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Adsorption heat pumps (AHPs) are considered to be
a real alternative to compression pumps, because they
do not use gases contributing to the greenhouse effect
or damaging the ozone layer [1, 2]. Many laboratories
are now developing efficient AHPs employing water, an
environmentally friendly liquid, as the adsorbate [1, 2].
Among the central problems encountered in this
approach is that of ensuring efficient heat and mass
transfer during water sorption in the sorbent bed. Effi-
cient heat supply is usually achieved using not a granu-
lar bed of free-lying sorbent particles but a more com-
pact sorbent bed prepared by “gluing” the initial sor-
bent particles with a binder (Fig. 1a). The binder and
the increased bed density favor heat transfer but can
deteriorate the water vapor mass transfer. If this is the
case, the mass transfer will control the water sorption
kinetics. In an isothermal regime, the sorption kinetics
depends mainly on the ratio (

 

α

 

) of the diffusion con-
stant for the macropores formed between initial adsor-
bent particles of size 

 

A

 

 (transport pores) to the diffusion
constant for the internal mesopores or micropores of
these particles. The former constant, 

 

k

 

D(macro)
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/

 

L
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, where 
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macro

 

 is the diffusion coefficient of
water vapor in the macropores and 

 

L

 

 is the bed thick-
ness, determines the characteristic time of water sorp-
tion in the bed, 

 

τ

 

 = 1/
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. The diffusion constant for

the interior of an initial particle is 
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 is the diffusion coefficient for the mesopo-

res of the initial particle and  is the average particle
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equilibrium inside the initial sorbent particles is rapidly
established and the sorption rate is determined by diffu-
sion in the macropores of the bed. Analytical equations
have been set up for this case, which describe the time
dependence of the amount of sorbed water for both iso-
thermal and nonisothermal regimes [3].

At 

 

α

 

 

 

�

 

 1

 

, a profile of sorbed water forms to travel
into the bed bulk (Fig. 1b). Knowing the shape and
position of the front as a function of time, one can find,
by the Boltzmann–Matano method, the effective water
diffusion coefficient [4].

In the opposite case (

 

α

 

 

 

�

 

 1

 

), a constant water vapor
concentration equal to the water concentration over the
bed is rapidly established in the gas phase and moisture
is almost uniformly distributed throughout the bed
(Fig. 1d). The water sorption kinetics in the bed will
then be determined by the way water is sorbed by indi-
vidual particles (under the assumption that the binder
does not block access to the outer particle surface). It is
possible to measure kinetics of water sorption on an
isolated particle by a separate experiment [5] and to use
the results in the kinetic analysis of water sorption in
the bed.

If the diffusion resistances in the macropores and
mesopores are comparable (

 

α

 

 

 

≈

 

 1

 

), the sorption profiles
have a more complicated shape (Fig. 1c) and detailed
mathematical modeling is required for their descrip-
tion.

In the study reported here, we varied the diffusion
constant ratio 

 

α

 

 by widely varying, at the synthesis
stage, the basic bed parameters that can affect the
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Abstract

 

—The dynamics of water vapor sorption in a compact, binder-containing bed of a CaCl
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-in-silica-gel-
pores sorbent has been investigated by NMR microscopy. The procedure suggested for the preparation of this
bed allows the porous structure of the bed to be modified in a wide range. The bed pore structure and water
transfer in the bed have been studied in relation to the particle size of the initial silica gel, the size of mesopores
in the sorbent particles, and the binder content. By varying these parameters, it is possible to optimize the ratio
of the diffusion resistance of the interparticle macropores to that of the internal mesopores of the particles. If
sorption is controlled by water diffusion in the macropores, a sorption front forms in the sample to move inside
the bed. The distance traveled by the front is proportional to the sorption time to the power 1/2. The effective
diffusion coefficient of water in the macropores is estimated from the front motion dynamics to be between
0.8 
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 and 3.0 
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/s, depending on the porous structure of the bed.
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porous structure of the bed, namely, the initial particle
size of the sorbent, the size of mesopores in the parti-
cles, and the amount of binder.

Water vapor mass transfer in the bed was studied by
NMR microscopy, which enabled us to visualize the
space and time profiles of sorbed water without break-
ing the sample [6, 7]. The object of our study was a cal-
cium chloride/silica gel composite sorbent (SWS-1K)
[8–10]. Although this new material has only recently
been suggested for AHP applications [11, 12], it has
already demonstrated its high efficiency in adsorption
systems for cooling water to 

 

5–10°ë

 

 in which the heat
source has a low temperature potential (

 

80–90°ë

 

) [13].
In order to optimize the dynamic characteristics of such
a device, it is necessary to study water vapor transfer in
a compact SWS-1K bed with a binder. This process is
the subject of the present study.

EXPERIMENTAL

 

Sample Preparation

 

Initially, we determined the basic parameters that
might have an effect on the bed pore structure and,
accordingly, on water vapor transfer in the bed: the
mean size of initial silica gel particles (

 

A

 

), the mean
size of the mesopores in these particles (

 

R

 

meso

 

), and the
binder content ([B]). In the Knudsen regime, the diffu-
sion resistance in the initial particle depends on the
mesopore size; for this reason, silica gels with two dif-
ferent mesopores sizes, 

 

R

 

meso

 

 = 3.0 and 7.5 nm, were
used in the bed preparation. The particle size 

 

A

 

 and the
binder content [B] have an effect on the average size

 

R

 

macro

 

 (or volume) of pores between initial powder par-
ticles (i.e., on the parameters of transport macropores).

The diffusion resistance of these pores decreases with
increasing size of initial particles and with decreasing
binder content.

Next, we obtained beds while systematically vary-
ing the above three parameters. The host matrices were
the silica gels KSK, Davisil Grade 635, Davisil Grade
645, and Grace SP2-8926.02, whose properties are
listed in Table 1. A certain fraction of oxide powder and
a binder were dispersed in water containing 1% nitric
acid. The binder was pseudoboehmite. Its content [B]
was varied between 10 and 30 wt %. The dispersion
was homogenized with a Cool Parmer 8890 ultrasonic
disperser for 1 h while stirring with a mechanical stir-
rer. The excess water was evaporated to a water content
of 45–55%, and the resulting paste was shaped into pel-
lets 16 mm in diameter and 6 mm in thickness. The pel-
lets were air-dried at 

 

450°ë

 

, impregnated with an aque-
ous calcium chloride solution, and dried at 

 

150°ë

 

. The
salt contents of the resulting materials are listed in
Table 2.

Pore-size distribution for all materials was deter-
mined by mercury porosimetry using a Micromeritics
Pore Size 9300 instrument. Micrographs were obtained
with an REM-100U scanning electron microscope with
a digital image output system, using an accelerating
voltage of 30 kV. Prior to microscopic examination,
gold was thermally sputtered onto the specimen surface
in vacuo to obtain a thin conducting film. The mechan-
ical strength of the films was evaluated from crushing
load data.

 

Mass Transfer Measurements

 

In order to estimate the spatial distribution of sorbed
water in a pellet, the pellet was placed into the measure-
ment cell of an Avance Brucker NMR tomograph [14]
(Fig. 2). The cell was pumped and was then connected
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Fig. 1.

 

 (a) Bed consisting of initial particles of size

 

 A

 

. (b–d) Sorbed water profiles depending on the ratio of macropore and mesopore
diffusion resistances.



 

778

 

KINETICS AND CATALYSIS

 

      

 

Vol. 47

 

      

 

No. 5

 

      

 

2006

 

ARISTOV et al.

 

to a thermostated evaporator containing a saturated cal-
cium chloride solution. A constant water vapor pressure
of 7 mbar was maintained over the solution. Only the
upper flat surface of the pellet was accessible to water
vapor. The sample temperature was 18–19

 

°

 

C. The
determination of time-dependent sorbed water profiles

is described elsewhere [14]. The space resolution was
50–70 

 

µ

 

m. The time required for recording one profile
(2–5 min) was sufficiently short for studying the diffu-
sion processes, whose duration is tens or even hundreds
of minutes, as will be demonstrated below.

RESULTS AND DISCUSSION

 

Porous Structure of the Materials

 

The mesoporous structure of the starting silica gels
is characterized by a comparatively narrow pore-size
distribution with a mean pore diameter of 6 or 15 nm
(Table 1). Note that the heat treatment of pseudoboeh-
mite yields pores similar in size to silica gel pores.
Therefore, the binder causes no significant changes in
the mesoporous structure of the starting silica gel parti-
cles.

The structure of transport pores depends most
strongly on 

 

A

 

 and [B]. The materials with [B] < 20 wt %
had a low mechanical strength (Table 2). For this reason,
[B] in most cases was varied between 20 and 30 wt %. In
this binder content range, the volume of transport pores
in the bed (

 

R

 

macro

 

 > 0.1 

 

µ

 

m) is nearly constant, but the
size distribution of these pores changes (Fig. 3). In the
bed that was prepared from 150- to 250-

 

µ

 

m particles
and has a binder content of [B] = 20 wt %, the size of

 

Table 1.  

 

Properties of silica gels used in the preparation of compact beds

Silica gel

 

S

 

sp

 

, m

 

2

 

/g

 

V

 

por

 

, cm

 

3

 

/g

 

A

 

, 

 

µ

 

m

 

R

 

meso

 

, nm

Davisil Grade 635 490 0.95 150–250 3.0

Davisil Grade 645 300 1.15 150–250 7.5

Grace SP2-8926.02 325 1.50 40–60 7.5

KSK 340 1.00 variable 7.5

Note: The specific surface area Ssp, pore volume Vpor, and mean mesopore radius Rmeso were measured by nitrogen porosimetry. A is the
average particle size.

Water
vapor
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To the vacuum

Fig. 2. Experimental setup for studying water vapor adsorp-
tion in a sorbent bed: (1) measurement cell of an NMR
tomograph, (2) sample, (3) water-vapor-permeable sample
holder, (4) evaporator containing a CaCl2 solution, (5) ther-
mostat, and (6–8) vacuum valves.
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Fig. 3. Pore-size distribution for a binder-containing com-
pact bed. The particle size of the original silica gel is (1, 1')
40–60 and (2, 2') 150–250 µm. The binder content is (1', 2')
20 and (1, 2) 30 wt %.



KINETICS AND CATALYSIS      Vol. 47      No. 5      2006

DYNAMICS OF WATER VAPOR SORPTION IN A CaCl2/SILICA GEL/BINDER BED 779

most of the transport pores is 2 to 30 µm (Fig. 3). At
[B] = 30 wt %, pores greater than 6–10 µm are almost
absent and most of the transport pores have a size of 0.7
to 6 µm. This is apparently due to the binder filling part
of the interparticle space. At A = 40–60 µm, the domi-
nant transport pores have a still smaller size of 0.4–
1.0 µm (Fig. 3). The volume of the transport pores
depends only weakly on the size of the initial particles
and the binder content and is 0.24–0.28 cm3/g, ~2 times
smaller than the pore volume of a bed of free-lying sil-
ica gel particles.

Let us compare the size of transport macropores
observed in the binder-containing bed to the macropore
size theoretically calculated for a bed of free-lying
spherical particles of diameter D (i.e., for a bed without
a binder). Theory predicts that the mean size of inter-
sphere pores will be d = (2/3)[ε/(1 – ε)]D, where ε is the
bed porosity [15]. In a random dense packing of
spheres, ε = 0.36–0.40 and, accordingly, d = (0.375–
0.440)D. For the mean particle sizes of D = 50 and
200 µm, we obtain d = 19–22 and 75–90 µm, respec-
tively. For the size fraction of 150–250 µm, the
macropore size observed in the bed is smaller than the
theoretical pore size by a factor of 2–6 for [B] = 20 wt %
and by a factor of 15–100 for [B] = 30 wt %. A qualita-
tively similar situation is observed for the 40- to 60-µm
size fraction. Thus, it is likely that the binder not only
fills a considerable part of the space between initial sil-
ica gel particles, thereby reducing the macropore vol-
ume, but also markedly diminishes the size of the trans-
port pores capable of transferring water vapor.

Another possible cause of the observed macropore
size being so far below the theoretical value is that the
initial silica gel particles break into smaller ones during
mechanical processing, resulting in a decrease in the
free interparticle volume.

An SEM examination of the texture of the sorbents
confirmed the data obtained by mercury porosimetry. It
is clear from SEM images that raising the binder con-
tent from 10 to 30 wt % causes the binder to fill the pore
space (Fig. 4). The micrographs of the specimens pre-

pared from the 40- to 60-µm size fraction of silica gel
display particles with a substantially smaller diameter,
which are likely to have resulted from the breaking of
initial silica gel particles.

Water Vapor Mass Transfer

Water mass transfer in a compact SWS-1K bed with
a binder was studied by NMR microscopy, recording
the spatial distribution of sorbed water as a function of
time. It was found that a sorption front forms in the bed
to move into the sample bulk with some deceleration.

Figure 5 shows typical sorbed water profiles for a
bed prepared of two silica gels with the same initial par-
ticle size (150–250 µm) and different sizes of internal
mesopores (Rmeso = 3.0 and 7.5 nm). These materials
show nearly the same water sorption dynamics, which,
therefore, depends only slightly on the mesopore size.
Therefore, sorption is controlled by water transfer in
the bed macropores rather than by water transfer in the
internal mesopores of the initial particles. In the first
approximation, the front displacement x as a function
of time t is proportional to t1/2 for 1.5 h ≤ t ≤ 6 h (Fig. 6).
This is typical of diffusion processes. From the slope of
the x2 versus t straight line, the effective water diffusion
coefficient for the bed was estimated to be Deff = 1.2 ×
10–9 m2/s. At [B] = 30 wt %, water reaches the rear end
of a 6-mm-thick bed in 6 h (Fig. 5).

Table 2.  Mechanical strength of synthesized beds with var-
ious binder and salt contents

Silica gel [B],
wt %

[CaCl2],
wt %

Mechanical 
strength, kg/cm2

Davisil Grade 635 20 31.1 –

30 22.9 68.2

Grace SP2-8926.02 20 38.1 76.4

30 30.5 120.1

Davisil Grade 645 20 33.0 64.6

30 30.0 68.9

10 µm 10 µm 10 µm

(‡) (b) (c)

Fig. 4. Electron micrographs of binder containing compact beds prepared from the 40- to 60-µm size fraction of silica gel. The
binder content is (a) 10.0, (b) 20.0, and (c) 30.0 wt %.
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Fig. 5. Time-dependent profiles of sorbed water in compact
beds of silica gel particles (150- to 250-µm size fraction)
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bols). The binder content is 30 wt %. Time elapsed from the
beginning of the process: (1) 10 min 50 s, (2) 1 h 37 min,
(3) 3 h 4 min, (4) 5 h 57 min, (5) 13 h 11 min, and
(6) 17 h 30 min.

Fig. 6. Squared displacement of the water sorption front as
a function of sorption time for (1) Davisil Grade 645 and (2)
Grace SP2-8926.02 silica gel beds containing 20% binder.
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Fig. 7. Sorbed water profiles for binder-containing SWS-1K
beds at sorption times of (1, 1', 1'') 10 min 50 s, (2, 2', 2'')
1 h 37 min, and (3, 3', 3'') 5 h 57 min: (1–3) particle size
150–250 µm, 20 wt % binder; (1'–3') particle size 150–
250 µm, 30 wt % binder; (1''–3'') particle size 40–60 µm,
20 wt % binder.
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Fig. 8. (1–3) Sorbed water profiles for a binder-containing
SWS-1K bed (particle size 150–250 µm, 30 wt % binder) at
sorption times of (1) 11 min, (2) 1 h 37 min, and
(3) 5 h 57 min. (4–8) The same for a bed of free-lying
SWS-1K granules without a binder at sorption times of
(4) 11 min, (5) 37 min, (6) 54 min, (7) 1 h 37 min, and
(8) 5 h 52 min.

Reducing the binder content to 20 wt % increases
the size of transport pores (Fig. 3), enhancing the water
vapor mass transfer in the bed (Fig. 6). It takes ~1.5 h
for the first water portions to diffuse through the bed
thickness, and equilibrium is established in the bed in
6 h (Fig. 7). In this case, the effective diffusion coeffi-
cient exceeds (2.5–3.0) × 10–9 m2/s. The sorbed water
profile is widened, and its shape indicates that the
above-mentioned diffusion resistances are comparable.
Accordingly, the sorption rate depends on water vapor
mass transfer both in the macropores between initial
particles and in the internal mesopores of these parti-
cles (Fig. 1c). If no binder is present, water vapor is

sorbed uniformly throughout the bed of free-lying of
SWS-1K granules (Fig. 8). The kinetics of this process
is determined by water vapor mass transfer in the meso-
pores of the individual particles constituting the bed
(Fig. 1d).

Reducing the particle size of the initial powder
from 150–250 to 49–60 µm causes a decrease in the
size of transport macropores (Fig. 3) and, accordingly,
decelerates water sorption: a sorption front forms
again, which moves across the bed to reach the rear end
of the pellet in ~8 h (Fig. 7). The motion of the front is
characterized by the effective diffusion coefficient
Deff = 0.8 × 10–9 m2/s, which is 1.5 times smaller than
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the same coefficient for a bed of 150- to 250-µm parti-
cles containing 30% binder.

Thus, we have developed a procedure for the synthe-
sis of compact, binder-containing, calcium chlo-
ride/mesoporous silica gel sorbent beds. This procedure
allows the porous structure of the bed to be modified in
a wide range. By varying the binder content and the size
of initial silica gel particles, it is possible to change the
porous structure so greatly as to pass from the sorption
regime in which the diffusion resistance of the interpar-
ticle transport pores is much higher than that of the
internal mesopores of these particles to the regime in
which these resistances are comparable. In the former
regime, a rather narrow sorption front is formed in the
sample. This front moves inside the sample, and the
distance it has traveled (x) is proportional to t1/2. An
analysis of its motion dynamics has provided an esti-
mate for the effective diffusion coefficient of water in
the macropores. Depending on the pore structure of the
bed, this coefficient varies between 0.8 × 10–9 and 3.0 ×
10–9 m2/s. An analysis of the results of this study is
expected to provide concrete recommendations as to
the optimization of the porous structure of compact,
binder-containing SWS-1K beds employed in adsorp-
tion refrigerators and heat pumps.
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