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ABSTRACT

Systems of adsorption have been studied as an alternative for the cooling systems for saving
electrical energy. The main advantage is the heat as the driving sources, for example, hot
water or waste heat, widely used in the industries, and solar energy. The pair adsorbent/
adsorbate determines the behavior of these systems. Therefore, the knowledge of the
equilibrium conditions between the adsorbent and the adsorbate is very important. The pair
silica gel/water has the advantage of exploiting low-temperature heat sources. In this paper,
the equilibrium conditions of the pair silica gel/water were investigated and the data were
used to identify the coefficients of Dubinin-Astakhov equation and Freundlich equation.
The experiments consisted of measuring temperature and pressure for different adsorbed
mass of water in the adsorbent (silica gel). The amount of adsorbed mass (kg) per adsorbent
mass (kg) used were: 0.007, 0.013, 0.024, 0.047, 0.092, 0.162 and 0.209. Both equations
showed good agreement with experimental data, the coefficients of regression (R2) were
0.991 on the Dubinin-Astakhov equation and 0.993 for the Freundlich equation.
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NOMENCLATURE

B constant of the pair adsorbent/adsorbate
β affinity coefficient of adsorbate
D affinity coefficient of the pair adsorbent/

adsorbate, is the relation between B e βn

P system pressure, kPa
Psat saturation pressure of adsorbate at

temperature T, kPa
q relation adsorbate per adsorbent, kg/kg
q∞ maximum amount of adsorbate per

adsorbent, kg/kg
T bed temperature, K
X mass amount of adsorbate in the anhydrous

adsorbent, kg/kg
X0 maximum amount of adsorbate in the

anhydrous adsorbent, kg/kg
W volume of adsorbate in the unit mass of

adsorbent, cm3/g
W0 maximum volume of adsorbent per adsorbed

mass, cm3/g

INTRODUCTION

The increase of global energy consumption
as well as the destruction of the ozone layer by
CFC and HCFC has been the motivation for the
development of new cooling technologies. Among
those, adsorption, where instead of these
refrigerants, solar energy is used, consists of an

excellent alternative of cooling system.
The types of adsorption mechanisms

determine the theoretical aspects of approach and
equating of the phenomenon.  For the case of
volume filling of micropores (pore diameters
smaller than 4 nm, according to the classification
of the IUPAC), the Dubinin-Astakhov (Dubinin,
1967), Eq. (1), cited by Oliveira et al. (2001),
Silveira. Jr. (1990), Barbosa (1993) and
Vodianitskaia (1984), assumes that the micropore
is filled during the adsorption process considering
the maximum volume per mass unit of adsorbent,
W0, occupied by the adsorbate.
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Another model known as Freundlich
equation, Eq. (2), or the classic isotherm adsorption
equation (Saha et al., 1995), commonly used to
describe the equilibrium properties of the pair
silica-gel/water.  The Freundlich equation is simple,
nevertheless it presents a good correlation with the
experimental data for this pair (Cho and Kim, 1992;
Chihara and Suzuki, 1983).
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The amount of vapor adsorbed by a sample
of microporous solid is proportional to the mass of
the sample and it depends on temperature and
pressure of the bed, as well as on the nature of the
solid (adsorbent) and the vapor (adsorbate).
Therefore, the choice of an adsorbent will depend
on the vapor to be adsorbed, in addition to the
retention capacity of the adsorbent (kg adsorbate/
kg adsorbent).

The adsorption process will occur in a bed
until it reaches equilibrium between the vapor
pressure of the adsorbate and the pressure of the
adsorbed stage. By alternating the equilibrium state
(through temperature increase or pressure
reduction) there occurs an inverse process,
denominated desorption, reactivation or
regeneration. In general, this adsorption-desorption
cycle can be repeated many times without
significantly altering the physical-chemical
properties of the adsorbent.

The silica-gel is a highly porous solid
produced from sulfuric acid and sodium silicate.
It consists of porous particles with diameters
varying between 2-20 nm. Each 1 m3 of silica gel
contains pores that if added would account for a
surface area of about 2.8 × 107 m2 (Saha et al.,
2000). The silica-gel has a great capacity to adsorb
vapor water, of around 35 to 40% of its dry mass,
along with low regeneration temperatures (Ng et
al, 2001; Tahat, 2001). According to Tahat (2001),
silica gel is safe, non corrosive, cheap, abundant
and it has been widely used to its great adsorption
capacity and chemical stability.

EXPERIMENTS

The experimental assembly (Fig. 1)
consisted of a cell coated in stainless steel,
containing vacuum flanges and sealing rings,
vacuum pump, thermostatic bath to keep the silica
temperature constant, volumetric bottle containing
distilled water, four temperature sensors type Pt
100 along the cell, two vacuum pressure sensors,
valves and vacuum connections. In order to obtain
the pressure and temperature data, a data
acquisition system model HP3852A Hewlett
Packard and a remote microcomputer were used.
The silica-gel used in white pearl granules is
commercialized in Brazil by Odin Industry and
Commerce LTDA.

Figure 1. Experimental assembling for pair
silica-gel/water characterization.

To build the isosters of the pair silica-gel/
water, the proposed model was the Dubinin-
Astakhov equation, Eq. (1), which according to
Oliveira et al. (2001), may lead to Eq. (3), through
a simple division by the adsorbate density. Posterior
linearization (Eq. 4) indicates that by varying the
pressure and temperature of the bed it is possible
to estimate parameters X0, D e n. Thus, the
experimental data obtained in the experiments were
adjusted according to a method of curve fitting with
the proposed model. Therefore, several isosters of
the pair silica-gel/water may be built.
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In a similar way, the Freundlich equation
(Eq. 2) was also linearized. Equation (5), as well
as Eq. 4, with varying temperature and pressure,
estimates the values q∞ e k and builds the isosters
of the pair.
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To obtain the experimental data, the silica-
gel was put into a jacketed cell together with
temperature sensors and other connections. Firstly,
the silica-gel desorption was carried out, through
thermal oil heating (125ºC) heated in thermostatic
bath and circulated through the jacket.  In this
phase, a valve connected to the coated cell was
kept open until the bed temperature reached 120ºC.
After that, the vacuum pump was turned on to
remove formed vapor; the system was kept as such
for 24 hours (120ºC under pressure lower than
0.013 kPa).

Afonso and Silveira Jr. Characterization of Equilibrium...



5Engenharia Térmica (Thermal Engineering), Vol. 4 · No. 1 · June 2005 · p. 3-7

After the desorption phase and sequential
bed cooling, the following procedures was adopted:

The valve connected to the bottle containing
distilled water was opened and remained that way
until a certain water amount had been adsorbed by
the silica-gel bed. After the valve had been closed,
thermal oil was circulated with different temperatures
in order to condition the silica-gel bed temperature
and the resulting pressures were measured.

RESULTS AND DISCUSSION

The amounts of water adsorbed by silica-gel
were set in cumulative form, that is, for each new amount
adsorbed, the previous amount of adsorbed water was
added. The amounts are presented in    Tab. 1.

In the end of the experiments, the saturated
silica- gel was immediately weighted. With known
values for the mass and the amount of adsorbed
water, it was possible to calculate, by difference,
the amount of dry silica-gel previously contained
in the bed, in addition to the maximum capacity of
the silica-gel adsorption (Tab. 2).

Table 1. Amount of adsorbed water for each
condition.

Table 2. Amount of dry silica-gel and maximum
adsorption capacity.

Thus, the conditions for each isostere (kg
of water/kg of silica-gel) were calculated by a
simple division of the amount of adsorbed water
(kg) by the amount of dry silica-gel (Tab. 3).

Table 3. Relation kg/kg of each isostere.

In order to estimate the parameters X0, D
and n of the Dubinin-Astakhov and the q∞ and k of
the Freundlich model, the Statistica 5.0 program
was used. The obtained values are show in Tab. 4.

Table 4. Model parameters found.

The Dubinin-Astakhov model (Eq. 4) has
given a good agreement with the data, with R2 =
0.991 in Fig. 2.

Figure 2. Adjustment of Dubinin-Astakhov
model in linearized form: y = (0.301)-

(0.00227).(x)1.08 and    R2 = 0.991

The Freundlich model (Eq. 5) has also
showed a good correlation with the experimental
data with     R2 = 0.993 in Fig. 3. Since the two
models yielded satisfactory data adjustment, the
Freundlich model is preferable for the isosters
construction, because it has a slightly higher
correlation coefficient in addition to being simpler.

With the model and parameters defined,
two isosters were traced and compared with other
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two from the works of Cho and Kim (1992) and
Chihara and Suzuki (1983), who have used the
same model. Figure 4 presents the comparison.

Figure 3. Adjustment of  Freundlich model in
linearized form: y = (0.355)+(1/0.79).(x) and R2

= 0.993

Figure 4. Comparison of isosteres for pair silica-
gel/water with the other authors.

Figure 5 presents the isosteres for the silica-
gel used in this work based on the Freundlich model
and found parameters. Those isosters will enable the
dimensioning of the bed adsorptions with the pair
silica-gel/water and the cycle adsorption/desorption
trace in an application, such as cooling, for instance.

Figure 5. Isosters of pair silica-gel/water.

CONCLUSIONS

The knowledge of the pair behavior in
different conditions of temperature and pressure and
the relation to the adsorbate/adsorbent mass is
essential in the project of refrigeration systems by
adsorption. In the characterization of the pair silica-
gel/water in this work, the maximum experimental
adsorption found was 30.6%. According to the
proposed models, the findings were 30.1% (X0), by
Dubinin-Astakhov and 35,5% (q∞) by Freundlich.
Despite the difference, both proposed models present
a good data adjustment with high correlation
coefficients of 0.991 and 0.993, respectively.
Differences in the same isosters (kg/kg) among
authors are common, since each one has worked with
silica-gel from different producers.
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