Characterization of Water Vapour Diffusion into
Spherical Silica Gel Particles
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Effective diffusion coefficients of water vapour in pure and calcium chloride and lithium bromide impregnated
silica gel particles have been experimentally determined. The experiments were carried out at 323 K using
spherical particles with 3.57 mm in diameter. Diffusion coefficients were determined from experimental
registration of water sorption kinetics. The measurements were performed in a constant pressure unit based
on a magnetic suspension balance (Rubotherm) under isothermal conditions. The apparent water diffusivity
depends itself on the adsorption equilibrium taking info account the local slope of the water sorption isotherm.
The effective diffusivity of water is almost three times lower in impregnated silica gel than in non-impregnated

silica gel.
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Adsorption processes are widely employed at industrial
scale for gas separation and purification. In literature are
presented several experimental determination methods
for diffusion coefficients in porous materials [5]. Studies of
adsorption kinetics of water vapors in porous media offer
useful information for designing and optimizing of air
conditioning and gas purification plants [1,6]. A relatively
high number of studies performed by using silica gel or
various types of zeolites as adsorbents emphasize that
adsorption rates are influenced by the diffusion of water
vapors into adsorbent pores [3,5]. The effective diffusion
coefficient, D , includes three different transport
mechanisms: molecular Knudsen and surface diffusion
[3]. For measuring the effective diffusion coefficient,
several methods were proposed [5].

Diffusion of a penetrant into porous spherical particle
can be described by the equation [5]:
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where:

D, is the effective diffusion coefficient;

€ - material porosity;

g - adsorbate concentration in solid phase;

C - adsorbate concentration in gas phase.

If the concentration variation is low, equilibrium
relationship can be considered linear:
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with K = K(C)) = constant. Equation (1) becomes:
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Initial and limiting conditions are as follows:
C(Ry, 0) = Co, q(Rp, 0)=qo;
C(Rp, ) = Cu, q(Rp, ) = qu;
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where R is the particle radius.
The sOlution of equation (4) is given by [2]:
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where:

D,, =D, e+ (1-£)K) (6)

q is the quantity adsorbed at time t, and K is the slope of
adsorption isotherm.
A simplified equation valid for the beginning of diffusion

is given by [5]:
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where A and V represent patrticle surface area and volume
respectively. In case of spherical particles:

2A/V = 3/Rp.
From equation (7) it can be obtained:
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which represent the curve slope obtained by representing
graphically m/m_ as a function of t*.
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Table 1
PROPERTIES OF USED MATERIALS

Characteristics Silica gel Material composite

(SSB) MCSS1 MCSS2

Silica gel with CaCl;  Silica gel with LiBr

Pore volume, cm’/g 0.381 0.362 0.372
Pore mean diameter, nm 239 221 2.17
BET specific area, m’/g 664.9 645.1 642.3
Hygroscopic salt - 5.57 % CaCl 7.1 % LiBr
concentration, weight %
Bulk density, kg/m® 798.7 841.6 864.1

If the particle radius and curve slope (S) at the initial
time are known, the apparent diffusion coefficient, D,
can be calculated with the relationship:

¥
D, =§R§SZ )

Further, the effective diffusion coefficient can be
calculated with the relationship:

D, =D, %ﬁ)ﬁ (10)

where ¢ is the material porosity and K is the slope of
adsorption isotherm.

The characterization of water vapour diffusion in
spherical grains of silica gel and two composite materials
(MCSS1, MCSS2), obtained by impregnating silica gel with
calcium chloride (MCSS1) and lithium bromide (MCSS2)
respectively, are the paper aim. Diffusion coefficients of
water vapours in spherical grains were determined using
kinetic adsorption-desorption curves. Experiments were
carried out at temperatures of 323 K. In order to measure
the quantity of water adsorbed on the porous material, it
was employed a gravimetric technique based on a
magnetic suspension balance (Rubotherm, Germany).

Experimental part
Materials used in experiments

Spherical silica gel grains having a diameter of 3.57 mm
and spherical grains of composite materials having the
same diameter were used in the experimental
investigations of water vapour adsorption. Composite
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materials were obtained by impregnating silica gel in
aqueous solution of calcium chloride and respectively
aqueous solution of lithium bromide. Experiments were
performed at temperatures 323 K. Different properties of
the employed materials are shown in table 1.

Experimental set-up

In order to perform the experimental determination of
diffusion coefficients it was employed an installation
provided with a magnetic balance (Rubotherm, Germany),
which determines the material mass with an accuracy of
+ 0.1 mg [4, 7].

The experimental set-up is presented in figure 1. The
main components of the installation are represented by
adsorption cell (1), magnetic suspension coupling (2),
analytic balance (3), evaporator (4) and a data acquisition
system (9). The temperature in evaporator was measured
and adjusted with an accuracy of = 0.1 K, while the
absolute pressure in evaporator and adsorption cell was
measured using pressure transducers having an accuracy
of 0.1 %. The adsorption cell consists in a stainless steel
recipient having a diameter of 35 mm and a height of 110
mm. Temperature in the sorption cell is maintained at a
constant value by means of thermostat (5).

The porous material was placed on a plane support
suspended by the hook of magnetic coupling. The
temperature in evaporator was maintained by means of
cryostat (7) with an accuracy of + 0.1 K. Mass was
measured using balance (3) (Sartorius: 210 g = 0.1 mg).
Adsorption experiments were carried out at constant
temperature and various values of pressure in the
adsorption cell. Pressure in adsorption cell was controlled
by means of evaporator temperature and measured with a
pressure sensor. Due to the mass of adsorbed solvent is
very low (milligrams order), the buoyancy forces of the
porous material and support at different pressures
(densities) are important and thus they were taken into
account.

Fig. 1- Experiment set-up scheme: 1 -
adsorption cell, 2 - magnetic suspension
balance, 3 - analytic balance, 4 - evaporator,
5 - thermostat, 6 — cooling trap, 7 - cryostat,
8 - vacuum pump, 9 - data acquisition system,
V.-V, - valves
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The relationship (11) was used for mass of water
vapours adsorbed [4]:

M=M, (T,P,)-M (T,P, ) +p (T,P, =P D[V, +V,] (1)

n-l,eq.
where:

M andM , are the values read on the balance at pressure
P and P (pressure corresponding to a prior experiment)
respectlvely,

p - the gas density (g cm?®);

\3{ and V_ - support and material volume, respectively,
cm’,

Experimental protocol

To determine diffusion coefficient, experiments were
lead as follows.

The porous material is placed into the adsorption cell
and dried under vacuum (pressure lower than 0.5 mbar)
till constant mass. By means of thermostat (5) a certain
temperature is maintained in the adsorption cell.
Evaporator (4) is emptied by means of vacuum pump (8)
and cooling trap (6).

Distilled water is introduced in evaporator (4) and
temperature is adjusted and maintained to a certain value
by means of cryostat (7).

Valves V, and V, between evaporator and adsorption cell
are opened and when the established operating
parameters are reached, valve V, is automatically opened.
Thus, water vapors make contact to the porous material
taklng place their adsorption until equilibrium is reached.
The mass variation of adsorbent material is recorded in
time. After equilibrium is reached, temperature and
pressure in adsorption cell are maintained constant.

In order to start another experiment, step 3 is repeated
with new adjusted parameters.

Diffusion coefficients can be determined using the
adsorption kinetic curves.

Results and discussion

Figure 2 shows time evolution for sample MCSS2 mass,
at temperature of 323 K and three different temperatures
in evaporator (288 K, 298 K and 308 K). Some dependences
m/meq (in case of adsorption experiments) as a function of
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Fig.2. Sample mass variation during adsorption at different
water activity

square root of diffusion time for the investigated materials
are presented in figure 3. For the investigated materials,
kinetic curves were obtained at different values of relative
humidity. From these plots was determined slope S used
to calculate the apparent diffusion coefficient.

Using relationship (8), apparent diffusion coefficient for
spherical grains of SSB silica gel and MCSS1 and MCSS2
composite materials was calculated. Values obtained at
temperature of 323 K and at various pressures of water
vapors are shown in figure 4.

Equilibrium isotherms of the investigated materials at
an adsorption temperature of 323 K are presented in figure
5. From figure 5 the slopes of adsorption isotherms K are
determined. The amount of water uptake and the slope K
of MCSS1 and MCSS? is significantly higher (8, 15.5 %)
than of pure silica gel. MCCS2 has the highest water uptake
values. E.g. at a water vapor pressure of 111.3 mbar
(relative humidity 0.905) the water uptake is 287 kg/m®.
The slope K is presented in table 2.

With this values and taking into account material
porosities (Table 1), effective diffusion coefficients can be
calculated based on relationship (10). Their value of MCSS1
and MCSS2 at temperature of 323 K, in comparison with
those obtained for diffusion in silica gel, are shown in figure
6. As can be seen, effective diffusion coefficients are
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Fig. 4. Apparent diffusion coefficient of water vapours in SSB and
composite materials MCSS1 and MCSS2 at 323

Table 2
SORPTION EQUILIBRIUM (SLOPE K)

Water vapor pressure, SSB MCSS1 MCSS2
mbar Slope, K Slope, K Slope, K
16.97 3430 3707 4853
31.57 3450 3710 3960
56.08 3435 3715 3965
95.57 3430 3700 3970
111.32 2540 2680 2688

almost independent on the value of vapour pressure, and
the values obtained for the two composite materials differ
slightly. For MCSS1 composite material, an average
effective diffusion coefficient has been determined with a
value of 3.45 . 107 m¥s, and for MCSS2, 2.56 . 107 m?¥s.
Both values are lower than those obtained for silica gel
non-impregnated (5.46 . 107 m?s). The maximum error
does not exceed 20 percent.

Values of diffusion coefficients in spherical particles of
silica gel impregnated with calcium chloride are close of
those obtained by the researchers who have studied the
influence of particle diameters and temperature over the
values of effective diffusion coefficients in similar materials
[1]. They emphasized that both particle magnitude and
temperature present insignificant influences over the
values of effective diffusion coefficient, and that effective
diffusion coefficient is (0.24+0.12).10° m?%s in the
temperature range of 306-343 K. Values of effective
diffusion coefficients in silica gel impregnated with lithium
bromide obtained in the present work are of (0.256+0.05).
1 0 m?s, while those obtained for silica gel impregnated
with calcium chloride are (0.3450.07) . 10° m?/s and are in
good agreement with those reported by [1] . We can
emphasize that our experimental technique is suitable for
diffusivity measurements in porous materials.

Analyzing data shown in figure 6 it was noted that the
values of effective diffusion coefficients of water vapors in
silica gel are higher than in composite materials obtained
by impregnating silica gel with calcium chloride or lithium
bromide. The presence of calcium chloride or lithium
bromide modifies the porous structure of silica gel and
pore distribution. Effective diffusion coefficients in
composite material are almost two times lower than those
of non-impregnated silica gel. The difference between the
values of effective diffusion coefficient could be due to the
unequal contributions of the three transport mechanisms
(bulk, Knudsen and surface diffusion).
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Fig. 5. Equilibrium isotherms for used materials at 323 K (q
denotes the water adsorbed in porous material and C is the water
content in gas phase).
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Fig. 6 - Effective diffusion coefficients of water vapours in
composite materials MCSS1 and MCSS2 at 323 K

Conclusions

Effective diffusion coefficients of water vapors in
spherical particles of silica gel and silica gel impregnated
with calcium chloride and lithium bromide were
determined. Experiments were performed at 323 K using
spherical particles having a diameter of 3.57 mm.
Measurements were carried out at constant pressures
using a gravimetric technique based on a magnetic
balance (Rubotherm, Germany). The obtained results
emphasize values of effective diffusion coefficient two
times lower in impregnated silica gel than non-impregnated
silica gel. Values of effective diffusion coefficient are in
good agreement with those reported in literature [1].
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