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The Accelerating Effect of the Salt Solution Present in the Pores
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Abstract—The kinetics of isothermal water sorption by the CaCl,/silica gel composite initiated by a small
stepwise pressure rise over the sample has been investigated at a constant underlying plate temperature of
35°C. The initial portion of the kinetic curves is consistent with Fick’s diffusion model: the amount of sorbed
water increases in proportion to the square root of the sorption time. This makes it possible to determine the
effective diffusivity of water (D.g). At small amounts of sorbed water (w < 0.19 g/g), D, changes slightly. The
diffusivity of water in the composite pores (D) calculated for the same conditions is close to the Knudsen dif-
fusivity of water vapor in mesopores. The D¢ value grows with an increasing water content of the composite;
that is, sorbed water accelerates water transport in the pores. This is likely due to the appearance of an extra
diffusion channel, namely, diffusion through the aqueous solution of the salt, whose formation begins on the
silica gel surface at w> 0.1 g/g. The contribution from this channel increases markedly when the amount of
adsorbed water is above 0.25 g/g. This can be explained by the formation of the “connected” phase of the

solution in the pores.
DOI: 10.1134/S0023158411040124

Water adsorption by porous materials is a compo-
nent of many important processes, such as gas and lig-
uid drying, thermal energy conversion and storage,
and humidity control [1—4]. In order to raise the effi-
ciency of an adsorbent, it is necessary to have informa-
tion concerning its dynamic behavior in wide temper-
ature and water vapor pressure ranges. Of particular
interest in this context are new classes of adsorbents,
including salt-in-porous-matrix composites [5, 6]. A
specific feature of these composites is that water is
mainly sorbed by the disperse salt. This yields first a
hydrate and then an aqueous solution of the salt in the
pores of the matrix [6, 7]. The formation of a solution
phase in the pores of the composite can complicate the
water sorption kinetics relative to the kinetics of water
adsorption on conventional, single-component adsor-
bents [8]. The interaction between water and the sur-
face of the latter proceeds rapidly, and the adsorption
rate is usually limited by the transport of water vapor
inside the granule or by the dissipation of the heat of
adsorption [1, 9].

A classical method of measuring the diffusivity is
the isothermal differential method [9], in which the
driving force of adsorption is a small deviation of the
water vapor pressure from its equilibrium value. The
existence of a simple mathematical model of sorption
(see Appendix A) makes it possible to determine mac-
roscopic parameters characterizing the adsorption
kinetics [10, 11], such as the effective diffusivity of
water, D The isothermal differential method that
was used in an earlier work [12] to investigate the

kinetics of water vapor adsorption by the CaCl,/silica
gel composite in the temperature range of 7' = 33—
69°C and pressure range of Py,0 =870 mbar. Mea-

surements were carried out by the thermogravimetric
method. The granule size was varied between 0.355
and 1.4 mm. It was demonstrated that, in the initial
portion of the kinetic curve, the amount of water
adsorbed (Am) is proportional to the square root of the
adsorption time ¢, which is in agreement with Fick’s
diffusion mechanism. From the slope of the curve in
the Am—1'/? coordinates, the effective diffusivity D g
was derived, which turned out to be independent of the
mean granule radius 7, for . > 0.355 mm. For smaller
granules, the adsorption rate increases less rapidly

than it would do if it were proportional to rgz. This is

likely due to the effect of the thermal effects associated
with water sorption. The effective diffusivity of water
vapor in the pores was determined to be D = (0.46 =
0.12) x 10~ m?/s, approximately 10 times smaller than
the Knudsen diffusivity of water calculated for a single
cylindrical pore whose size is equal to the mean pore
size of the composite.

The mathematical model used in that work for
kinetic analysis allowed for water diffusion only in the
gas phase. It was assumed that the spatial configura-
tion of this phase does not vary during adsorption,
being independent of the amount of adsorbed water. In
salt-in-porous-matrix adsorbents, the salt solution
gradually fills the matrix pores as water is sorbed [5, 6].
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Fig. 1. Setup for investigation of water sorption kinetics and equilibrium.

As a consequence, the space available for vapor diffu-
sion decreases gradually and the solution phase
appears on the matrix surface, and this phase can also
contribute to the transport of water molecules. These
effects are analyzed in the present study. A specific fea-
ture of our experiments was that we used a new variant
of the isothermal differential method, in which sor-
bent granules were placed on a massive isothermal
metallic plate. We believe that this placement of the
adsorbent reduces the effect of the heat of sorption and
ensures more isothermal conditions for the adsorbent
granules.

EXPERIMENTAL
Sorbent Preparation

The initial silica gel granules (Aldrich, mean pore
size of 9 nm, specific surface area of 390 m?/g, pore
volume of 0.93 cm?/g) were ground, and the 0.4—0.5 mm
size fraction was taken. This fraction was air-dried at
200°C and was cooled to room temperature in a desic-
cator. The composite sorbent was prepared by incipi-
ent-wetness impregnation of the dry granules (initial
weight my,) with a saturated calcium chloride solu-
tion. The aqueous solutions of calcium chloride were
prepared from CaCl, - 6H,0 (Reakhim) and distilled
water. The impregnated granules were dried at 200°C
in air to constant weight (m,,,,,). Their salt content,
calculated as g = (M¢omp — Mary)/Meomp» Was 21 wt %.
The fraction of the pore volume occupied by the salt,
its hydrates, and/or its aqueous solution (v) was calcu-

V.
latedasv= — = ﬂ, where V; is the volume occu-
V., pV,

pied by the salt hydrate and/or solution in the pores,
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V, is the pore volume of the silica gel, m is the weight
of the hydrate (solution), and p is the hydrate (solu-
tion) density.

Kinetic Study of Water Sorption

The water sorption kinetics was studied at 35°C in
the relative water vapor pressure range of P/P, = 0—
0.85 using the isothermal differential method. The
adsorbent granules as a single layer were placed on a
massive metallic plate (Fig. 1). The plate was main-
tained at a constant temperature with a flowing heat
carrier (water). The other elements of the setup,
including the buffer vessel with water vapor, were
maintained at the same temperature.

Water sorption (desorption) was initiated by pro-
ducing a small stepwise deviation of the pressure in the
system from the equilibrium pressure. Experiments
were performed as follows. The valve V. (Fig. 1) was
closed, and the buffer vessel, whose volume was V, ;=
30.5 x 1073 m?, was filled with water vapor up to a pre-
set pressure P;, which was produced by maintaining
the evaporator at a preset temperature 7,. As this was
done, the valves V| and V; were open and the valve V,
was closed. After the initial pressure P, was established
(which took approximately 1 h), the valve V, was
closed, the valve V- was opened, and the measure-
ment cell (V.. = 0.14 x 1073 m?) was thus connected
to the buffer vessel. As a result, the vapor pressure in

the cell increased quickly to P(l) =PV/ Vo + V,

).
meas

This initiated water sorption, which caused a decrease
in the pressure over the sample in time (P(7)). The cur-
rent amount of sorbed water was calculated as m, =
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Fig. 2. Water vapor sorption curves for the CaCl,/silica gel composite at 7'= 35°C and different final water content (/) values.
The inset shows the initial portions of the curves on an enlarged scale.

M( P(l) — P(0))(Vour + Vineas)/RT, where M is the molar
mass of water and R is the gas constant. The equilib-
rium specific amount of sorbed water (w) at the ulti-

mate pressure Pi = P(t — o0) and temperature 7}

was calculated as w( Py, T)) = m,/Myn,. The amount

of sorbed water was also expressed in terms of the
number of moles of water taken up by 1 mol of the salt:

N= M , where M¢,c,. = 110.99 g/mol is the

MCaClzg ’
molar mass of calcium chloride. Next, the valve Vyc
was closed, the evaporator temperature was raised to 75,
and the measurement cycle was repeated with a vapor
pressure of P, > P, in the buffer vessel, and so on. The
vapor pressure in the system was measured with an MKS
Baratron® Type 626A precision pressure transducer (des-
ignated P in Fig. 1) with an accuracy of £0.2%.

RESULTS AND DISCUSSION
Water Sorption Kinetics

The dimensionless quantity m,/m,, as a function of
the square root of the sorption time ¢ at 7'= 35°C and
selected ultimate amounts of sorbed water () is plot-
ted in Fig. 2. At the early stages of sorption, m;, is pro-
portional to #'/2, and then it plateaus. This is in quali-
tative agreement with Fick’s diffusion model. For N =
11.2 and 12.3 (w = 0.392 and 0.420, respectively), the
amount sorbed at 7 & 100 s exceeds the equilibrium
value by 5—10%. The cause of this overequilibrium

sorption remains unclear. On the whole, the initial
sorption rate increases with an increasing amount of
already sorbed water (Fig. 2), but some deviations
from this rule are observed, however. For example, the
slowest sorption is observed for N = 2.1 (w = 0.073);
the most rapid sorption, for N = 11.2.

A qualitative analysis of the sorption kinetics at
small amounts of adsorbed water can be carried out
using the well-known model in which the interaction
between water and the surface is assumed to be rapid
and the overall process rate is determined by the rate of
water diffusion in the pore space [9—11]. At small ¢ val-
ues, the exact solution for this model (Appendix A) is
given by the simple expression

mo__1 6 DLfftocA/t (1)
L=AJrn ¥ ’

mg,
. . A
where 7, is the granule radius and A =

a

is the ratio

0
of the adsorption-induced change in the water vapor
pressure over the sample (AP,) to the initial pressure
jump (AP,). The D, values derived from the slopes of

) m )
the curves in the — ~ /2 coordinates at small 7 values
m(x}

are listed in the table along with the calculated diffusivitys

of water in the pores, D = Deff‘M. Thus, in
€

order to calculate D, it is necessary to determine the

local slope of the sorption isotherm (K) and the poros-

ity of the adsorbent granules (g). The slope K was
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Some parameters of water sorption by the CaCl,/silica gel composite and quantities used for their calculation
Py, mbar | Pg,, mbar A € v w,g/g N D"‘fg:z/lg g Dmle/gﬁ’
0.58 0.44 0.23 0.587 0.11 0.017 0.5 3.1 —
0.96 1.48 0.5 0.549 0.15 0.073 2.1 0.5 -
4.66 4.96 0.11 0.517 0.22 0.115 3.3 4.6 1.2
5.30 5.49 0.23 0.500 0.24 0.136 3.9 3.0 1.6
5.95 6.19 0.27 0.477 0.25 0.157 4.5 3.1 1.7
7.00 7.18 0.14 0.456 0.27 0.182 5.2 4.9 1.9
8.70 8.98 0.15 0.427 0.31 0.213 6.1 6.1 -
13.40 14.05 0.11 0.353 0.41 0.294 8.4 8.5 —
17.31 17.82 0.12 0.299 0.50 0.353 10.1 12.1 —
20.60 20.98 0.10 0.264 0.58 0.392 11.2 15.2 —
23.62 23.97 0.11 0.230 0.65 0.420 12.3 12.8 —
27.75 28.30 0.12 0.173 0.75 0.490 14.0 11.3 —

Note: Py is the initial pressure, Py, is the final pressure, A is a calculated parameter, € is porosity, v is the fraction of pore volume filled by the
salt, w and N designate the final amount of sorbed water, D, is the effective diffusivity, and D is the diffusivity of water in the pores.

determined by numerical differentiation of the water
adsorption isotherm at 7= 35°C (Appendix B). The
error of this procedure was large, particularly at small
amounts sorbed. For this reason, D was calculated at
N> 3.3 (table).

In the calculation of the porosity €, we took into
account the decrease in the pore volume of the initial
silica gel due to the following: part of the pores is occupied
by the introduced salt and, as a consequence, € = 0.59,
while the porosity of the initial silica gel is 0.67; water
sorption in the pores initially yields solid hydrates with
N=1/3,1,and 2 [7, 13], whose molar volume is larger
than that of the anhydrous salt [14], and then an aque-
ous solution of the salt, which results in a progressive
decrease in € during water sorption (table).

Details of the calculation of the porosity € and the
water-filled pore volume fraction v are given in
Appendix B.

As was mentioned above, the model considered
here is valid only for small amounts sorbed; however, it
is difficult to precisely specify the limits of its applica-
bility. For this reason, D was calculated only for N not
larger than 5.2. At small amounts sorbed (N < 3.9), the dif-
fusivity of water in the poresis 1.2 x 10° m?/s. This value
is somewhat smaller than the Knudsen diffusivity calcu-
lated for a cylindrical pore with a radius of 7, = 4.5 nm at

T'=308 K [1]: Dy, = 9700r,/T/M = 1.8 x 10=° m?/s.
This likely indicates that Knudsen diffusion makes a
significant contribution to the dynamics of sorption of
the first portions of water. Knowing the Dy, /D ratio,
we determined that /e = 1.5, where ¥ is the tortuosity
factor of the sorbent pores. Under the assumption that
¢ =0.52 at small amounts sorbed, the tortuosity factor
is estimated at y ~ 1, which is in agreement with the
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value determined for the initial silica gel by pulsed
field gradient NMR (y = 1.2).

Note that the effective diffusivity of water vapor in the
pores of the similar composite sorbent SWS-1L was
determined earlier to be D = (0.46 + 0.12) x 10~° m?/s,
2—3 times smaller than the value obtained in this study,
and this leads to a larger value of the tortuosity factor.
The authors hypothesized that a possible cause of the
increased tortuosity is that the salt introduced into the
silica gel blocks part of its pores. Apparently, as water
is being removed from the solution at the synthesis
stage, part of the salt deposits in silica gel pores and
blocks them. As a consequence, the initial pore con-
nectivity deteriorates and the tortuosity factor
increases. The salt distribution has not been the sub-
ject of our investigation, but an analysis made by other
authors [15] demonstrated that it may depend strongly
on how the matrix surface is wetted by the salt solution
and on the drying conditions. The SWS-1L composite
was prepared industrially according to the Russian
Specifications TU 2163-026-03533913-00 [16], and
the drying conditions for the batch to which the sam-
ple belonged are unknown. It is quite likely that they
differ from the preparation conditions for the
CaCl,/Si0O, composite examined in this work. This
difference is a likely cause of the difference between
the degrees of blocking and, accordingly, tortuosities
of the pores of the two composites.

The underestimation of D in [12] could arise from
thermal effects. Water sorption in a sorbent granule is
accompanied by heat evolution. When heat removal is
hindered, the granule heats, and this slows down water
sorption. This slowdown can hardly be avoided in
thermogravimetric experiments in which a light mea-
surement cell with a sample is suspended in a vacu-
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Fig. 3. Effective diffusivity of water vapor as a function of
the occupied pore volume fraction. The numbers at the
data points indicate the amount sorbed ().

umized chamber and has no contact with the walls [17].
The thermal effects are commonly reduced by using a
small-weight sample and by mixing it with a metal
powder in order to increase the heat capacity of the
measurement cell [18]. In our experiments, the adsor-
bent was placed on a massive metallic plate, which was
maintained at constant temperature with a flowing
heat carrier. With this technique, water sorption possi-
bly took place under more isothermal conditions, thus
allowing the diffusivitys and pore tortuosity to be
determined more accurately. A more detailed analysis of
the initial portions of the kinetic curves (inset in Fig. 2)
demonstrated that, at sorption times of 2—5 s, the
sorption rate is always lower than it would be in the
case of isothermal diffusion. This likely indicates that
thermal effects do take place even when the adsorbent
is placed on an isothermal plate whose heat conductiv-
ity is many times higher than that of the adsorbent.

Thus, at comparatively small amounts of sorbed
water (/N < 4—5), the process is primarily controlled by
water vapor transport in the pore space, which occurs
mainly via Knudsen diffusion.

As the amount of sorbed waster increases, the water
sorption rate grows (Fig. 2). For example, as N
increases to 5.2, the diffusivity D increases almost by a
factor of 1.5 (table). The D 4 value also grows (Fig. 3).
This possibly indicates the appearance of another
channel for water transport in the pores. This is quite
likely in view of the change in the phase composition
of the system during water sorption. As was mentioned
above, the first portions of water are sorbed via the reac-
tion CaCl, + NH,0 = CaC(l, - N H,0, which yields
solid salt hydrates with N = 1/3, 1, and 2 [7, 13]. At
later stages, the salt dihydrate adds two more water
molecules, thus yielding the tetrahydrate in the pores.
The melting point of this tetrahydrate in the massive
state is 38.4°C [14]. When a compound is in pores, it
melts below its normal melting point, so it is likely
that, under our experimental conditions (7' = 35°C),

OVOSHCHNIKOV et al.

the tetrahydrate undergoes melting and, at N > 2,
there is a salt solution (melt) in the pores. Indeed, the
formation of the crystalline tetrahydrate in the pores
with a diameter of 15 nm and below was not observed
at room temperature [19].

The liquid phase may be arranged differently in the
pore space. Some of the arrangement variants are
shown in Fig. 4:

—The solution is localized in narrow waists (Fig. 4a)
and blocks the Knudsen diffusion of vapor through
them. This lengthens the diffusion path, which is for-
mally equivalent to an increase in the tortuosity factor
for the pores in which water is transported through the
vapor phase.

—The solution spreads over the surface (Fig. 4b),
forming a connected cluster through which water mol-
ecules can diffuse continuously. The vapor phase also
forms a connected cluster, so the diffusion fluxes
through the two phases are independent and additive
(see below).

—The vapor domains do not form a connected
cluster and are separated by solution domains (Fig.
4c). In this case, the transport of water molecules
includes their transfer across the vapor/solution inter-
face. A similar situation takes place when solution
domains are separated by vapor domains.

—The entire pore space is filled with the salt solu-
tion (Fig. 4d). In this case, water diffuses only through
the liquid phase.

It is expected that, with an increasing amount of
sorbed water, the gas phase transport will diminish and
the liquid-phase transport will increase. Under the
assumption that water is transported simultaneously
over the connected clusters of the vapor and liquid
phases (Fig. 4b) and that the pores have the simple
shape of a cylinder (Fig. 5a), the total diffusion flux Jy
can be represented as the sum of the corresponding
fluxes:

JZ = Jg +J1 = _DgSgCL_Cz'g_ Dlslc;—cz'l

= [ Dusys + Dsy( G252 |55z

dc,.dC dc
= _[D.(5./8)+ DS, S—'JS——g:—DS——g,
I: g( g/ ) I( l/ )dC dZ z dZ

g
dc,
where Ds = Dy(S,/S) +D1(SI/S)CE = Dy(S,/S) +
g

D(S/S)K.
Here, z is the coordinate along the pore (Fig. 5a),
S, and ) are the mass transfer areas of the gas and lig-
uid phases, 'is the total mass transfer area (§'= S, + .5)),
C, and C)are the water concentrations in the gas and
liquid phases, and K = dC,/dC, is the local slope of the
sorption isotherm (Fig. 5b). There are analytical
expressions suggested for describing the additive con-
tributions from different mechanisms of gas (water)
KINETICS AND CATALYSIS  Vol. 52
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Fig. 5. (a) Diffusion fluxes in the gas and liquid phases and (b) determination of the coefficient K.

transport in the following processes: capillary osmosis
and thermoosmosis [20]; film flow during the evapora-
tion of a liquid into the atmosphere of its own vapor;
simultaneous flow of a vapor, liquid, and condensate
in porous media [21]; and the transport of a dissolved
gas in a surface liquid film [8, 22]. It is assumed in
these expressions that the fluxes depend linearly on the
concentration (pressure) gradient. A similar approach
was taken in the calculation of the generalized mass
transfer coefficient, introduced by Lykov [23] to take
into account different mechanisms of internal mass
transfer. Because of the complexity of these mecha-
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nisms, the generalized mass transfer coefficient can be
determined only experimentally.

Transport through the gas phase intensifies with
increasing S; and K, and this leads to an increase in the
total flux if D,(S,/S) + D(S,/S) > D, or DK > D,. The
vapor-phase diffusivity estimated above for the Knudsen
transport mechanism is D, = 1.8 x 1076 m?/s. We will
assume that the diffusivity of water in the aqueous
solution of calcium chloride in the pores is equal to the
diffusivity of water in the massive calcium chloride
solution. The latter depends only slightly on the salt con-
centration in the 0.05—3.0 M range and is (1.2 + 0.1) x
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10~ m?/s [24]. At K> D,/D, = 1.5 x 10°, the presence
of the liquid phase will increase the diffusion flux. The
K values determined by numerical differentiation of
the water sorption isotherm for the composite depend
on the amount of adsorbed water and vary between
13 x 10%and 55 x 103 (see Fig. 6b, which is discussed in
Appendix B); that is, the contribution from the liquid-
phase diffusion should be taken into account, at least
when the liquid phase in the pores forms a connected
cluster. Apparently, the contribution from diffusion via
this channel is much smaller than is estimated above
because the actual distribution of solution and vapor
domains differs significantly from the simplified
model presented in Fig. 5a. It is likely that vapor
domains in the pores are separated by solution
domains (Fig. 4d) and this slows down water transport.
In this situation, water diffusion includes transfer
across the vapor—solution interface and the escape of
a water molecule from the solution phase into the
vapor phase requires the activation barrier to be sur-
mounted [25]. Indeed, at large degrees of filling of the
pores (e.g., v=0.75 at N = 14.0), the effective diffu-
sivity is D,y = 11.3 x 107! m?/s (table). With the
porosity of the initial silica gel (¢ = 0.67) and the tor-
tuosity of its pores (x = 1.2) taken into account, this
D, value leads to a value of 1.4 x 1079 m?/s for the dif-
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fusivity of water in the solution filling the pores. This
value is 8.6 times smaller than the diffusivity of water
in a bulk calcium chloride solution [20]. A possible
cause of this difference is the increased viscosity of the
solution in small pores. It was demonstrated that water
films may be more viscous than bulk water [26].
Another likely cause is the above-mentioned deceler-
ation of water transport at the vapor—solution inter-
faces.

Although the system examined is very complex and
the vapor and liquid phase domains may be arranged in
the pore space in various ways, the existence of the
region of the sharpest increase in D.y (Fig. 3, v =
0.41—0.58 or N = 8.4—11.2) can be explained by the
formation of a continuous solution phase, i.e., by
passing from a continuous vapor phase cluster to a
continuous liquid phase cluster (Figs. 4a, 4d). This
makes water transport through the liquid film more
efficient. The decrease in the sorption rate at N = 12.1
and 14.0 is possibly due to the further breakup of the
vapor phase cluster, which causes an increase in the
interfacial area and a slowdown of water transport.

The acceleration of water transport due to the for-
mation of a liquid film on the capillary walls, owing to
which the permeability of the capillary increases by a
factor of 5—6 relative to the permeability level typical
of the Knudsen mechanism, shows itself as the capil-
lary size is reduced to 100—200 nm, and this result is in
good agreement with theoretical estimates [21]. Note
that nearly the same acceleration of water transport
was observed in this study. There is extensive evidence
of the intensification of water vapor transport in
porous media partially filled with water [21, 27, 28],
including constructional materials [29, 30].

A Kkinetic analysis of isothermal water sorption by
the CaCl,/silica gel composite initiated by a small
stepwise change in the vapor pressure over the sample
at a constant plate temperature of 35°C indicates that
the initial portion of the kinetic curves can be
described in terms of Fick’s diffusion model. At small
amounts of sorbed water (N<4.5, orw<0.16 g/g), the
diffusivity of water in the pores, D, calculated from
experimental data is close to the Knudsen diffusivity
for water vapor, so Knudsen diffusion is the rate-deter-
mining mechanism. As the water content of the com-
posite is further raised, the water sorption rate
increases; that is, the presence of sorbed water accel-
erates water transport in the composite pores. This is
likely due to the appearance of an additional channel of
water diffusion, namely, diffusion through the aqueous
solution of the salt, whose formation on the silica gel sur-
face begins at w= 0.1 g/g. The contribution from this
channel increases appreciably when the amount of
sorbed water exceeds 0.25 g/g. This can be due to the
formation of a “connected” phase of the solution in
the pores. As the amount of sorbed water further
increases, sorption slows down. This can be due to the
alternation of vapor and liquid phase domains and the
appearance of the corresponding vapor—solution

KINETICS AND CATALYSIS  Vol. 52

No. 4 2011



WATER SORPTION BY THE CALCIUM CHLORIDE/SILICA GEL COMPOSITE

interfaces, at which the diffusion rate of water mole-
cules is lower.

With the appearance of the connected cluster of the
solution, the contribution from diffusion through the
liquid phase should increase at those amounts of
sorbed water to which the maximum isotherm slope K
corresponds. Note that, when the process takes place
on a salt-in-porous-matrix composite, the local iso-
therm slope K may be as large as 105, 1—2 orders of
magnitude larger than for the process occurring on an
unmodified porous matrix (e.g., silica gel) [8]. This is
due to two circumstances: firstly, the composite sorbs
5—7 times more water; secondly, the salt introduced
into the pores sorbs a large amount of water within a
narrow range of water concentrations in the gas phase
(Fig. 5b). Thus, water diffusion through the liquid
phase plays a much more significant role in the salt-in-
porous-matrix composites than it does in the host
matrix.

The intensification of water transport due to water
diffusion through the liquid phase may have implica-
tions for the propagation of organic pollutants and
transport of gaseous hydrocarbons in moist soil [8, 22]
for the operation of proton exchange membranes in
fuel cells [31], for heat and moisture transport in con-
structional materials [29], and for adsorption and
other processes in porous media partially filled with a
liquid [8, 32].

APPENDIX A
Analysis of Sorption Kinetic Curves

The mass balance equation determining the kinet-
ics of gas sorption on by identical spherical granules of
an adsorbent can be written as

2
(1-¢ )6Cl %o en| 254 2% (A
o “ar oR> ROR

where D is the effective coefficient of diffusion in the
pores, which is assumed to be independent of the con-
centration of sorbed water; ¢ is the sorption time; and
R is the radial coordinate. When the concentration

increment is small (AC, < C’g, where Cg is the initial

concentration of water molecules in the gas phase
before the beginning of its variation), the following
relationship is valid:
(_9_91 = [((?_g%’ (A.2)
ot ot
where K = K(CZ) = const. Equation (A.1) will then

appear as

2
0C ___eD |0G 20G) (43
ot e+(1-¢e)K(pr> ROR
Here, R is the spherical coordinate.
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In this case, the boundary and initial conditions
can be written as follows:
1<0,C,= C,, /= C,
t20,C,= C'g, C(r.,nH=C(D),
where C? is the initial water concentration in the lig-

uid phase and C;; is the concentration of water mole-

cules in the gas phase immediately after the beginning
of concentration variation, so the concentration step is

AC,= C, — C,.
The solution of Eq. (A.3) is as follows [9]:
mo_G-C
a-a

2 2
n Dt
exp(_—zeff}
rC

=1-6 ,
,gl%/(l ~A)+(1-A)p,

mq,

(A.4)

where C, is the granule-average concentration of

adsorbed water, C])O is the equilibrium concentration of
adsorbed water, p, is a nonzero root of the transcendent

. 3p, AP,
equation tanp, = —————, A=
3+(1/A=1)p, AP,
adsorption-induced change in the water vapor pressure
normalized to the initial pressure jump at =0, and D ;=

p—_ &
e+(1-e)K
At small ¢ values, expression (A.3) tends to

m_ 16 [Pal
m,, Aﬁ

Thus, the effective diffusivity D.; can be derived

is the

from the slope of the kinetic curve in the — — Jt
m

o0

coordinates at small 7 values.

APPENDIX B

Calculating the diffusivity of Water
in the Pores

The diffusivity of water in a pore was calculated

e+(1-)K [9], where Kis

using the formula D = D
the slope of the isotherm in the C\—C, coordinates
(Fig. 6a), C, is the adsorbate concentration in the con-
densed phase (kg/m?), C, is the adsorptive concentra-
tion in the gas phase (kg/m?), and ¢ is the porosity of
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the adsorbent granules. The concentration of sorbed

m .
water was calculated as C; = —p,,, where p,, is the
m

density of the sorbent granules, which was taken to be
constant (0.92 kg/m?). The K value was determined by
numerical differentiation of the experimental water
sorption isotherm (Fig. 6b).

The sorbent porosity €(w) was calculated taking
into account the volume occupied by the crystalline
hydrate and/or salt solution in the pores, which
increases as water is sorbed:

__wrg
p
e = (1-g)p
v,

ar

where V,, is the granule volume. All values here are for
1 g of the sorbent. For supersaturated solutions, we
plotted the density of the solution versus the salt con-
centration, p(g). To do this, we extrapolated literature
data for unsaturated solutions to the supersaturated
region.
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