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Abstract Two different experimental methods have been
used for studying equilibrium adsorption of water vapour on
zeolite 13X based on thermogravimetry and a novel tech-
nique using mass spectrometry. Good agreement can be
found between experimental data of the adsorption isobars
from these two methods. Also the isosteric heat of adsorp-
tion of this system has been determined from the equilib-
rium data. Water adsorption has been measured under a vari-
ety of operation conditions of the cooling systems, i.e. pres-
sures from 12.28 to 73.84 mbar and temperatures from 50 to
230 °C.
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1 Introduction

The porous solids in the cooling systems have been used
from seventies ends (Tchernev 1978). This idea began with
the use of the zeolite–water pair for the heat-pumping/air
conditioning applications and the first prototypes of adsorp-
tion heat pumps/cooling used adsorbent beds made of zeo-
lite loose grains (Douss et al. 1988; Restuccia et al. 1988).
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The thermo-physical properties, equilibrium adsorption
data and isosteric heat of adsorption are essential data for
the design of adsorption cooling systems. Thermogravimet-
ric method “TG” and sorption isosteric method “SIM” have
been widely used for obtaining the equilibrium data in ap-
plication of adsorption cooling system (pressure, tempera-
ture and adsorption uptake). Several papers have studied the
solid/gas thermodynamic equilibrium using TG and SIM,
due to the easy sample preparation of the two methods
and the simplicity in the experimental procedures. Aris-
tov et al. (1996a, 1996b, 2002) and Gordeeva et al. (1998,
1999, 2002, 2007) have used a thermal balance CAHN
C2000 for study the adsorption equilibrium of water and
methanol on composites materials from 293 to 423 K at
different vapour pressure in the range 8 to 133 mbar. So,
Stach et al. (2005) measured gravimetrically the adsorp-
tion isotherms of water on zeolites (X, Y and modified) and
composites materials at 293, 313 and 333 K with a com-
mon McBain quartz spring balance equipment with MKS
Baratron pressure sensors. The authors estimated the repro-
ducibility of the method from adsorption and desorption
branches. Other authors (Yang and Rees 1997; Bülow and
Shen 1998; Shen and Bülow 1998; Anashin et al. 2004;
Sharonov et al. 2006) have used SIM based on the manom-
etry to determine the solid/gas thermodynamic equilibrium
and thermodynamic properties for some pairs, including wa-
ter vapour. However for condensable gases, particularly wa-
ter vapour, the two methods have limitations: the difficulty
of maintaining the system at temperatures above the sat-
uration temperature, condensation of water vapour in cold
zones and electronic sites and uncertainties in weight mea-
surements due to buoyancy. In addition, SIM does not guar-
antee a constant adsorbed amount because mass desorption
at each equilibrium point increases the gaseous phase mass
and, therefore, the system pressure. Of this way, it is gen-
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Table 1 Surface characteristics of the zeolite 13X

Properties Value

Surface area (m2/g) 729

Micropore volume (cm3/g) 0.26

Average pore diameter (nm) 0.7

erate uncertainties in the isosteric heat of adsorption around
20% (Cortés 2009). Mass desorption causes errors that are
significant for high pressures and temperatures in the region
of low surface coverage. Therefore, the aim of this work
is to present a novel method based on the mass spectrom-
etry (MS) for obtaining the adsorption equilibrium of water
on porous solids for its application in the cooling systems,
in which avoids the uncertainties in weight and equilibrium
pressure due to buoyancy and to desorption, respectively.

The experimental data of zeolite 13X–water by MS were
validated with the experimental data from thermogravimetry
method (TG), which shows good consistency. In terms of the
chiller operation condition, we investigated the water uptake
on zeolite 13X, pressures from 12.28 to 73.84 mbar and tem-
peratures from 50 to 230 °C. The isosteres and isosteric heat
of adsorption were obtained from the adsorption isobars. In
addition, the water adsorption on zeolite 13X was analyzed
by other way, from the “Polanyi theory”.

2 Experimental

2.1 Material

A commercial Faujasite-type zeolite (13X) in pellet was
used, which exhibit a 3-dimensional framework with large
supercages linked together through channels where sorbed
molecules diffuse. The framework is formed by SiO4 and
AlO4 tetrahedral whose global negative charge is balanced
by exchangeable cations Na+ sparse on many sites through-
out the structure. In addition, the zeolite is commercially dis-
tributed by Sigma-Aldrich.

Textural characterization of the samples was carried
out by N2 adsorption at −196 °C in QUANTACROME
AUTOSORB device. The Dubinin-Radushkevich-Stoekli
(2002) equation was used for analysis of N2 adsorption
isotherms. The molecular area of N2 at −196 °C is 0.162
nm2. Table 1 shows the surface area, micropore volume and
average pore diameter from the experimental data of nitro-
gen adsorption.

2.2 Equipment

2.2.1 Thermogravimetric analyzer and experiment

The thermogravimetric analyzer comprises the TA Instru-
ment unit and an evaporator. Water vapour is generated in an

Fig. 1 Schematic representation of MS apparatus: (1) computer,
(2) mass spectrometer, (3) reactor and furnace, (4) thermostatic bath
and saturator, (5) temperature controller and transducer (X1–X2) valves

oil heater bath fitted with a controller. The vapour pressure
is determined by the oil bath temperature. The zeolite 13X
sample was put in the furnace of the TG analyzer which has
a radiant heater for maintaining constant sample temperature
until equilibrium is reached. The changes of the equilibrium
sample mass were measured by the microbalance for differ-
ent temperatures and pressures.

The sample is heated around 4 hours at 450 °C in an inert
atmosphere, a helium gas flowing trough it. After adsorbent
regeneration at high temperature, the system is taken to the
desired temperature and the helium saturated with water (at
a fixed saturation temperature) is constantly fed into the fur-
nace until equilibrium is reached. Later the temperature is
increased and the new equilibrium adsorbed mass is mea-
sured, at constant pressure. This procedure is repeated for
different vapor pressure system, changing the temperature
of the oil bath. To avoid condensation, the reaction cell and
piping system were always kept at least (10–20) K higher
than the saturation temperature of the vapour, which was
achieved by wrapping heater tapes around the piping sys-
tem which were also well insulated to minimize heat loss.
The system was deemed to be in thermodynamic equilib-
rium at desired pressure and temperature when the mass of
the system (adsorbed + adsorbent) remained unchanged for
at least 1–2 an hour. Reproducibility of the measurements
was checked by repeating the tests (at least two times).

2.2.2 Method based on the mass spectrometry and
experiment

A novel experimental method was used to obtain the equilib-
rium data of adsorption of water on zeolite 13X and is shown
in Fig. 1. The new method comprises the mass spectrometer
unit (MS and computer), a reactor and an evaporator (sat-
urator and thermostat). Water vapour is generated in an oil
heater bath fitted with a controller (thermostat). The pres-
sure of the vapour is determined by the oil bath temperature
(at a fixed saturation temperature). The zeolite 13X sample
(ca. 0.08 g) was placed in the reactor which has a radiant
heater to keep constant sample temperature until equilibrium
is reached. Afterwards, the reactor is heated to desorb the
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Fig. 2 Profile of water
desorption at different pressure
and adsorption temperature

Fig. 3 Isobars of water on
zeolite 13X

previously adsorbed water vapour. The desorbed uptake in
zeolite 13X was measured by the MS for different tempera-
tures and pressure.

The sample is heated around 4 hours at 450 °C in an inert
atmosphere in the reactor, a helium gas is pumped trough
it at 60 ml/min. After adsorbent regeneration at high tem-
perature, the reactor is taken to the desired temperature and
the helium is changed by helium saturated with water (at a
fixed saturation temperature), which is constantly fed into
the furnace until equilibrium is reached, around 2 hours.
Again, the helium saturated with water is switched to dry
helium and the sample is heated at 5 °C/min until 450 °C is
reached, in order to desorb the previously adsorbed water
vapour, which is measured in the MS. This procedure is re-
peated at different temperatures and vapor pressure system,
changing the temperature of the oil bath. To avoid conden-
sation, the reaction cell and piping system were always kept
at least (10–20) K higher than the saturated temperature of
the vapour, which was achieved by wrapping heater tapes
around the piping system and they were also well insulated
to minimize heat loss. The system was deemed to be in ther-
modynamic equilibrium at desired pressure and temperature
when the desorbed quantity measured is equal at different

time of treatment in He–H2O atmosphere. Reproducibility
of the measurements was checked by repeating the tests (at
least three times).

Figure 2 shows the profiles of water desorption after its
adsorption at different pressures and temperatures. These
profiles were used to obtain the amount of water adsorbed
on zeolite 13X at different equilibrium pressures and tem-
peratures.

3 Result and discussion

3.1 Isobars and isosteres

Figure 3 shows adsorption isobars at pressure from ∼ 12
to 74 mbar, and temperatures from 50 to 230 °C obtained
by MS. Indeed, it is possible to conclude from desorption
branches at 12.28 mbar that the experimental method is re-
producible. The isosteres were derived from adsorption iso-
bars.

The isosteres show non-linearity (see Fig. 4). Since the
usual phenomena is linearity on isosteres, if the assumption
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Fig. 4 Isosteres of water on
zeolite 13X

of the independent of temperature in the isosteric heat is rea-
sonable true (Yang and Rees 1997).

Although the isosteres for zeolite 13X/water does not
show this behaviour, specially at low coverage, isosteres
suggest that a stage occurs at pressure between ∼43 mbar
and 74 mbar and there is, also, a change in slope. The devi-
ation from linearity may be explained for the follow reasons
(Bülow et al. 2002):

1) The gas phase behaviour is real gas (the use pressure in-
stead of fugacity).

2) The molar volume of the sorption phase may be not ne-
glecting with regard to that of the gas phase.

3) The non-negligible desorption, Nads �= constant.

However, these three reasons do not explain the deviation
from linearity of the isosteres because for the experimental
conditions of this work: 1) the gas phase is ideal, 2) the mo-
lar volume of the sorption is neglecting with regard to that
of the gas phase and 3) the isosteres present an isosteric con-
dition.

This unusual behaviour is due to energetic heterogeneity
of the adsorbent. At low-adsorbed uptake and low pressure
adsorption constitutes interaction of water molecules with
hydrophilic centers in the zeolite, the tetrahedrally coordi-
nated aluminium atoms and their associated acidic protons,
strongly energetic (Brönsted acidic). At high pressure (low
coverage), the water bonding with other water molecules by
hydrogen bonding and/or filling pore, generating lower in-
teraction energy. This behaviour is evidence in the large dif-
ference in “free sorption energy” values between the two re-
gions evaluated (HP and LP) at low Nads , under an isosteric
condition (Cortés 2009).

When uptake is close to saturation, the isosteres does not
shown deviation from linearity for this range pressure, i.e.
the deviation decreased with increasing uptake, because the
interaction energy obeys only to mean interaction of water
with water molecules by hydrogen bonding and/or filling
pore (Cortés 2009).

3.2 Isosteric heat

The isosteric heat is the energy released during adsorption
and can be computed as a function of pressure and temper-
ature using the Gibbs-Helmholtz equation (GH) (Dubinin
1967). The GH equation is derived from the Dubinin As-
takhov equation. This last one is commonly used for adsorp-
tion equilibrium in microporous materials such as activated
carbon and zeolites. The Dubinin and Astakhov’s (1971) ad-
sorption isotherm can be represented by:

Nads = Nads,max exp
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where Nads is uptake adsorbed, D the coefficient of affinity,
Nads,max the maximum adsorption capacity (mass of adsor-
bate/mass of adsorbent) and n a characteristic parameter of
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Multiplying each term of the differential equation (2) by
(RT 2) yields an expression for the isosteric heat:
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where α is the coefficient of thermal expansion of the liquid
adsorbate, which can be obtained from (Leite and Daguenet
2000):
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Fig. 5 Isosteric heat for the
zeolite-water pair computed by
GH

Fig. 6 Characteristic curve for
water/zeolite 13X pair

To compute the isosteric heat from (3) on could use exper-
imental data and using a single linear regression procedure
to obtain the parametric values Nads,max, n and D in (1)
and (3).

The isosteric heat was computed at 12.28 and 73.84 mbar,
which is entitled low and “high” pressure. Figure 5 shows
the isosteric heat at low and “high” pressure calculated from
the (1) at uptake adsorbed. For each uptake adsorbed there is
an equilibrium temperature value, which is used to compute
the isosteric heat. At low pressure (LP) by MS, the isosteric
heat decreases with coverage, from ca. 3430 J/g to ca. 3010
J/g when uptake increases from ca. 0.06 g/g to ca. 0.22 g/g,
which corroborate the heterogeneity energetic of the adsor-
bent. When the adsorbent is close to its maximum uptake,
the thermodynamics properties of adsorption are close to
properties of pure water. i.e., the isosteric heat of adsorption
is close to the pure water latent heat. In addition, the isos-
teric heat is higher than pure water latent heat (see Fig. 5).

At “high” pressure (HP) by MS, the isosteric heat is sim-
ilar to the low pressure. The isosteric heat decreases with
increases the uptake, from ca. 3490 J/g to ca. 2930 J/g when
uptake increases from ca. 0.06 g/g to ca. 0.22 g/g. The isos-
teric heat of adsorption obtained by MS and TG methods
yielded similar results as shown in Fig. 5.

3.3 Characteristic curve of the system

For understanding the adsorption phenomena of the wa-
ter/zeolite 13X from other way, the theory of volume filling
pore (TVFM) was used. This theory is based on Dubinin-
Astakhov equation, which is commonly used for adsorption
equilibrium in microporous materials, especially in activated
carbon and zeolites. The Dubinin and Astakhov’s (1971)
“D-A” adsorption isotherm can be represented by (1).

The theory postulates the temperature invariance of the
relative adsorption plotted as a function of the adsorption po-
tential, as a direct consequence of the Polanyi Theory of ad-
sorption (taken from Dubinin 1967). The experimental data
obtained from TG and MS are depicted in Fig. 6 and show a
similar pattern.

Parameters of (2) obtained were Nads,max = 0.24 g/g,
n = 1.6 with a coefficient correlation R2 = 0.997. The D-A
model was applied within a wide range of adsorption poten-
tial “A” (ca. 130 < A < 1650). However, with this model is
not possible observe the striking and unusual behaviour as is
showed in the Clapeyron Diagram (see Fig. 4) at low uptake
(Nads < 0.16 g/g) because postulate temperature invariance
is not valid for this pair.
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4 Conclusion

Adsorption equilibrium studies of water vapour on zeolite
13X have been investigated independently by TG and novel
MS methods. In this work was found that the method is
reproducibility and experimental data could be reproduced
by the other independent method “TG”. This supports the
reliability of our present study. In addition, the Dubinin
Astakhov was used to describe the behaviour of this pair.
This provides a good correlation for the experimental data,
although this model does not show the deviation of the
isosteres from linearity at low uptake. The experimental data
of adsorption from MS are similar to those from TG, which
shows good consistency in terms of the reproducibility and
validity of the new proposed method.
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