 2 0.139 523 5.07 4.25 4.75 218 3.21 1.03
HDP-illite 3 0.233 517 5.18 5.50 5.52 1.98 2.27 0.29
Na-montm. 0.000 8.60 8.51 8.07 8.50 10.50 21.50 11.00
HDP-montm. 1 0.555 18.52 - 17.60 - 5.56 - -
HDP-monum.2 0.851 23.10 - 2.5 - 4.2 -
HDP-montm. 0.820 22.65 - 24.70 - 4.6 - -
DMDH-montm. 0.8%4 20.61 . 23.55 - 3.8 - -

S.N. : Schay-Nagy extrapolation methad.
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The adsorption excess isotherms were determined in methanol-benzene mixtures [4-6). The enthalpies of wetting were
determined with batch method in the pure liquids and mixtures. The liquid/solid ratio was so large that the condition x°l = xy
was fulfilled, which is necessary for the application of Eqs. (9)-(14) and (22)-(25). The exothermic and endothermic heat
effecls are reported in detail in [27]. The X-ray diffraction measurements were also carried out in pure liquids and liquid
mixtures [4-6,27]. The organic liquids were dried over a Merck molecular. sieve immediately before use. The accuracy of the

measurements has been discussed in previous papers [4,6,27).

3. RESULTS AND DISCUSSION
3.1. Non-swelling illite and HDP-illites
"The adsorption capacities VS for U- and S-shaped excess isotherms were calculated by the Schay-Nagy extrapolation and the
adsorption space filling mode! by Eqs. (2-7).
Figures 3 and 4 show the excess isotherms and surface layer compositions determined for illite and for three gradually

organophilized HDP-illites in methanol(!)-benzene(2) mixtures. These adsorption equilibrium functions (Eq. (6)) indicate the

composition of the adsorption layers 9% as a function of the composition of the bulk phase (1)1 in volume fractions. The

amount of methanol in the adsorption layer decrenses with increasing coverage by hexadecylpyridinium cations.
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Fig.3. Adsorption excess isotherm on Na-illite Fig.4 Volume fraction of methanol in the
and on HDP- llite derivatives in methanol(l) - adsorption layer in methanol (1) -benzene(2)
benzene(2) mixtures. Na: sodium-illite, 1, 2, mixtures. Na: sodium-illire, 1, 2, 3, HDP-
3, HDP-illites organocomplexes illites organocomplexes

The excess free energy functions, given by integration of the excess isotherms, Eq. (18) reflect the extent of hy-
drophobization (Fig. 5). Methanol displaces benzene with a maximum change in free energy on Na-illite. The displacement
process results in smaller free energy changes on HDP-treated surfaces: the functions show plateau-like maxima at the
azeolropic compositions. The free energy function for the sample with maximum hydrophobicity changes sign, which means
that the displacement of benzene by methanol is not favoured, 1llites and their organophilic derivatives can be dispersed well
in methanol-benzene mixtures, therefore their wetting properties can be studied with batch microcalorimetry. Thus, the solid-
liquid interaction can be studied only with immersion techniques. The displacement enthalpy can be given as

A2|H = AL H- Awlloz; ils integral isotherm is plotted in Figure 6.

The immersion welling enthalpy is appreciable on Na-illite, The majority of heat evolution is due to the preferential

adsorption of methanol. The enthalpy change decreases upon hydrophobization and it becomes endothermic even in x; >0.5
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compositions. As a consequence, ’I‘A2|S entropy functions show that displacement must proceed with entropy increase on the

hydrophobic samples. There is & decrense in entropy when methanol adsorbs on the hydrophilic illite (see Fig.7).

The application of Eq.(14) is more favoursble, since it enlightens the difference between the molar adsorption enthalpies of
the components (Fig.8, lines 1-4). Bq.(14) can well be used for illite. A good agreement with the adsorption capacities
calculated by previous methads is also obtained for the organophilic derivatives, (Tabfe 1.)

The linearized free energy and enthalpy functions for HDP-illites can be seen in Figs.9. and 10. respectively. The parameters
of Eqs. (21) and (22) give the adsorption capacilies, the molar welting energy changes (Aug), and the molar wetting

enthalpy changes (A l). These data show that the change in molar wetting data decrease wilh increasing hydrophobicity,

(Table 1).
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3.2. The swelling montmorillonite and its hydrophobic derivatives

The function (I)ls=f(lb|) derived from the excess isotherm in methanol-benzene mixtures are the same, as on HDP-illite
derivatives. The excess isotherm for Na-montmorillonite is U-shaped; methanol is preferentially adsorbed on the surface
(4,14). The preferential adsorption of methanol and, c(n'respmﬁlingly, the constant thickness of the adsorption layer, are

verified by X-ray diffraction measurements. The basal spacing d[, is 16.2A in concentration range x| =0.1-1.0 (Fig.11.A).

The methanol layer between the two silicate layers is 16.2-9.4=6.8 A thick.
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Fig.11. Enthalpy of wetting isotherm (A,H) and basal spacing (d) with schematic interlayer structure. A: (o) Na-montm.
experimental data,(-----) calculated A“,H,-(/ using Eq.(11),(0) HDP-monimn-1. exp. data, (-.-.-) calc. using Eq.(12,13).B:
HDP-montm. (o) exp. data, (-.-.-.} cale. data of AWH,-,] Sfrom Eqs.(12,13).



1508 |. DEKANY

As organophilic montmorillonites give S-shaped excess isotherms from Eqs.(12) and (13) cannot to calculate Aw"id- The
reason for this is that the three fixed points (8,149 A 50 and Ay 11?) necessary for the calculation, simply a change of
the enthalpy Ag, H due to swelling. This enthalpy change measured in non-swelling illite was subtracted from the heat of
immersion measured in swelling montmorillonite. This is given by the difference of enthalpies Asw“ in the wetling of

organophilic montmorillonites and illites of identical surface structure (14,26,27).

Having determined these data, the enthalpy function Awllid=f(x|) can now be delermined by Eqs. (12) and(13). The
deviation between measured and caleulated data is -8.0 J/g for xy= 0-0.3, and 3.5 J/g for x{=0.6-1.0. In this Na-HDP-
montmorillonite the swelling is not really significant (see that function dy = f(x) in Fig.11.A), consequently the deviation in
Fig.11.A is equally determined by the surface excess enthalpy H5¢ and the enthalpy of swelling Ast according to Eq.(24).
In the quantitatively exchanged HDP-montmorillonite, the deviation is more significant (Fig.11.B), i.e. the measured heat
effects Ay, 11 are considerably smaller than the calculated values. The change of the extent of swelling is significantly larger

and decreases the heat of immersion.

The enthalpy of swelling Ag H for the liquid mixtures was calculated by Eq.(25). Fortunately, the molar excess enthalpy
functions hse=l'('~D|s) determined for the organophilic illites are available and, with adsorption capacity n®, the above
function can be calculated for the organophilic montmorillonites that have greater adsorplion capacity, but a similar surface
mosaic structure. The enthalpies of swelling, calculated according o Eq.(25) as a function of the bulk phase composition, are

presented in Fig.12. These endothermic enthalpy changes are in two linear section with the basal spacing dj  (Fig.13).

4 4
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32 3 3% 38 40 2 4 4 A X —
Fig. 12 Enthalpy of swelling as fimction of basal distances on Fig.13 Enthalpy of swelling on organophilic
organophilic montmorillonites in methanol(l)- benzene(2) montmorillonites in methanol(l)-benzene(2)
mixtnres mixtures calculated from Eq. (25)

4. CONCLUSIONS

The results obtained from the combination of adsorption and immersional wetting studies on hydrophobic illites, establish that
the function (I)ls =f(d)l) essentially determines the enthalpy of wetting isotherms. The calculations are valid only for ideal
behaviour of the adsorption layer, but the differences between AWH (measured) and AwHid (calculated) provide information
about the excess enthalpy of the adsorption layer. The layer on the surface of the illite and its organophilic derivatives is of
ideal behaviour in a relatively wide concentration range i.e. AWH> >AHS®, and therefore the equations proposed for the
ideal adsorption layer can well be used to determine, for instance , the adsorption capacity VS. Among the different equations

Eqs.(14,21,22) especially important, since it allows the determination of nsl,o or VS and the difference of the free energies
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and enthalpies of adsorption (Aq;g, A2 h), a thermodynamic quantity related to surface hydrophobicity. An analysis of the
enthalpy isotherms requires “cuttuing” the system at the azeotropic point (x;®, (Dla). One explanation may be that two
adsorption regions of different energies occur at the surface, and the long hydrophobic alkyl chains attached at the surface,
The intention was to determine the enthalpy of swelling A H using the adsorption and wetting data obtained for the non-
swelling organophilic illites. Since both clay minerals have a similar surface structure, the difference between the enthalpies
of wetting on the two systems - taking into consideration the necessary correction H%¢= f(P15) in the liquid mixtures- gives
the endothermic enthalpy change related to swelling (5-24 J/g), as a function of the bulk composition and interlayer distance
(Figs.12. and 13.).
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