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Water vapour adsorption processes and equilibria on adsorbents with polar surfaces
can be well tested with an adsorption method combined with thermal analysis. The
first step involves the comparison of isothermal desorption-adsorption curves and ther-
mal curves; in the second step different equilibrium points of the adsorption isotherms
are tested by means of thermal analysis.

Some examples of building materials are presented to demonstrate the possibilities
of the method. The types of adsorption isotherms for the samples were formally equal
in all examples; only the complex method presented was able to reveal that formation
of the equilibiria was induced by essentially different processes. Such processes are:
physical adsorption depending on the structure of the adsorbent and the activity of the
external active centres, chemisorption, chemical reaction in the solid/vapour system
and chemical reaction in the water phase condensed in the capillaries.

Water vapour adsorption equilibria on silicates and inorganic building materials
are examined from both practical and theoretical aspects. The practical (technical)
character of the examinations is determined by the fact that the production and
application of these materials often involves their contact with water in some form;
hence, the mode of this contact and the properties of the water-containing systems
control the production technology and application possibilities. The theoretical
investigations have the aim of obtaining more information about the structure of
materials, exploiting the fact that the small dipolar water molecules are strongly
bound on polar surfaces and may be adsorbed even on internal surfaces that can
not be reached by large molecules of other adsorbates.

Water vapour adsorption is generally studied with isothermal and anisothermal
methods. The isothermal-static method involves the experimental determaination
of water vapour adsorption isotherms with any of the methods generally used in
adsorption studies [1]. Thermoanalytical instruments [2] (e.g. a derivatograph [3])
are employed in the anisothermal-dynamic method.

In practice difficulties arise in the evaluation of the experimental data in both
methods. Accordingly mainly for the correct interpretation of adsorption iso-
therms, additional examinations (e.g. X-ray, infrared, magnetochemical, thermal,
etc.) are often used [4—16].

It is evident that dynamic methods should be used to complement each other.

This study will present the possibilities and methods of such complex examina-
tion.
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Some problems in evaluating water vapour adsorption isotherms

Most of the water vapour adsorption isotherms of the investigated materials
(natural and artificial silicates, carbonates, oxides and sulphates of alkaline earth
metals, etc.) are curves with inflexion points (Fig. 1) that belong to type II in the
BDDT classification [17]. In the range of low vapour pressure to the left of the
inflexion point water molecules are generally bound to the adsorbent by adsorption,
while to the right of it they are bound by capillary condensation. Throughout the
isotherms the vapour pressure above materials with different water contents is
lower than the partial vapour pressure above a pure water surface, but it can also
be said that in the whole range of the isotherms water molecules are bound more
strongly to adsorbents than to the free water surface. This allows the expression of
adsorption equilibria by means of three curves:

1. The adsorption isotherm (vapour pressure) curve (Fig. 1la) embodying the
relationship - between, the relative water vapour pressure (humidity, p,) and the
water content in equilibrium (water content, w).
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Fig. 1. Adsorption curves. @) Adsorption isotherm (vapour pressure curve); b) Capillary
condensation isotherm; ¢) Adsorption potential curve; d) Combination of curves a—¢
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2. The capillary condensation isotherm curve (Fig. 1b) embodying the relation-
ship between the capillary radius (r,) and the water content (w).

3. The adsorption potential curve (Fig. 1c) embodying the relationship between
the adsorption potential (G,) and the water content (w)
The three isotherms can be combined as in Fig. 1d.

The water vapour adsorption isotherm is essentially a curve that presents the rela-
tive water vapour pressures of adsorbents with different water contents at the ex-
perimental (constant) temperature. The relative vapour pressure is:

p
Py =—
f Py

where p; is the water vapour pressure at saturation.

To express water vapour adsorption isotherms mathematically, as for all adsorp-
tion isotherms, several equations based on various adsorption models [18] are
available; these differ formally from one another and the resulting conclusions also
often differ.

The most widely-used adsorption equation is the Brunauer — Emmett — Teller
(BET) equation [19].

In the evaluation of adsorption isotherms, the problem often arises of how the
adsorption models adopted to derive the BET and other equations reflect the actual
adsorption processes [20], especially in cases where there are adsorption centres
with distinct activities on the surface, chemisorption processes may occur or the
sample is a mixture of components (phases) with different adsorption activities etc.
The relationship between the water content and the Kelvin radius (rg) is demon-
strated by capillary condensation isotherms. The Kelvin radius is:

29V cos &
PR = — e
K RTInp,

where y = surface tension of water, ¥ = wet angle, ¥ = molecular volume of
water, T' = temperature, and R = gas constant. rg is not an actual, but an equiva-
lent capillary radius. The Kelvin equation is valid only for capillaries whose di-
ameter is a multiple of that of the water molecule.

Certain circumstances disturb the evaluation of experimental isotherms of sili-
cates and building materials:

(a) Change of size distribution of pore systems in time if the condensed water
dissolves the adsorbent or induces chemical reactions in it;

(b) As a consequence of partial dissolution of the adsorbent, the vapour pressure,
surface tension and wettability of the water condensed in the capillaries change.

(c) As a result of chemical reactions between materials dissolving in the con-
densed water, the vapour pressure curves change.

(d) A hysteresis loop occurs in the adsorption-desorption phase mainly for the
smallest Kelvin capillaries.
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The adsorption potential of Polanyi [21] is:
G, = — o Inp,.

Dubinyin [22] derived approximate equations for the two types of Polanyi’s “char-
acteristic isotherms”, but these were not applicable to our systems.

Principles of the present method

(a) The adsorption properties of the sample can be inferred from the adsorption
isotherms (vapour pressure curve) at 20°. The adsorption properties include here
the specific surface (S,), the specific mean adsorption energy of water (E,), and
the specific capillarity (K,,).

(b) It must be ensured that during the preparatory process the adsorption prop-
erties of the sample undergo as little change as possible; preliminary drying and
overgrinding are to be avoided.

(c) Some points of the adsorption isotherms (i.e. the equilibria relating to differ-
ent water contents) must be controlled with thermoanalytical methods.

(d) The examination is made in two parts: In the first, the thermal curves and the
adsorption isotherm are determined in parallel. For the latter any adsorption in-
strument [1] can in principle be applied. The two curves are jointly. In the second,
samples with different adsorption equilibria are controlled thermoanalytically.

The overall examination may well be performed with the “desiccator method”
(see below).

Experimental

Preparation of the sample

The wet sample must be dried in such a way as to avoid irreversible morpholog-
ical and surface structure changes [23, 24]. Drying in the open air is suggested,
or not in excess of 50°. Since grinding may cause mechanochemical changes in the
structure [25], the sample is pulverized below 60 um gradually combined with
sifting.

To equilibrate the water content, the pulverized sample is kept in a closed vessel
for some days.

Methods

Adsorption

The classic desiccator method [26] is as follows:
2 g samples are weighed in jars of the same size, which are then put into well-
closing desiccators with atmospheres of different relative humidities obtained with
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salt or sulphuric acid solutions of different concentrations. At least 10— 12 desic-
cators are used in the range p, = 0.05—0.99. In desiccators where the humidity is
less than in the laboratory air, desorption of the water occurs; at higher humidities,
adsorption of water results. After the attainment of equilibrium, thermal analysis
is started immediately.

Thermal analysis

Conditions of thermal analysis : weight of sample: 750 mg, heating rate: 10°/min,
atmosphere: air, static, reference material: a-Al,Oj.

Sometimes, before heating is started a disturbed equilibrium may be restored by
passing an atmosphere in which the humidity is equal to the equilibrium humidity
through the air space in the oven.

Evaluation of the adsorption isotherms

If the mass of sample measured into the jar is m, and the change in mass after
attainment of equilibrium is Am’, the percentage mass change is:

Am

’ 100 (%)

Am =

my

First the primary potential curve, i.e. the 4m vs. G, curve, is constructed (Fig.
2a). It is proposed that the Am axis should be drawn at

RT
G'= — = 1n0.01
v 7 D

where the value of G is ~623 J/g at 20°.

Over a broad G, range, the potential plot is linear, and in this section one may
speak of equipotential adsorption. By graphical extrapolation of the straight line,
the A°m value relating to the G{ may be obtained. This value is considered the
maximum water quantity that can be removed by isothermal desorption at about
20°. Thus the water content relating to any p, value is:

Am — A°m
=——— 100 (%).
Y= T00 5 aom - 10 ()
From the primary adsorption curve the mass change 4m, relating to G, =

RT
=57 In 0.94 ( ~10 J/g) can be read off directly.

Then the adsorption isotherm (vapour pressure curve) (p, vs. w) (Fig. 2) can be
constructed and from it the monomolecular saturation (w,,) is obtained, while the
specific surface (S,,) is calculated via the graphical method presented in Fig. 2.

The specific mean adsorption energy can also be obtained via the graphical meth-
od, as follows:
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Amy
{ G.d(am)
A°m
=4m (]
E, A = o 319

E,, is proportional to the section located above the straight line 4°» = const. and
below the dotted potential curve in Fig. 2.

Temperature ,°C .
200 400

Fig. 2. Schemre' of graphical presentation of experimental data. a) Primary potential curve;
b) Adsorption isotherm (vapour pressure curve) and BET equation in the form y; = -(—-1-’—)
wp — Pt

¢) TG curve combined with potential curve

Finally, the point denoting the limit of the equipotential adsorption stage in the
potential curve is established. Here the curve sweeps towards the G, axis or rises
steeply at the critical content:

Amk - A°m

— .100°
Y= oo 1 aom 0%
The specific capillarity is
Wy — Wi
K, = ——(ml]
v = Tog g (D)

where p, is the density of water (ml/g) at the experimental temperature.

It should be noted that w, > w,,. If w, = w,,, theincrease of the monomolec-
ular layer is immediately followed by capillary condensation. If wy, > w,,, poly-
molecular adsorption may be presumed or perhaps the presence of adsorption
centres with different activities. If the adsorption potential curve displays a
break-point, with an inclination toward the horizontal, this generally indicates a
lack of smaller pores [18].

J. Thermal Anal. 25, 1982
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Comparison of the adsorption isotherm with the TG curve

The evaluation is facilitated if the thermoanalytical curve is combined with the
adsorption isotherm and the common axis is the mass loss (4m) in Fig. 2. The A°m
value is projected on to the TG curve. If the whole TG step of the first endothermic
reaction is denoted by Admy, the strongly adsorbed, the chemisorbed and perhaps
the crystal and structural water (gel water) is:

Amy — A°m

=27 =7 100,
£ =700 + 4m

W,
The value of w, has a negative sign in this case.

Some examples of the practical application of the combined method

Some examples will be presented where the types of the water vapour adsorption
isotherms of the materials are the same (i.e. BDDT type II), but formation of the
adsorption and the water vapour adsorption equilibrium results from essentially
different processes.

Water vapour equilibria of SiOy— H,0 systems

Compact granular quartz and silica gel consisting of porous grains are two dif-
ferent types of adsorbents. This difference is reflected in our results.

Experiment. Air-dried and fine-grained samples of quartz (SiO,) and of silica gel
(Si0, - n H,0) were tested by the above complex method. The second part of the
investigation was omitted here because, in our judgement, there was no need for it.

Experimental results (Figs 3 and 4)

The difference between the silicate structures of the two adsorbents is reflected by
the DTA curves (the 575° endothermic maximum observed for quartz is totally
missing from the silica gel curve). There are also differences in the total dehydration
processes of the two materials, the specific surfaces, the specific adsorption energies
and the specific capillarities.

In accordance with literature data [16], both materials contain surface OH
groups that can be eliminated only at higher temperature. The density of these, the
surface hydration degree, is:

w, - 10*
Yoy = h (umol/m?) .
For quartz oy = 2.7 umol/m?, while for silica gel agy = 12.0 pmol/m?, which
points to different structures.

While quartz powder has a small specific surface and its particles hardly include
fine pores, silica gel is characterized by a very large specific surface, with numerous
and very fine pores. Both materials have high specific adsorption energies, but tha
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Fig. 4. Isotherms and thermal curves of silica gel
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of the silica gel, mainly for the fine pore system and the larger external OH con-
centration, is higher than that of the quartz powder.

The difference between the peak temperatures of the thermoanalytical curves is
mainly due to the differences between the surface polarities and the fine pore struc-
tures of the two materials.

Water vapour equilibria of montmorrillonites

Montmorrillonites (as adsorbents) have two important features: the large inter-
nal surface of the particles and the special surface structure containing different
adsorption centres.

The large interval surface stems from the geometry of the crystal structure; the
crystal is built up of triple layers that are arranged in parallel (as a card pack) in a
very fine crystal. Water can diffuse between the layers, where it is adsorbed or con-
densed. The specific surface is very large (about 850 m?/g) and about 809, of this
is due to the internal surfaces of the layers [27, 28].

Formation of adsorption centres with different activities is due to the electric
charge distribution of the crystal structure. The negative charge excess of the sili-
cate skeleton is neutralized by exchangeable cations; thus, on the surface there are
centres with both positive and negative charges.

Experiment. From natural Ca-bentonite containing 73 %, montmorrillonite, mono-
cationic samples were prepared with lithium, sodium and potassium carbonate so-
lutions, and examinations were made with combined method.

Experimental results (Figs S and 6)

The DTG curves of Ca and artificial Li-montmorillonite contain a double maxi-
mum indicative of adsorption centres with two different activities (Fig. 5, curves g,
and h). Adsorption on the two active centres can be well followed (a—d) via the
DTG curves. In the cases of K and Na-montmorillonite, double peaks can not be
found at any water content (curves e, f), so it is possible that the activities of the two
adsorption centres are approximately the same.

The specific surfaces, adsorption energies and capillarities calculated from the
adsorption isotherms of the different specimens differ considerably from one an-

other (Table 1).
Table 1

Specific adsorption values of monocationic bentonites

Li-bentonite Na-bentonite K-bentonite

Sy(m¥g) 318 546 222
E, (J/g H,0) 78 121 94
Ky (ml/g) 0.69 0.48 0.39
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Fig. 5. Isotherms and DTG curves of bentonites (montmorillonites) prepared at different
relative water vapour pressures

These experimental results, which are in contrast with principles such as the rule
of the lyotropic series of the ions, can be well interpreted in terms of the further
thermal analysis. If specimens are dehydrated, at 200° for several hours and then
rehydrated, the DTG curves in Fig. 6 result for the pre-treated samples; after the
treatment the K mineral shows no change; the peak temperature of the desorption
of the Na mineral is decreased only slightly; while the second peak of the Li-mont-
morillonite disappears. The three cations display three disparate effects. The K*
ions, connecting the triple layers, induce the irreversible decrease of the specific
surface and the pore volume even during formation of the specimen; the Na™ ions
cause desaggregation of the mineral; the Li* ions, however, can enter the silicate
skeleton, especially after removal of the water cover. A part of the triple layers of
the heated Li-montmorillonite is blocked as regards the adsorption of water mole-
cules (the specific surface decreases).

Bonding of water from the vapour phase by CaSOy

Gypsum deprived of its crystal water by careful heating (anhydrite, CaSO4IIT)
can bind water again even from the vapour phase. This latter process was studied
by our combined method [29].

Experiment. Gypsum was transformed to anhydrite (CaSO,-IIT) by heat treatment
at 126° and then the adsorption isotherm (vapour pressure curve) was plotted.
Equilibrium was attained within about 150 days. In the course of the attainment of
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Fig. 6. DTG curves of monocationic bentonites in their original state and after heat treatment
-+ rehydration (“‘reh’)

equilibrium, samples were periodically taken from the anhydrite stored in saturated
air and their TG and DTG curves were recorded (Fig. 7, DTG curves f—h).

Experimental results (Fig. 7)

From the adsorption isotherm calculation with the BET equation leads to a mono-
molecular adsorption saturation of w, = 6.76%;; this would mean an unusually
high (240 m®g~?) specific surface. Supposing that this water is bound by chemisorp-
tion, this guantity would correspond to 0.512 mol HyO/mol CaSO,. This supposion
would also be justified by the high specific adsorption energy, but in itself this is not
sufficient evidence.

From the thermal curves a and b, however, the formation of CaSO, * 0.5 H,O
(hemihydrate) can be clearly established. Hence the adsorption equation is not ap-
plicable to the isotherm, for the value of the specific surface calculated is false and
misleading.

The curves c—e clearly denote the formation of the dihydrate (CaSO, - 2 H,O)
on the capillary condensation line (thus not simple capillary condensation takes
place). Curves f—h reveal that, though capillary condensation occurs in the first
step (a peak below 100° in curves), the pore water later disappears because it takes
part in dihydrate formation.

Thus, the reaction

(CaSOTII), + 0.5 (Hy0), = (CaSO, - 0.5 H,0),

J. Thermal Anal. 25, 1982
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Fig. 7. Water vapour adsorption by CaSO,-III.

can take place directly by the adsorption of water molecules as well. This is justified

from a crystal chemical aspect, as it is known [34] that the crystal structures of

CaSO, and the hemihydrate are identical. Accordingly, hemihydrate formation

does not demand activity energy to be devoted to a change in crystal structure.
On the other hand, reactions such as

(CaSO0, - 0.5 H,0), + 1.5 (H,0); = (CaSO, - 2 H,0),
(CaSO4'III)S + 2 (Hzo)f = (CaSO4 ° 2 Hgo)s
can occur only in the presence of condensed water. The process is actually a re-
crystallization with a change in the crystal structure: the CaSO, dissolves in the

condensed water, the solution becomes oversaturated in the dihydrate, and the
latter crystallizes out.

Water vapour adsorption by cement

The hydraulic hardening of cement is caused by hydration of the clinker miner-
als. Cement hydration can occur by water vapour adsorption, too [30, 31].

Experiment. The water vapour adsorption by cement was tested for 28 days. On the
last day, thermoanalytical curves and desorption isotherms of samples with various
water contents were determined.

Experimental results (Fig. 8)

It was established that no hydration occurs on the left (adsorption) line of the
isotherms, so the water adsorption isotherms are suitable for determination of the
specific surface of cements.

J. Thermal Anal. 25, 1982



JUHASZ: THE STUDY OF WATER VAPOUR ADSORPTION ISOTHERMS 421

Sw=2l4miy
Ew=25/g Temperalture K
273 473 673 873

w, e

R =005 [

20—
: R =005

Q.37

l- ~ 3
-1.00 Sw=1004m4/g
094

| E,,=1413ig

Sw=121.0m%g

L Do 1.00
jEF =094 [ Ey=1501/g

o

BTG

N ]

-

02 04 06 08 10 0 200 400 600
24 Temperature ,°C

Fig. 8. Isotherms and DTG curves of cement a—d) Vapour pressure (adsorption (a) and

desorption (c, d)) and DTG curves of cement stored for 28 days in air of different humidities;

e) Cement stored for 28 days in saturated air, then for 150 days above concentrated sulphuric

acid. The first peak practically disappeared from the DTG curve (the water binding is
reversible)

Hydration processes can be found on the capillary condensation line of the iso-
therms, evidently due to the water condensed in the capillaries. At high humidity,
hydration effects result in a decrease in the specific surface. This phenomenon can
be explained by the coalescence of the particles. The water adsorption by cement
hydrated for 28 days is reversible; water bound merely by chemical forces (Ca(OH)y)
can not be eliminated by desorption.
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ZUSAMMENFASSUNG — Prozesse und Gleichgewichte der Wasserdampfadsorption an Adsor-
benten mit polarer Oberfliche kdnnen gut mit einer mit thermischer Analyse kombinierten
Adsorptionsmethode getestet werden. Der erste Schritt der Methode schlieBt den Vergleich
der Desorptions-Adsorptionsisothermen und der thermischen Kurven in sich ein, im zweiten
werden Gleichgewichtspunkte der Adsorptionsisothermen durch thermische Analyse getestet.

Am Beispiel von einigen Baumaterialien werden die Moglichkeiten dieser Methode demon-
striert. Die Adsorptionsisothermen waren formell in allen Féllen vom gleichen Typ und nur
die vorgestellte komplexe Methode ergab, daB die Ausbildung des Gleichgewichtes durch
grundsitzlich verschiedene Prozesse erfolgt. Solche Prozesse sind: von der Struktur des Adsor-
benten und der Aktivitit der aktiven Oberflichenzentren abhingige physikalische Adsorption
Chemisorption, chemische Reaktion im Festkérper/Dampf-System und in der in Kapillaren
kondensierten wissrigen Phase.

Pesrome — Ilpornecchl ancopOuum DapoB BOOB! M PABHOBECHS aACOPOCHTOB C aKTHBHBIMH IIO~
BEPXHOCTSMH MOI'YT OBITE HCITBITAHEI KAKAM-ITAGO aIcCPOLMORHBIM METOLOM, COBMEIICHHbIM C
TEPMHYECKAM aHaimM30M. IIepBriii 1mar B 3TOM MeTOZe BKIIOYAET CPABHEHUE U30TEPMHUYECKHX
KPHBBIX AecOpOLs — aICOPONHs 1 TEPMIYECKIX KPUBLIX. BIOPO mar — nposepka H30TepMHU-
9eCKAM AHAIM30M DA3IMYHEIX PABHOBECHBIX TOYEK aJCOPOLMOHHBIX HM30TepM. Bo3MoxHOCTH
NPENCTABIICHHOTO METO/a IMOKA3aHbl HA NPAMEPax CTPOMTEIHBIX MaTepuasioB. THIIBI aacopO-
IHOHHBIX H30TEPM BCEX MCCIICNOBAHHBIX 00pasoB OBLIH NPAKTHYECKM OJHHAKOBEIMH U TOJBKO
MpeACTAaBIeHHbIH KOMIUICKCHEI METOX JaJl BO3MOXKHOCTE [I0Ka3aTh, YT0 00pa3oBaHHe PABHO-
Becwit OBIITO BRI3BAHO PA3IHIHBIMY IpoieccamMil. TaKuME IPOoLeccaMu IBISFOTCA : usnyeckas aj-
COpOIMs, 3aBUCANIAS OT CIPYKTYPHI alICcOpOeHTa M aKTHBHOCTH BHCIIHHMX AKTHBHBLIX IIEHTPOB,
xeMuECOpOIHA, XUMHUYECKAst PEAKIMA B CUCTEMe TBepIoe Tell0 — Ia3 ¥ B BOAHOM (dase, ckoHmeH-
CHPOBaHHON B KauMWILIAPAX.
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