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Abstract

This paper sums up the possible application of controlled rate thermal analysis methods to
study liquid—-solid interactions and the physicochemical properties of liquid films and solid
surfaces, using mainly the programmed thermodesorption of liquid from the sample. The
results prove the applicability of this approach in the determination of adsorption value,
thermodynamic functions, properties of adsorbed layers and the heterogeneity of porous
materials. One principal idea of these studies was to register the effects taking place in
processes opposite to adsorption, i.e. in the controlled rate thermodesorption of liquids from
solid surfaces. The method utilized the differential time and temperature weight-loss (DTG)
dependences of the thermogravimetric (TGA) curves as well as the differential scanning
calorimetry (DSC) curves obtained during cooling and heating at subambient and elevated
temperatures. It can be concluded that thermal analysis is a simple, useful and effective
method, besides its classical applications, in characterizing liquid—solid systems. The author’s
most important results have been evaluated and published, or submitted for publication, in
this and other scientific journals over the last past decade.
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1. Introduction
Thermal analysis (TA) is used to determine changes in the physicochemical

properties of materials and liquids as a function of temperature [1-5]. The recent
past has seen major developments in this analytical method and its numerous and
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novel applications in science and technology [6-15]. Thus, TA is often used to
characterize properties of solids (e.g. the identity, content and decomposition behavior
of compounds, minerals, biological substances and pharmaceutical products)[1,2,3,5].
Recently, high-resolution thermogravimetric analysis (HR TGA) and differential
scanning calorimetry (DSC) have been applied in calculating a simple model of the
energetic heterogeneity and kinetic parameters [16,17], and various TA functions
concerning heterogeneous processes have been reconsidered from a fractal viewpoint
[18].

However, TA methods have rarely been used to study liquid—solid interfaces (e.g.
adsorption capacity or porous structure) [19]. The combined TA “dynamic” method
was employed to determine adsorption isotherms [20]. A derivatograph was also used
to determine the thermal stability of industrial adsorbents and cements [21], as well
as in studies of the kinetics of structural retaxation of amorphous silica gel [22,23],
a number of hydroxyl groups [24,25], and to investigate the content and type of water
in chemical compounds. The method was also adopted to study the dehydration
processes of chemical compounds [26-30]. From the data of water thermodesorption
from zeolites [31—233], the kinetics of this process were studied under isothermal and
nonisothermal conditions, and can be presented as a first-order reaction. The values
of water molecule activation energy and its distribution on the surface of the studied
zeolites were calculated. Data from temperature-programmed desorption were
successfully used in the calculation of surface site energy distributions [34].

Thermal analysis carried out under quasi-isothermal conditions has been widely
applied in studies of chemical compound distribution and of the kinetics and mech-
anism of chemical reactions [35-38]. The years 19601965 were especially important
for the development of modern controlled rate thermal analysis [39,40]. During that
time, J. and F. Paulik and Rouquerol independently formulated the idea of automating
the ultra-slow heating procedure in order to ensure, if possible, quasi-equilibrium
conditions and to increase the resolution of thermal analysis. The interest in this type
of study arises from features of the operation and course of the heating process as
well as the transformation of the sample in the derivatograph crucible. Compared
with studies carried out under dynamic conditions, quasi-isothermal methods have
some advantages, among which are a wider range of application and much greater
selectivity. The meethod is more reliable in investigations of transformations of
“overlapping” processes. Using the quasi-isothermal method it is possible to
determine, for examples, the quantity and temperature of the process of separation
of water of crystallization separation from the compound under study, as well as its
mechanism. This problem has been discussed in ref. [41] during the investigation of
water thermodesorption from zeolite surfaces and in a review paper [42].

Attempts have therefore been made to work out the experimental basis and then
the underlying theory of a quick and simple method for characterizing liquid-solid
interactions and the properties of superficially heterogeneous solids and adsorbed films
based on experimental data obtained from the process of programmed liquid
thermodesorption from solid surfaces using computer calculations. Studies on the
application of controlled thermal analysis in investigations of physicochemical
properties of liquid-solid systems (character of adsorbent—adsorbate interactions,
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properties of adsorption layers and heterogeneity of solid surfaces) were begun by
author of this paper 15 years ago. One major idea of these studies, compared with
traditional methods (e.g. McBain balances, sorption balances and adsorption gas
chromatography to measure parameters accompanying the adsorption process) was
to use and register the effects taking place in the processes opposed to adsorption,
that is, in the programmable thermodesorption of liquids from solid surfaces.

New problems and possibilities of application of TA techniques in a more
comprehensive way appeared during the studies (Scheme 1). The papers quoted here
present calculations of values of such thermodynamic functions as surface free energy
and its components, adsorption film pressure and adsorption layer thickness, and also
studies of the thermal stability of both adsorption layers and solid samples obtained
by the programmable thermodesorption of liquids from solid surfaces. The latest
papers describe the possibilities of application of TGA and DSC in characterizing
porosity and number of hydroxy! groups on the surface of the studied samples, as
well as energetic effects accompanying phase and structural changes of the adsorption
film. The above mentioned parameters obtained by the use of TA were correlated
with the corresponding measurements, such as those made by using McBain balances,
porosimetry, chromatography and other adsorption techniques, and good agreement
was found. The TA method was also used in studies of chemical reactions in the solid
phase. Furthermore, studies on the synthesis of new halophosphates and the
decomposition of dolomites were carried out. These studies resulted in new measure-
ment techniques and some unique experimental results.

PHYSICOCHEMICAL PROPERTIES OF
LIQUID/SOLID INTERFACES
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Scheme 1. Applications of controlled thermal analysis in the study of liquid—solid interfaces.
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Measurements of the extent of adsorption of liquid from a gaseous phase, as well
as programmed thermodesorption of liquid under dynamic and quasi-isothermal
conditions from the surface of the studied solids, were made by means of a Q-1500
D derivatograph (MOM, Hungary), a model TGA 2950 thermogravimetric analyser
equipped with an open pan and capable of maintaining quasi-isothermal conditions,
and a model DSC 2910 differential scanning calorimeter equipped with a standard
DSC cell and with subambient accessories (TA Instruments, Inc., New Castle, DE,
USA).

The studies were carried out on solid surfaces with various heterogeneous pro-
perties: (i) pure materials such as minerals (quartz, coal, marble, barite) and porous
adsorbents (aluminum oxide, silica gel, active carbon), (ii) materials modified by
different chemicals (e.g. minerals covered with collectors), and (iii) other materials,
e.g. latexes (polymers covered by ions) and “smart™ surfaces (zeolites, or silica gel
covered by proteins). The material under study was exposed to the adsorptive substance
(water, n-alcohol, n-alkane, benzene or toluene) by different methods: (i) immersing
the material in the pure liquid, (ii) exposing it to vapor in a vacuum desiccator (where
p/po=1), and (iii) exposing it to water vapor in air. Detailed descriptions of the
apparatus, methods and sample preparations are given in other papers [43-67,71—81].
Here the best results obtained in this field are presented.

2. Measurements of liquid adsorption and desorption from a gaseous phase

A modified derivatograph was used in adsorption and calorimetric studies at
constant temperature. The results of measurements of adsorption and desorption of
water from the gas phase and the heat of the processes on a silica gel surface are
given in refs. [47-50]. Two papers [47,50] present a description of a modified
derivatogaph of Q-1500 D type which enables measurement of sample weight
change at constant temperature. Changes in sample weight take place as a result of
adsorption and desorption processes of the vapor of a liquid (e.g. water) flowing in
an inert gas (e.g. nitrogen) through a measuring chamber at constant temperature.
From the obtained experimental data (Fig. 1), the water adsorption and desorption
isotherms on silica gel were determined [48]. As follows from studies after the
desorption process using pure dry nitrogen at 20°C, there remains the so-called
vicinal water, the removal of which requires heating of the sample to 200°C.

The method of calculating the heat of water adsorption and immersion on silica gel
from the DTA curve obtained by using a modified derivatograph is presented in ref.
[49]. Fig. 2 shows the dependence of the calculated heat of adsorption on the value of
water adsorption on silica gel, from which it follows that the greatest amount of heat
is evolved during the stage of forming the first adsorption layers on the surface.

The free surface energy and its polar and dispersion components for silica gel
with a chemically bonded C,; phase for use in HPLC were calculated from
derivatographic measurements of the adsorption of n-octane and water [51,52].
From these studies, correlations between the surface energy of the silica gel sample
and the extent of coverage by the chemically bonded phase and also the surface
concentration of silanol groups were established (Fig. 3). Adsorption measurements
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Fig. 1. The TA, TG and DTA curves corresponding to adsorption and desorption of water vapor onto
and from silica gel at 20°C [47]. TA curve: peak AB, sample heating to 300°C and cooling to 20°C;
sector BE, constant temperature (20°C) during measurement; sector EF, sample heating to 300°C after
the desorption process. TG curve: sector AB, evaporation of hygroscopic and vicinal water; BC,
adsorption of water, CD, plateau; DE, desorption of water; EF, thermal desorption of water. DTA
curve: sector BC corresponds to the heat of water adsorption on silica gel; CD, plateau; sector DE, the
heat of desorption of water from the silica gel surface.
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Fig. 2. Change of heat of adsorption in relation to the amount of water adsorbed on silica gel. Statistical
monolayers of adsorbed water are denoted on the curve (a,, amount of bonded water) [49].
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Fig. 3. Relationship of total surface free energy of packings vs. coverage density and surface silanol
concentration [51].

were carried out using a modified device, and surface free energy and its compo-
nents for various solids, such as halophosphates [53], carbon [54], marble, barite
[55,56] and aluminum oxides [57], were calculated.

The modified derivatograph enables the effective use of differential thermal
analysis in adsorption and calorimetric studies as well as classical measurements
and the determination of the energetic and structural heterogeneity of the studied
surface on the basis of the isotherms obtained.

3. Measurements using a classical “dynamic” program

A “dynamic” program, consisting in heating a measuring chamber at a constant
rate, was used to study the synthesis and phase transitions of luminophores in the
solid phase [58], the decomposition of dolomite [59,60] and liquid thermodesorp-
tion from solid surfaces.

The experimental studies revealed at least two or three peaks or points of
inflection on the DTA and DTG curves of water thermodesorption from the
surfaces of the studied samples (Fig. 4) [43,44,57]. These features result from the
difference in binding energy of water molecules in adsorption layers and at the
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Fig. 4. Dynamic thermal curves of water thermodesorption from aluminum oxide [57].

studied surfaces. On the basis of the studies, it appears that the mechanism of
thermodesorption from solid surfaces can be divided into the following stages:
evaporation of bulk water added in excess to the studied sample, desorption of
intergranular and capillary water and, finally, desorption of water both included in
pores and adsorbed on the solid surface.

Reference [45] includes studies on water thermodesorption under dynamic condi-
tions from a silica gel surface (Fig. 5). From the obtained experimental results, the
activation energy, heat of dehydration, surface free energy and water film pressure
were calculated on the basis of a modified Gibbs—Duhem equation

n, = — yT,, + AT'nA‘S'm (1)
and
P
Vr, = — RTnJ a*d(lnp,) (2)
Pn

where a* is the amount of desorbed water, S, is the entropy change corresponding
to the transfer of water from liquid phase to vapor, y, is the interfacial tension in
the silica gel-water system corresponding to film pressure ©, on the surface at
temperature 7, and water vapor pressure p,, p, is the saturated water vapor
pressure and R is the gas constant.
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Fig. 5. Dynamic thermal curves of water thermodesorption from silica gel [45].

Correlations of changes in water film pressure and the values of the work of
spreading, immersion and adhesion wetting are presented in Fig. 6. The value of
surface free energy on the studied silica gel was calculated from Fowkes’s equations
[45].

Using this method, the properties of water films on marble and barite surfaces
covered with tetradecylammonium chloride (TDAHCI) were studied before and
after the process of enrichment by the flotation method [55,56]. The influence of the
amount of adsorbed TDAHCI on the water film thickness, activation energy,
enthalpy, entropy and vicinal water molecules was determined (Fig. 7). From the
obtained data, possible structures of water, their changes depending on the amount
of TDAHCI earlier added to the studied surface, as well as influences on the
mechanism and effectiveness of the enriching mineral process were discussed.
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Fig. 6. Dependence of water film pressure on the amount of desorbed water [45].

4. Measurements of programmed liquid thermodesorption under quasi-isothermal and
high-resolution conditions

As mentioned above, literature reports on the application of this method in phys-
icochemical studies of liquid —solid systems are scarce [ 38]. Fig. 8 depicts a typical ther-
mal decomposition carried out under quasi-isothermal conditions on hydrated copper
sulfate. It follows from this figure that the type and amount of water of crystallization
evolved from the sample depend on the transformation temperature [61,62].

Based on earlier studies on programmed thermodesorption under quasi-isothermal
conditions [45,55,56,62—67] it was stated that the properties of water present on the
surface of various solids changed in stepwise fashion with the distance from the
surface, but not exponentially (monotonically) as suggested in the literature [68—70].
From the obtained curves of m = f(T'), where m is the mass loss and T is temperature,
the thickness of the surface water film with changed properties as well as a static
number of water monolayers of vicinal water on silica gel [45], aluminum oxide [57]
and active carbon [65] were calculated. This characteristic “stepwise” thermodesorp-
tion process of water and other liquids from solid surfaces was explained in the papers
cited above by a change of the wetting process mechanism and a change of water
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Fig. 7. Activation energy E (curve 1), enthalpy H (curve 2) and entropy S (curve 3) of water evaporation
from the surface as a function of the statistical TDAHCI monolayer N coverage deposited on barite
(subscript B, bonded water; subscript L, volume water) [55,56].
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Fig. 8. Thermal decomposition of CuSO, - SH,O under quasi-isothermal conditions (1, “quasi-isother-
mal” curve; 2, “dynamic” classical curve) [62].
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Fig. 9. Thermodesorption under quasi-isothermal conditions of propanol (curve a), octane (curve b) and
benzene (curve c) from active carbon surfaces [71].
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Fig. 10. Water thermodesorption under quasi-isothermal conditions from aluminum oxide (curve a),
silica gel (curve b) and active carbon (curve c) surfaces [71].

structure due to interactions of surfaces, capillary forces, and macro-, meso- and
micropores of the solid (Figs. 9 and 10).

The results of studies on the thermodesorption of water from solid surfaces
presented in earlier papers [55-57,62—66] show that there are at least three
inflection points on each curve of liquid thermodesorption from the surface of the
studied samples, much as in the dynamic method. This is the reason for the
difference in energy of liquid molecule binding in adsorption layers and with the
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sample surface. The thermodesorption process of water from the surface of samples
of hydrophobic character (coal, sulfur) or minerals of crystalline and non-porous
character (quartz, marble, barite) possessing small specific surface areas can be
divided into two stages: evaporation of bulk water added to the sample in excess and
desorption of intergranular and capillary water with a small amount of water
adsorbed in micropores and on the surface of the studied solid, i.e. vicinal water.

With the increase of porosity, and resulting from the specific surface area of such
adsorbents as aluminum oxide, silica gel and active carbon, the number of thermod-
esorption stages increases as shown on the curves presented in Figs. 9 and 10 and
the stages become more distinct. In the case of active carbon, there are various active
centers present on the surface such as macro-, meso-, micro- and even submicropores,
which determine the properties of both the surface and the adsorbed liquid layers
[65]. The greatest influence of the surface was observed during studies of the
water—active carbon system (Fig. 10, curve c; a very distinct “stepwise” type of
thermodesorption) because of changes of water film properties (mainly structural)
[65]. This effect results from the dipole structure of water and the influence of various
types of surface pores and active centers of different energies (heterogeneous
character of the active carbon surface) on its molecules. This effect is smaller in the
case of propanol (Fig. 9, curve a), octane (curve b) and benzene (curve c).

In this case the mechanism of the thermodesorption process can be interpreted as
follows. The first stage (Figs. 9 and 10) is the evaporation of bulk water added to
the sample in excess (up to inflection IV). The next stages of evaporation (between
inflections IV and I) involve the desorption of water included in capillaries as well
as in macro-, meso- and micropores of the studied sample. The last stage (from
inflection I to the end of the process) is the thermodesorption of water closely bonded
in submicropores and adsorbed on the sample surface. This is the most interesting
stage of the process from a cognitive point of view, as it provides information about
the character of the studied surface (among others, the type of interactions and the
distribution of adsorption potential). Removal of this water takes place at the highest
temperature of the process (generally above 120°C), as it requires much energy. This
water layer possesses a modified ice-like structure. Each water molecule in a structure
of this type is bound to its neighbors by four hydrogen bonds, and the value of
hydrogen bond energy between the molecules is 4045 kJ mol ~' [68]. The thickness
of the layer of bound water is not well known because of changes in its structure
which take place in 10~ '2 5 [69,70] and because of the dispersive and non-dispersive
interaction of water with surface active centers of different energies. It should be
noted that the values for the amount of water adsorption from the gaseous phase
at 20°C are comparable with the amount of water desorbed corresponding to
inflection IT in Figs. 9 and 10, despite being obtained by different methods and under
different measurement conditions [55,56,62—66]. This concurrence probably results
from the range of interaction of surface forces on the water molecule and the area
of ice-like structure formation in the liquid films close to the surface. This
phenomenon was observed and discussed earlier in other systems studied [55,56].

Reference [65] showed the dependence between the thickness of the water film on
the surface possessing changed properties and the volume of active carbon micro-
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Fig. 11. The number of statistical monolayers of desorbed water corresponding to inflection point II on
Q-TG curves as a function of the micropore volume of Merck (M) and Norit (N) active carbons [65].
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Fig. 12. Derivative of mass loss of benzene from active carbon surface with respect to temperature [62].

pores (Fig. 11). The V,, parameter characterizes the porous structure of the carbons
studied. Activated carbons prepared from Norit carbon possess lower values of V,,
in comparison with modified Merck carbons. The carbons N;, N, and N, contain
micropores with slightly smaller diameters than carbons M,, M, and M. This is the
reason for the changes in water film properties following with effect of the overlap
of adsorption forces generated by the opposite walls of the slit-like micropores.
Because of the high resolution and selectivity of the ““step”, resulting mainty from
large specific surface area and sample porosity, measurements of programmed
thermodesorption of benzene under quasi-isothermal conditions from active carbon
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samples were used in further calculations of, among others, adsorption potential
distribution [66,67]. Fig. 12 gives the calculated values dm/dT = f(T') taken from the
Q-TG curve obtained for the benzene—active carbon system [62]. The dependence
is due to the distribution function of the activation energy of desorption. Such
functions are characterized by the heterogeneity of the adsorbent resulting from the
so-called structural heterogeneity of the micropores, as well as heterogeneity related
to the existence of various adsorption centers, i.e. surface heterogeneity. Based on
the data for liquid thermodesorption from solid surfaces under quasi-isothermal
conditions (m = f(T) dependences), the value of the adsorption potential A4, which
means the change of molar free energy related to the change of liquid vapor pressure
P./Do at a given packing of the surface layer, was calculated from the equation

A =RTnln(pn/p0) (3)

where p, is the equilibrium pressure of the adsorbate, p, is the saturated vapor
pressure of the adsorbate at temperature T, and R is the gas constant.
Subsequently, the dependence dajd4 =f(A), where « is the liquid desorption
value in mmol g~', for the systems of benzene-active carbon [62,66,67,71],
benzene-silica gel [73] and water—latex [74] was calculated and plotted. For each
solid, a few characteristic peaks related among others to the solid porous structure
were obtained on the dependence curves (Fig. 13). As follows from the above
presented investigations, the kinetics of liquid thermodesorption are influenced by
the extent of interaction between a liquid molecule and the solid surface, the
properties of the adsorbate molecule (e.g. its polarity), the character and type of
surface, and the adsorption properties and porosity (type, size, specific surface area)
[38]. In general, most solid surfaces are energetically, geometrically and structurally
heterogeneous and porous. The above parameters dictate the properties of liquid
films (mainly their thickness and structure), but the thermodesorption process
under dynamic and quasi-isothermal conditions reflects the state of the films on the
studied surface [75]. The dependences allow for determination of some interesting
physicochemical parameters such as energy of adsorption and molecule bonding
3 e —
da
dA
0.15

0.1 |

0.05 y

22 23 24 Ain kJ/mol
Fig. 13. Dependence of the adsorption potential distribution function da/dA4 in relation to the amount
of water adsorbed on a latex surface [74].
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Fig. 14. Amount of water desorbed from silica gel surface as a function of specific surface area (samples:
H, Hypersil; SG, Schuchardt SG; N, Nucleosil-100; MN, Kieselgel MN; P, Partisil) {79,80].

with the surface and distribution of adsorption energy and, on this basis, it is
possible to determine the heterogeneous character of the studied surface by means
of TA and computer techniques.

A high-resolution thermogravimetric analyzer (HR TGA), i.e,, a TGA with
automatically programmed temperature control, was used to study the thermodes-
orption of water, n-butanol, benzene and n-octane from aluminum oxides [76] and
active carbons with different porosities and surface heterogeneities [77,78]. The
measured weight-loss curves included steps which reflected the evaporation of the
liquid from meso- and micropores and the thermodesorption of molecules from the
carbon surface. The heights of these steps could be directly correlated to the
adsorption and surface capacity, total porosity, microporosity and specific surface
area of the samples [79,80] (Fig. 14), as well as giving information about the
thermal stability of the liquid—solid system studied. In addition, the high-tempera-
ture steps of the HR TGA curves showed significant broadening arising from the
microstructural and surface heterogeneities of the active carbons. The current
studies of active carbons immersed in liquids have demonstrated the usefulness of
the first derivative of the time-dependent weight-loss DTG curve for obtaining
information about the total porosity of the solid surface (Fig. 15). In the case of
benzene, the TGA and DTG curves are especially useful for characterizing the
surface and structural heterogeneities, and for estimating the micropore volume of
carbon samples because of the strong adsorption of benzene in the micropores. In
addition, the DTG curves for the carbon samples exposed to water vapor provide
information about the total number of active sites on the carbon [78] and also on
silica gel [81] surfaces (Fig. 16).
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Fig. 15. TGA (thermogravimetric), DTG (first derivative of the time-dependent weight loss) and TA
(temperature) curves for thermodesorption of benzene from active carbon [77].

g 0.6 &)
£ £
133
: y
-t N 15 ‘5
5 i
3 5
2 =
2 1100
>
E
]
=

150

120

5 10 15 20
Time in min
Fig. 16. Time-dependent weight-loss curves as a function of time for water thermodesorption from

different active centers of silica gel surfaces (curve 1, LiChrosorb Si-60; curve 2, Nucleosil-100; curve 3,
SG/7G) [81].

Recently [80], programmed thermodesorption studies of mixtures of two liquids
(e.g. octane—benzene, propanol—-benzene, propanol—decane, phenol-benzene) pre-
viously adsorbed on silica gel surface have been carried out. Inflection points (at
least three on each curve) which correspond to desorption of the group of liquid
molecules in an equal energetic state in the studied system are found on the Q-TG
curves. Fig. 17 shows as an example the dependence of the amount of desorbed
liquid on the composition of propanol-decane mixtures with which silica gel had
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Fig. 17. Amount of liquid desorbed from silica gel surface as a function of solution concentration (from
inflections related to “adsorption region” on Q-TG curves) {80].

earlier been in contact showing an inflection corresponding to the adsorption film
being under the influence of surface forces. As follows from the figure, different
amounts of liquid were desorbed from the sample depending on the percentage
composition of the mixture. The amount depended on the type and extent of
interaction between adsorbent and adsorbate and between the adsorbate molecules.
It is worth noting that the presented dependence has a shape similar to that of
isotherms of solutions obtained for similar systems. Studies of this type can
contribute to the explanation of mechanisms and of the composition and structure
of layers formed during the adsorption process of solutions.

5. DSC measurements

The heat effects corresponding to changes in water—solid sample systems with
temperature can be studied by DSC, which is capable of monitoring phase [76,82]
and structural [79,80] transitions of adsorbed films on microporous solids. Alumina
samples exposed to saturated water vapor in a desiccator have been investigated by
DSC over the range from — 70°C to 650°C under controlled rate conditions. The
resulting DSC curves (Fig. 18) have complex shapes with peaks related to the
freezing (peak 1) and melting (peak 2) of different types of surface water at
subambient temperatures, thermodesorption of physically adsorbed water molecules
from the pores (peak 3) and the oxide surface (peak 4) and decomposition of
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Fig. 18. DSC curve for the alumina sample Al-13 saturated with water vapor in a desiccator. The peaks
1-5 are described in the text [76].

hydroxyl groups (peak 5) at elevated temperatures. The shapes of the DSC peaks
depend on the type of surface, and they can be used to obtain information about
the surface and structural properties of the porous solids studied. For instance, the
DSC peak 1 (Fig. 18) associated with freezing of the liquid adsorbate can be used
to evaluate the pore size distribution by utilizing the relationship between the
equilibrium temperature 7 and the radius r using the Gibbs—Duhem and Laplace
equation [83]

T — Ty =2yTo/(p.2r) (4

where T, is the normal melting temperature of ice, p,, is the density of water at T,
x is the normal heat of fusion of ice per unit mass, and y is the interfacial tension.

The freezing temperature of adsorbed water is proportional to the pore radius
[84]; the peaks at the lowest temperatures are associated with the freezing of water
in fine pores [85], and their shapes reflect the structural heterogeneity of a given
porous solid. For instance, alumina sample Al-9 (Fig. 19) has larger pores than
sample Al-30 because its peaks appear at higher temperatures than for Al-30 (Fig.
20). Also, the more complex shape of the DSC curve for the Al-9 sample suggests
that its structural heterogeneity is greater than that of Al-30 [76].

6. Summary

Based on the studies using controlled rate TA, it can be stated that this method
is simple, useful and effective in evaluation of the interactions of adsorbent and
adsorbate and in characterizing the physicochemical properties of both a surface
(particularly its energetic state and porosity) and liquid films. The adsorption and
desorption processes depend on the surface physicochemical properties of the solid
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Fig. 19. The part of the DSC curve related to the freezing of water in the mesopores of alumina Al-9
sample [76].
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Fig. 20. The part of the DSC curve related to the freezing of water in the mesopores of alumina Al-30
sample [76].

studied and the wetting liquid surfaces, and different series of TGA, DTA, DTG,
Q-TG and DSC curves which reflect the state of molecular interactions and the
particular liquid-solid system have been obtained. The results of investigations
have shown that the solid surface causes significant changes of properties, particu-
larly in the structure and thickness of the layers under the liquid surface. It is
reflected by the recently reported studies that the thermodesorption process pro-
ceeds in a “stepwise” but not in an exponential way, which reflects a discontinuous
change of adsorption properties close to the surface layers depending on the
distance and results from the difference in the liquid—liquid and liquid—solid
interactions. The process becomes more pronounced with increased polarity of the
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molecules of the wetting liquid as well as the heterogeneous properties and
developed specific surface area of the solid. This phenomenon becomes more
intense with decreases in the polarity of the wetting liquid molecules and the
heterogeneous character of the solid surface.

From the analysis of the TGA, DTA, DTG, Q-TG and DSC curves, the
properties of liquids present on the porous surfaces (e.g. in macro-, meso-, micro-
and submicropores) are determined. The derivative time-dependent weight-loss
DTG curves are very important because they contain information about the surface
capacity, the nature of active centers, specific surface area, discontinuous change of
adsorption layer properties, and changes in the mechansim of the wetting process
due to interactions between surfaces and the heterogeneity of solid surfaces.
However, the derivative of mass loss in relation to temperature is connected with
the distribution function of the activation energy of desorption. The function
characterizes the heterogeneity of adsorbents due to micropores (structural hetero-
geneity) and that due to the existence of various adsorption centers (surface
heterogeneity). The DSC curves obtained during controlled sample cooling and
heating are associated with the water freezing process in pores, and their shapes at
subambient temperatures reflect the structural heterogeneity of the sample, whereas
the curves obtained at elevated temperatures provide information about surface
heterogeneity and supplement the results obtained from TGA measurements.
Moreover, the DSC peaks are related to heat effects associated with the phase and
structural transitions in the surface water layers.

The methods presented are very quick and convenient in studies of heterogeneity
with respect to different adsorbates. It is possible to use any liquids and their
mixtures having different properties (polar and nonpolar) and to study surface
heterogeneity in relation to these liquids and the mechanism of adsorption from
solutions. It is also possible to study the effect of surface heterogeneity (by chemical
and physical modification of sorbents) on the wettability of solids, formation of
liquid films, and their structure and thermal stability. These problems are very
important in many fields. The method enables studies on how, e.g. the presence of
water on a surface changes its surface properties in relation to other liquids and
how it affects their interactions. It is possible to determine the properties of films
and of phase and structure transitions at different humidities and the degree of
hydrophobic and hydrophilic character of the surface. The method allows a study
of the effect of small quantities of substance (modifiers) on the stability of a film on
a surface. The method of controlled TA is convenient for evaluation of changes in
the properties of a thermally treated adsorbent (change of structure and hetero-
geneity). For instance, it is possible first to heat the sorbent and then, after cooling,
to apply liquids to it and to observe changes in its properties. It should be noted
that measurements can be made in atmospheres of different gases.

The results obtained so far show the extensive applicability of these methods in
determination of the physicochemical properties of solid surfaces and adsorbed
liquid films, particularly in calculations of surface free energy, adsorption potential
distribution, activation energy of adsorbed molecules on a surface and determina-
tion of surface and structural heterogeneity using a computer technique. The above
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examples show the wide applicability of the method in studying liquid films and
surface properties of solids, their heretogeneity and their effect on the thermal
stability of adsorbed liquid films. After appropriate modification, a derivatograph
can be used in adsorption and calorimetric studies of liquid—solid systems in
addition to its conventional application. The outlined methods of study can be
competitive with the traditional methods because of the speed and accuracy of
obtaining data and the simplicity of experimental operation.

References

[1] B. Wunderlich, Thermal Analysis, Academic Press, Boston, 1990.

[2] G. Widmann and R. Risen (Eds.), Thermal Analysis, Concepts and Methods, Huethig Buch
Verlag, Heidelberg, 1990.

[3] V.R. Harwalkar and C.Y. Ma (Eds): Thermal Analysis of Foods, Elsevier Applied Food Science
Series, Elsevier, London, 1990.

[4] W.W. Wendlandt, J. Chem. Educ., 49 (1972) A623.

[5] W.W. Wendlandt, Thermal Methods of Analysis, John Wiley & Sons, New York, 1974.

[6] P.S. Gill, L.C. Thomas and R.L. Blaine, Int. Lab., 15 (2) (1985) 56.

[7] F. Staub, Int. Lab., 16 (1) (1986) 55.

[8] B.C. Burros, Int. Lab., 16 (3) (1986) 18.

[9] P.L. Parlouer, Int. Lab., 17 (4) (1987) 30.

[10] B. Cassel and G. McClure, Int. Lab., 19 (3) (1989) 32.

[11] J. Mitchell, J. Fisher, M. Nye, J. Redfern and D. Miller, Int. Lab., 21 (1) (1991) 44.

[12] E. Kaisersberger, Int. Lab., 21 (5) (1991) 30.

{13] C.J. Lundgren, Int. Lab., 22 (2) (1992) 26.

[14] P.S. Gill, Int. Lab., 14 (3) (1984) 78.

[15] D. Dollimore, Anal. Chem., 64 (1992) 147R.

[16] B. Hunger and J. Hoffmann, J. Therm. Anal., 40 (1993) 1347.

[17] E. Urbanowici and E. Segal, J. Therm. Anal., 40 (1993) 1321.

[18] R. Ozao and M. Ochiai, J. Therm. Anal., 40 (1993) 1331.

[19] L. Stoch, Mineraty Ilaste, Wydawnictwo Geologiczne, Warsaw, 1974.

[20] Z. Juhasz, J. Therm. Anal., 25 (1982) 409.

[21] J. Simon, J. Therm. Anal., 4 (1972) 205.

[22] P.G. Panasyuk, G.P. Budova and V.B. Lazarev, J. Therm. Anal., 16 (1979) 441.

[23] N.M. Guindy, S.A.A.E. Enien, F.LLE. Hosiny and S.M.A.E. Gamal, J. Therm. Anal., 40 (1993)
151.

[24] K.R. Lange, J. Colloid Interface Sci., 20 (1965) 231.

[25] M. Odlyha, R.R.W. Scott and C.F. Simpson, J. Therm. Anal., 40 (1993) 1197.

[26] J. Paulik, F. Paulik and M. Arnold, J. Therm. Anal., 27 (1983) 409.

[27] D.N. Todor, Thermal Analysis of Minerals, Abacus Press, Tunbridge Wells, 1976.

[28] F. Paulik, J. Paulik and M. Arnold, J. Therm. Anal., 29 (1984) 333.

[29] J. Paulik, F. Paulik and M. Arnold, J. Therm. Anal., 29 (1984) 345.

[30] J. Paulik, F. Paulik and M. Arnold, J. Therm. Anal., 25 (1982) 327.

[31] V. Dondur and D. Vucelic, Thermochim. Acta, 68 (1983) 91, 101, 113.

[32] J. Datka, M. Boczar and B. Gil, Langmuir, 9 (1993) 2496.

[33] S.L. Suib, Chem. Rev., 93 (1993) 803.

[34] J.A. Britten, B.J. Travis and L.F. Brown, Adsorption and Ton Exchange, AIChE Symp. Ser., 79
(1983) 7.

[35] F. Paulik and J. Paulik, Anal. Chim. Acta, 67 (1973) 437.

[36] J. Paulik and F. Paulik, J. Therm. Anal., 8 (1975) 567.

[37] F. Paulik, J. Paulik and V. Logvinenko, J. Therm. Anal., 10 (1976) 271.



190 P. Staszczuk | Thermochimica Acta 247 (1994) 169- 191

[38] J. Paulik, F. Paulik and M. Arnold, J. Therm. Anal., 27 (1983) 409.

[39] L. Erdey, F. Paulik and J. Paulik, Hungarian Patent No. 15,197, registered 31 October 1962,
published 1 December 1965.

[40] J. Rouquerol, Bull. Soc. Chim. Fr., (1964) 31.

[41] K.K. Unger, J. Rouquerol, K.S.W. Sing and H. Kral (Eds), Characterization of porous solids,
Proceedings of IUPAC Symposium (COPSI), Bad Soden, Germany, April 1987, Elsevier, Am-
sterdam, 1988, Vol. 30.

[42] J. Rouquerol, Thermochim. Acta, 144 (1989) 209.

[43] P. Staszczuk, Powder Technol., 34 (1983) 161.

[44] P. Staszczuk, Powder Technol., 35 (1983) 97.

[45] P. Staszczuk, J. Therm. Anal., 29 (1984) 217.

[46] P. Staszczuk and A. Waksmundzki, Problemy Agrofizyki, Ossolineum, Wroclaw, 1982, Vol. 37,
pp.1-78.

[47] P. Staszczuk, J. Therm. Anal., 30 (1985) 1115.

[48] P. Staszczuk, J. Therm. Anal., 31 (1986) 911.

[49] P. Staszczuk, J. Therm. Anal., 31 (1986) 1055.

[S0] P. Staszczuk, Polish Patent No. 147,276, 1989.

[51] P. Staszczuk and B. Buszewski, Chromatographia, 25 (1988) 881.

[52] B. Buszewski, Z. Suprynowicz, P. Staszczuk, K. Albert, B. Pfleiderer and E. Bayer, J. Chro-
matogr., 449 (1990) 305.

[53] P. Staszczuk, E. Stefaniak and E. Szymanski, J. Mater. Sci., 26 (1991) 5608.

[54] P. Staszczuk, Fuel Sci. Technol. Int., 7 (1989) 89.

[55]) P. Staszczuk and B. Biliaski, Thermochim. Acta, 122 (1987) 363.

[56]) P. Staszczuk and B. Biliaski, J. Therm. Anal., 32 (1987) 1457.

[57] P. Staszczuk, M. Jaroniec and R.K. Gilpin, Anal. Chim. Acta, 269 (1992) 157.

[58] P. Staszczuk, E. Stefaniak, E. Szymanski and J. Zielska, Thermochim. Acta, 173 (1990) 219.

[59] P. Staszczuk, B. Bilifiski, E. Stefaniak and E. Szymarnski, Adv. Composite Mater., 2 (1992) 251.

[60] B. Bilinski, E. Stefaniak and P. Staszczuk, Powder Technol., 73 (1992) 261.

[61]1 J. Paulik and F. Paulik, Simultaneous Thermoanalytic Examination by Means of the
Derivatograph, in G. Svehla (Ed.), Wilson and Wilson’s Comprehensive Analytical Chemistry,
Vol. XII, Elsevier, Amsterdam, 1981.

[62] P. Staszczuk and M. Jaroniec, J. Therm. Anal., 38 (1992) 2041.

[63} P. Staszczuk, Fuel Sci. Technol. Int., 4 (1988) 381.

[64] P. Staszczuk, Mater. Sci. Forum, 25/26 (1988) 513.

[65] P. Staszczuk, R. Dobrowolski and M. Jaroniec, Langmuir, 8 (1992) 229.

[66] P. Staszczuk and M. Jaroniec, Proc. Conf. Calorimetry and Thermal Analysis, Zakopane, Sep-
tember 24-27, 1991, SA-2, p. 102.

[67] P. Staszczuk and M. Jaroniec, Polish Chemical Society Conference, Krakow, September 4-7,
1991, Vol. 3, III-P 4, p. 27.

[68] K. Klier and A.C. Zettlemoyer, J. Colloid Interface Sci., 58 (1977) 216.

[69] F.M. Etzler, J. Colloid Interface Sci., 92 (1983) 43.

[70] F.M. Etzler and W. Drost-Hansen, Croat. Chim. Acta, 56 (1983) 563.

[71] P. Staszczuk, J. Therm. Anal., 38 (1992) 2325.

[72] E. Chibowski and P. Staszczuk, Clays Clay Miner., 36 (1988) 455.

[73] P. Staszczuk, J. Therm. Anal., accepted.

[74] P. Staszczuk, M. Cabrerizo-Vilchez and R. Hidalgo-Alvarez, Colloid Polym. Sci., 271 (1993) 759.

[75] P. Staszczuk and B. Bilifiski, Colloids Surf., 79 (1993) 97.

[76] P. Staszczuk, M. Jaroniecc and R.K. Gilpin, in J.U. Keller and E. Robens (Eds.), Vacuum
Microbalance Techniques 94, Proceedings of the 25th VMT Conference, Siegen, Multi-Science
Publishing, Essex, accepted.

[771 M. Jaroniec, R.K. Gilpin, P. Staszczuk and J. Choma, Characterization of Porous Solids, Studies
in Surface Science and Catalysis, Vol. 87, J. Roquerol, F. Rodriguez-Reinoso, K.S.W. Sing and K.K.
Unger (Eds.), Elsevier, Amsterdam, 1994, p. 613.



P. Staszczuk [Thermochimica Acta 247 (1994) 169191 191

[78] R. Dobrowolski, P. Staszczuk and M. Jaroniec, Materials: Second International Conference on
Carbon Black, Mulhouse, France, 1993, p. 87.

[79] P. Staszczuk, M. Jaroniec and R.K. Gilpin, Materials: 6th Chromatographic Symposium, Lublin,
1993, P-37, P-50.

[80] P. Staszczuk, Wiad. Chem., accepted.

[81] B. Buszewski, M. Jaroniec, P. Staszczuk and R.K. Gilpin, Przem. Chem., accepted.

[82] M. Jaroniec, P. Staszczuk and R.K. Gilpin, Materials: 45th Pittsburgh Conference, Chicago, 1994,
p. 319P.

[83] L.G. Homshow, J. Colloid Interface Sci., 84 (1981) 127.

[84] B.V. Enustun, H.S. Seuturk and O. Yurdakul, J. Colloid Interface Sci., 65 (1978) 509.

[85] L.G. Homshaw, J. Therm. Anal., 19 (1980) 215.



