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Abstract

A measurement of the apparent solid-side mass diffusivity of water vapor adsorbed in a regular density silica gel is
performed by using a constant-pressure thermal gravimetrical apparatus. The diameter of the silica gel particles is
2 mm. Six adsorption isotherms, individually correspond to 5.1, 22.2, 34.3, 49.5, 64.4 and 79.6 °C, are measured. The
covered range of moisture content is from 0% to 40%. Using a previously developed model, which considers both
surface (film) heat and mass transfer resistances, the measured uptake curves yield the apparent solid-side mass dif-
fusivities. The apparent solid-side mass diffusivity is expressed as a function of temperature and moisture content. The
thermal effect and importance of surface mass transfer resistance are individually discussed. © 2002 Elsevier Science

Ltd. All rights reserved.
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1. Introduction

Microporous solids are widely used in process of gas
separation in industry. The performance of a micro-
porous solid (adsorbent) in adsorption of a gas (adsor-
bate) is determined by its adsorption isotherms and
solid-side mass diffusivity. The measurement of solid-
side mass diffusivity is much more complicated than that
of adsorption isotherms. Thus, up to the present, it is
quite difficult to find a set of solid-side mass diffusivity
data covering entire operating domain in the literature.
For lack of this information, a theoretical Arrhenius-
form solid-side mass diffusivity is oftenly used in simu-
lation of the performance of adsorption systems [1-3].
Although in many cases it is quite successful using this
theoretical solid-side mass diffusivity to yield an ac-
ceptable prediction. The measurement of solid-side mass
diffusivity still remains as an interesting topic in re-
search.

*Corresponding author. Tel.: +886-011-4-22840432; fax:
+886-011-4-22851941.
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The solid-side mass diffusivity of an adsorption sys-
tem can be determined by using several different ap-
proaches. Among them, traditional uptake rate
measurement and modern nuclear magnetic resonance
(NMR) measurement are the two most popular meth-
ods. The deviation of these two techniques was inter-
preted by Karger and Caro [4]. Many theoretical
adsorption models were elaborated by Karger and
Ruthven [5] and Ni and San [6]. The simplest approach
for analyzing a constant-pressure microporous adsorp-
tion process is the isothermal model without external
mass transfer resistance [7]. An adsorption system with
thermal effect and convective heat transfer resistance
was analyzed by Lee and Ruthven [8]. The apparent
solid-side mass diffusivity of a rapidly diffusing system
obtained from this model would be much greater than
that obtained from the simple isothermal model. In
many applications, adsorbate concentration boundary
layer on the surface of adsorbent cannot be neglected
and the external mass transfer (fluid film) resistance has
to be considered. For such problems, the solution of a
constant-pressure isothermal process with external mass
transfer resistance is available [7]. As the Sherwood
number approaches infinity, this solution would become
the same as that of a simple isothermal model. The effect
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Nomenclature

a external surface area per unit volume of
adsorbent (m™")

a;¢  coefficients of x

A,  coeficients of isotherms

by4, coefficients of D

B4  coefficients of D

Bim mass transfer Biot number, 4,,r/D

c gas concentration (kg m™)

¢  coefficients of AH

Ca specific heat of adsorbent (kJ kg’l K’l)

ct equilibrium gaseous phase concentration
(kg m™)

Csat saturated gas concentration (kg m™ )

D apparent solid-side mass diffusivity (m? s=')

Dy constant (m? s~ ')

h convective heat transfer coefficient
(Wm2 K™

hye heat of vaporization (kJ kg™")

A convective mass transfer coefficient (m s!)

AH  heat of sorption (kJ kg ")

K non-dimensional equilibrium constant,
0q" /0c;

M, mass adsorbed at time ¢ (kg)
M,  mass adsorbed at t — oo (kg)

q adsorbate concentration in solid (kg m™)
qm average adsorbate concentration in solid
(kg m™)

qn characteristic roots

90 initial adsorbate concentration in solid
(kg m™)

g final adsorbate concentration in solid
(kg m™)

q equilibrium adsorbed phase concentration
(kg m™?)

(0] non-dimensional adsorbate concentration,
(¢ —40)/ (g = q0)

(o non-dimensional average adsorbate

concentration, (¢, — q0)/(¢- — qo)
r radial coordinate (m)

7o radius of particle (m)

R gas constant (kJ kg™' K™)

t time (s)

T temperature (K or C°)

To ambient gas temperature (K or C°)
w moisture content

Greek symbols

o time constant ratio, har2/(p,c.D)

B AH(3g'/OT)/(pycy)

Y Bi,m/K

n non-dimensional coordinate, /ry

K bonding factor

0 non-dimensional temperature, —(0Q/0T)
(T 1)

Pa wet adsorbent density (kg m™)

T non-dimensional time, tD/r?

of intraparticle heat conduction on a sorption process
was investigated by Haul and Stremming [9] and Sun
and Meunier [10]. The uptake curve of a constant-
pressure sorption system with two coupled intraparticle
mass diffusion resistances was obtained by Ruckenstein
et al. [11].

The solution of a constant-volume sorption process is
also available for isothermal systems [7]. As compared to
the above constant-pressure sorption model, in evalua-
tion of the solid-side mass diffusivity, the constant-vol-
ume sorption model has the advantage to reduce the size
of corresponding apparatus. The thermal effect of a
constant-volume sorption process was investigated by
Kocirik et al. [12]. The uptake curve of a constant-vol-
ume sorption system with two coupled intraparticle
mass diffusion resistances was obtained by Ma and Lee
[13] and Lee [14].

The dynamic sorption of water vapor in silica gel was
determined using a constant-volume apparatus by Lu
et al. [15]. The experimental data yield the apparent
solid-side mass diffusivity in the range 2 x 107°-2.5 x
107" m? s~!. Andersson et al. [16] had investigated the
dynamic sorption of water vapor in silica gel in a con-

stant-pressure apparatus. It was found that the adsorp-
tion mechanism is solely controlled by heat transfer in
the middle range of moisture content.

In this work, a constant-pressure thermal gravimet-
rical apparatus is designed to measure the apparent
solid-side mass diffusivity of a water vapor-silica gel
system. The measurement is conducted under atmo-
spheric pressure. It is intended to obtain the data of
apparent solid-side mass diffusivity and adsorption iso-
therms for industrial applications.

2. Mathematical model

A dynamic sorption model for a spherical micro-
porous particle experienced with a small step change of
gaseous phase adsorbate concentration was previously
solved by Ni and San [5]. This solution is adopted in this
work to match with the experimental data. The follow-
ing assumptions are considered in the model: (i) micro-
pore diffusion controls the mass diffusion in the solid, (ii)
the temperature of the particle is uniform, (iii) both
thermal effect and gas-side mass transfer resistance are
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considered, (iv) the mass diffusivity is treated as a con-
stant, (v) the concentration of gaseous phase adsorbate
near the solid surface is in equilibrium with the adsorbed
phase adsorbate on the solid surface. Based on the above
assumptions, the non-dimensional mass conservation
equation of the adsorbate can be expressed as follows:

10,00\ 00
Fal(re) =% W

with the initial and boundary conditions:
(atz=0, 0=0,
(ii) at = 0, 0Q/0on = 0,
(ifi) at n = 1, (1/7)(20/n) = (1 - 0) — .
The non-dimensional average concentration of ad-
sorbate in the solid is

1
0.=3 [ oran @
The non-dimensional energy equation is
do, _do
B & de + o0 (3)

with the initial conditions: at t =0, 6 = Q,, = 0.

The set of equations (1)—(3) were solved by using the
Laplace transformation method. The solution is repre-
sented as follows [5]:

3
0 (q%ﬂ*oo exp(—qﬁ‘f)

2 7
3B 1 1 3 1 1 3
(q%*%)z—i_i{(_;—i_qrz,—“) +;ﬁ(1_§+q§—u>}

X

(5)
On,7) =1 +§:
x T < -1+ ;—f) exp(—¢,7) .
<q%37[;)2 +3 {( _'}_’+q§_[ja>2 _,.ng <1 _TH_%)}
(6)

The values of g, are determined by solving the roots of
the following equation:

1 1 3p

anOt‘h_1:7; q%_a

()

For y — oo, the surface mass transfer resistance can be
neglected. The uptake solution and corresponding
characteristic equation can be deduced from Egs. (4)
and (7) as follows:

where

1 3B
g.cotg, — 1 _qﬁ — o

the above solution is the same as that derived by Lee and
Ruthven [8].

For the case that the thermal effect is not important
(¢ — oo or = 0), the uptake curve for isothermal ad-
sorption with external film mass transfer resistance will
be valid. This solution can be shown in the following
form:

00

L 67” exp(—¢,1)
Qm(f) =1 ; f]% [(]5 “'7’(7’ — l)] ) (9)

where

q.cotg, +y—1=0.

3. Experimental setup

A thermal gravimetrical apparatus (Fig. 1) is used to
measure the uptake curves of a regular density silica gel
in adsorption of water vapor. The silica gel particle has a
diameter of 2 mm and density of 1270 kg m 3. The mean
pore diameter is 2 nm and its surface area is 508 m”> g~!.

‘vacuum pumpH oil filter

flow meter

Ay

\
-
g |
3 |
172] . g0
8 || |humidifier
g ‘ i load
3 | L ] cell
| “Water bath i) water bath (ii) B
temperature
controlled

Fig. 1. Dynamic thermal gravimetrical apparatus.
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Initially, 5.35 g of the silica gel particles (dry weight) are
arranged in an oven for dehydration at 120 °C for 24 h.
Then the dehydrated particles are placed on a 60-mesh
stainless steel screen (10 x 10 cm?) in a test chamber for
another 3 h. The chamber is in a vacuum condition of
1073 Torrs.

The spacing among the particles on the screen is
important in this experiment. If the spacing is too small,
the interaction among the particles will become impor-
tant. Consequently, its sorption rate would be slower
than that of a single particle in adsorption. This also can
be known by observing the change of the color of dyed
silica gel particles in a pan. The dyed silica gel particles
initially are dehydrated in a heated oven. After exposing
to ambient atmosphere for adsorption of water vapor,
the color of the particles will change from blue to pink.
A silica gel particle in a deep blue color stands for a very
dry condition. Conversely, a light pink color stands for a
wet condition. If the spacing among the particles is
small, a longer time period is required for the particles to
reach the same color as that of a single particle in ad-
sorption. In this work, it is found that a minimum
spacing of three times of particle diameter is necessary to
elude the particle interaction effect.

The process air is supplied by the dehydrated air in a
high pressure tank. After passing through two pressure
regulators and valve 1 (Fig. 1), the air is divided into two
streams. One is induced into a humidifier which is sub-
merged in a water container. This humid air stream then
is encountered with the other dry air stream for the use
in the experiment. The humidity of the air can be di-
rectly controlled by regulating the air mass flowrate
passing through valve 2. The water temperature in the
container is controlled by a PID controller which insures
a temperature variation within 0.2 °C. Two hygrometers
(I-100, Rotronic) are individually installed in the inlet
and outlet of the chamber to monitor the humidity
change in the air stream.

The test chamber is made of stainless steel (Fig. 2).
Its inner diameter is 155 mm and height is 240 mm.
The air uniformly flows into the chamber from the
bottom and it leaves from the top. In the chamber, the
stainless steel screen is seated on a miniature load cell
(LCFD-50, Omega). The signal of the load cell is
picked up by using a data recorder (HR-1300, Yo-
kogawa). The temperature difference between the inlet
air and the wall of the chamber is minimized by using a
temperature controlled water bath. Before entering the
chamber the air is forced to flow through a 2 m long
copper tube which is embedded in the same water bath
as the test chamber. The temperature of the water bath
either can be electrically heated for a high temperature
adsorption or it can be controlled for a low tempera-
ture adsorption by passing cold water from a cooler
through another copper coiler embedded in the same
water bath.

: load cell
: 60-mesh screen

: power and signal
connectors

: O-ring

Fig. 2. Schematic of test chamber.

In the beginning of the measurement, dry silica gel
particles are placed in the vacuum chamber which is
embedded in water at a certain temperature. As the ex-
periment starts, all the valves are open. The dry air
mixed up with water vapor at a certain low humidity
level flows into the chamber. At that moment, the silica
gel particles proceed the adsorption of water vapor and
the change of its weight is recorded for every time step.
The air flowrate in the system is 10 1 min~!. This results
in an average air velocity of 9.3 x 1073 m s~! in the test
chamber. This velocity is low enough to assume that the
air is quiescent. Consequently, the heat transfer data for
free convection is suitable to be used later in the anal-
ysis. The required time period for the system to reach an
equilibrium condition varies with temperature and
moisture content. It decreases slightly with an increase
of moisture content, however, it decreases significantly
with an increase of temperature. The range of the time
period varies between 1 and 16 h in the present work. As
the system reaches an equilibrium condition, the valves
at the inlet and outlet of the chamber are closed. After
that, by regulating valve 2, the humidity ratio of the air
flow can be controlled at another level for next mea-
surement. For every temperature, eight or nine uptake
curve measurements, which individually correspond to a
different moisture content, are arranged. The weight of
the particles at every equilibrium condition automati-
cally constitutes the data of adsorption isotherm at that
temperature.

There are several advantages for the measurement in
the atmospheric condition over the measurement in a
vacuum condition. First, the heat and mass transfer
coefficients in the present system are easily obtained
from free convection data and the analogy between heat
and mass transfer. These data are also more reliable
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than those usually used in a vacuum system. Second, the
control of water vapor concentration is much easier in
the present system than that in a vacuum system.

The main difference between the present measure-
ment and that in a vacuum system is attributed to the
effect of the air. It has been verified that the surface
diffusion mechanism is the controlling factor for the
adsorption of water vapor in regular density silica gels
[1]. Thus the effect of the air on the apparent solid-side
mass diffusivity is believed to be small. Neglecting the
other factors which might affect the results of the two
experiments, basically the two sets of data obtained by
using the two different apparatus should reach a good
agreement.

In this experiment, the maximum error on tempera-
ture measurement is 0.5% and that on water vapor
concentration measurement is 2%. Based on these two
values, an uncertainty analysis is performed [17]. For the
isotherms, the maximum uncertainty is found to be less
than 3%. For the solid-side mass diffusivity, the maxi-
mum uncertainty is 25%.

4. Adsorption isotherms

In this work, the adsorption isotherms are obtained
by summarizing the final equilibrium data from each
dynamic uptake rate measurement. Fig. 3 shows the
adsorption isotherms of the system. Totally six adsorp-
tion isotherms are measured. The data of adsorption
isotherms are curvefitted as a function of w and 7 as
follows:

w(T,c) = (ce )", (10)

#OHO+»

T T T
0 50 100 150 200 250 300 350
cx 10° (kg m*)

Fig. 3. Adsorption isotherms.

220
200 —
180 —

0 5 10 15 20 25 30 35 40
w(%0)

Fig. 4. (0w/0c), of adsorption isotherms.

where for 0 <w<0.4 and 5 °C<T<80°C
A = —1.526(10)"°7% + 5.075(10) * T — 4.168(10) °T
+3.223

Ay = 2.455(10) T + 3.721(10) °T + 3.793,

where T is in °C and c is in g m~3. In the above equation,
the mean deviation between the experimental data and
curvefitting results is 9.3%. Figs. 4 and 5 individually
indicate the variations of (0w/dc), and (0w/0T). for
various values of w and 7. These two derivatives are
respectively used in evaluation of the f and y in Eqs. (4)

(owioT) X107 (K™

30 40 50 60 70
cX10° (kgm®)

Fig. 5. (0w/0T). of adsorption isotherms.
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and (7). As shown in Fig. 4, the derivative, (0w/0c),,
increases with decreasing of 7. For the isotherm with a
lower temperature, more adsorbate is adsorbed by the
adsorbent. Thus the corresponding curve in Fig. 3 be-
comes steeper and the value of (0w/dc), in Fig. 4 be-
comes larger. In Fig. 3, the slope of every individual
isotherm decreases with an increase of ¢. Thus in Fig. 4,
as the w increases, the corresponding (0w/dc), de-
creases. Fig. 5 shows that, for every curve, there is a
minimum (Ow/0T).. This minimum point occurs almost
at the ¢/cg of 0.5.

5. Results of uptake rate measurement

In Fig. 6, the theoretical uptake curves are evaluated
by using two different non-isothermal models. One is
with surface heat and mass transfer resistances and the
other is only with surface heat transfer resistance (Lee
and Ruthven’s model [8]). As indicated, the matching of
the former is much better than those of the latter. In
Fig. 6, the apparent solid-side mass diffusivity obtained
from the non-isothermal model with surface heat and
mass transfer resistances is 2.1 x 107° m? s~!, and that
from Lee and Ruthven’s model is 3.2 x 1071 m? s7!,
This implies that the effect of surface mass transfer re-
sistance on the apparent solid-side mass diffusivity is
quite important. Without considering this factor, an
underestimation of the value of D is possible.

Fig. 7 shows the matching of the experimental data
with the theoretical results individually for w of 0.08 and
0.35. Two theoretical models are used. One is the non-
isothermal model with surface heat and mass transfer
resistances and the other is the isothermal model with

1.0
09 —
0.8 —
0.7 —
g 0.6 —
B T=79.6° C
=4 0.5 — @ experimental data (w=0.038)
04 N non-isothermal model with surface heat
: and mass transfer resistances
03 —— D=2.1x10° n?/s
: non-isothermal model without surface
0.2 mass transfer resistance
: D=92X10710 m?/s
0.1 -~ D=32x10"10 m? /s
rrrrrrrrrr D=12x10"10 m? /s

0.0

T T T T T T T
00 01 02 03 04 05 06 07 08
Time (hour)

Fig. 6. Importance of surface mass transfer resistance.

1.0

0.9 —

0.8 —

0.7 — T=22.2°C

—m-experimental data (w=0.08)

gs 06 —D=8.9x 10" m?/s
05 — i 4 D=7.5x 10" m?/s
= 04 —@—experimental data (w=0.35)

’ ——D=7.2x10""" m?/s

03 — i 4 e D=5.2X10"" m?/s

02 — non-isothermal model with surface heat

and mass transfer resistances
isothermal model with surface mass

0.0 f | ‘ | t‘ra?sf‘er‘res‘lsfan‘ce‘ ‘ | ‘ | ‘ | ‘ |

0.1

o 1 2 3 4 5 6 7 8 9 10
Time (hour)

Fig. 7. Uptake curves for 7 = 22.2 °C.

surface mass transfer resistance. As shown in Fig. 7, for
both the cases, the deviations between the experimental
data and theoretical predictions are small. This implies
that the thermal effect does not play an important role in
these two processes. The thermal effect, in some cases,
could be very important in predicting the uptake rate.
However, in this case with the adsorption temperature
of 22.2 °C, which is considered as a low temperature, the
uptake rate is slow. Thus the generated heat will not
accumulate in the particle to affect the process.

Fig. 8 shows the uptake curves for w of 0.32 and T of
49.5 °C. The two lines individually possess the best

1.0 o= ——¢
_ -
09 — e
0.8 — / -
= *
0.7 — /
28 0.6 — //
505 T=49.5° C
04 —I ——&-—experimental data (w=0.32)
B | ——— D=4.1X 10710 m?/s
03 — | — —D=22X10"" m?/s
0.2 _] / non-isothermal model with surface heat
. / and mass transfer resistances
0.1 — — — isothermal model with surface mass
= transfer resistance

0.0 [ Y B O Y B

00 02 04 06 08 10 12 14 16 1.8
Time (hour)

Fig. 8. Uptake curves for 7 = 49.5 °C.
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matching of the experimental data with the corre-
sponding theoretical uptake curves. The result reveals
that the thermal effect is important in this case. Com-
paring the result obtained in Fig. § to that obtained in
Fig. 7, it may find that the thermal effect is more im-
portant to the former than to the latter. If simply based
on the information of the isotherms, for an adsorption
process at a lower temperature, more water vapor is
adsorbed and more heat is generated. Thus the thermal
effect for a process at a lower temperature should be
more important than that at a higher temperature.
However, by observing the measured data in Figs. 7 and
8, it may find that the uptake rate at a higher tempera-
ture is much faster than that at a lower temperature.
This makes the generated heat per unit time at a lower
temperature actually is less than that at a higher tem-
perature. In this work, the adsorption process proceeds
in the atmospheric condition. The cooling due to air
convection relieves part of the sorption heat generated in
the silica gel particles. Thus the heat does not totally
accumulate in the particles and the one with a higher
generated heat per unit time would receive a greater
impact from the thermal effect. However, if the experi-
ment is performed in a vacuum condition, the cooling
due to convection would be low. The generated heat
would almost entirely accumulate in the particles to af-
fect the uptake rate. Under this circumstance, the one
adsorbs more water vapor would be the one receiving a
greater impact from the thermal effect. In such case, the
thermal effect would become more important for the
process at a lower temperature.

The thermal effect and importance of external mass
transfer resistance to an adsorption process also can be
determined by evaluating the values of o/ and y [2]. It
had been shown that, for an increase of the value of o/
or for a decrease of the value of y, the importance of the
thermal effect will descend. In this work, for the equi-
librium temperature of 5.1 °C, the value of 7y is in the
range 0.35-9.36 and «/f is in the range 26-105; for 22.2
°C, the value of y is in the range 1.07-24.8 and o/f is in
the range 21-132; for 49.5 °C, the value of y is in the
range 1.23-27.66 and «/f is in the range 5-26; for 79.6
°C, the value of y is in the range 1.2-25.7 and o/f is in
the range 2-16. Thus it implies that the higher the
temperature, the greater the importance of the thermal
effect. It also had been verified that, for the value of y
less than 100, the external mass transfer resistance can-
not be ignored [5]. Applying this criterion to the present
work, it may conclude that the external mass transfer
resistance must be considered in all the above cases.

Many similar analyses as those in Figs. 6-8 are per-
formed and the results are summarized in Figs. 9 and 10.
In Fig. 9, the values of D correspond to the results ob-
tained from the isothermal model with surface mass
transfer resistance. In Fig. 10, the values of D corre-
spond to the results obtained from the non-isothermal

10.0 —
8 W 51°C
- (¢
6 ®222°C
N 0495°C
4 o 4 79.6°C
g @)
g 24 o
92 @)
>
810 —
87
6: ‘\—%'
4 ]
L L L L R L

0.00 0.05 0.10 0.15 020 025 030 0.35 0.40
w

Fig. 9. Apparent solid-side mass diffusivity (isothermal model
with surface mass transfer resistance).

[
2 & 22°C
O 495°C
+ 0
100 + 796°C

Dx101% (m? s
(¥} -
| [
O
O
O

0.00 0.05 0.10 0.15 020 025 030 035 040
w

Fig. 10. Apparent solid-side mass diffusivity (non-isothermal
model with surface heat and mass transfer resistances).

model with surface heat and mass resistances. Similar as
those in Figs. 7 and 8, the higher the temperature, the
greater the deviation between the results in Figs. 9 and
10. The comparison also indicates that, without con-
sidering the thermal effect, it may result in an underes-
timation of the apparent solid-side mass diffusivity. In
Fig. 10, it shows that the apparent solid-side mass dif-
fusivity increases with the temperature and its value falls
in the range 2 x 107°—4 x 10-"! m? s~!. For the case
with the temperature less than 22.2 °C, the drop of the
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value of D seems sluggish for a further decrease of the
temperature. This could be due to a low mobility of the
adsorbed molecules on the adsorbent as the temperature
approaches the freezing point of water at 0 °C.

In Fig. 10, for every curve there exists a minimum
value of D for w near 0.2. For w less than 0.2, the ad-
sorption occurs in the monolayer and the discrete hop-
ping theory can be used to interpret the molecular
migration in the pores [18]. Thus as the molecules in the
adsorption sites increase, the hopping of the molecules
will be sluggish and the apparent solid-side mass diffu-
sivity descends. For w greater than 0.2, the adsorption
no longer occurs in the monolayer and the self-diffusion
mechanism for ordinary liquid dominates the migration
of the molecules. In this situation, the D would increase
with the w.

6. Regression analysis

In Fig. 10, the solid lines represent the curvefitting
results. The corresponding polynomial and its coeffi-
cients are listed in Table 1, where T is in °C and w is in
kg H,O/kg silica gel. The mean deviation of this
curvefitting is less than 6%. The set of data in Fig. 10 is
also correlated into an Arrhenius-form equation with a
mean deviation of 15% for 0.05<w < 0.4 and
5°C<T <80 °C as follows:

D = Dy exp{x[AH /R(T + 273.15)]}, (11)
where

_ a;w2 —+ arw+ a;

ay =2.638, ay =766, a3=—1277,
ay =397, as=-241(10)"7 a5 =4.787(10)",

Kk(w, T)

(=AH /hy) = 1 + caw + 3w + cow’® + esw* + cow’,

e =1911, ¢ =-9.904, c;=62.708,
ey =—195.22, ¢5=291.47, cs=—166.03,

hg = 2501.2 — 2.205T.

Table 1
Coefficients of D

In Eq. (11), Dy equals 1.6 x 107® m? s~!' and « can be
treated as the bonding factor between the adsorbent and
adsorbate. AH is the heat of sorption (a negative value)
which is evaluated by plotting the measured data of
adsorption isotherms on an Othmer chart. Eq. (11) ba-
sically is in the same form as that used in Pesaran and
Mill’s work [1]. However, in the latter the bonding fac-
tor, k, 1s a constant and in the former it is a function of w
and 7.

7. Conclusions

Both the dynamic uptake curves and equilibrium
adsorption isotherms of the H,O-silical gel system are
successfully measured by using the constant-pressure
thermal gravimetrical apparatus. The measured uptake
data match well with the theoretical uptake curves. The
apparent solid-side mass diffusivity deduced from the
matching is correlated into an Arrhenius-form equation
and its value is in the range 2 x 107°—4 x 107" m? s7!.

The external mass transfer resistance is crucial in this
experiment. Without considering this factor, the exper-
imental data fail to match well with the theoretical up-
take curves. Similarly, the thermal effect is also
important to the adsorption uptake rate. Neglecting the
thermal effect, it may result in an underestimation of the
apparent solid-side mass diffusivity. Both the equilib-
rium temperature and moisture content determine the
importance of the thermal effect in the adsorption pro-
cesses. For an increase of the equilibrium temperature,
the thermal effect will become more prominent regard-
less of the value of moisture content. However, as the
equilibrium temperature is less than 22.2 °C, the thermal
effect no longer seems to be important to the uptake
rate. In this work, it is found that the apparent solid-side
mass diffusivity decreases with the temperature. As the
temperature approaching the freezing point of water (0
°C), the dependence of D on the temperature tends to be
small.

For a specific equilibrium temperature, there exists a
minimum apparent solid-side mass diffusivity in the
considered range of water content. Before the occur-

D = exp[f(w,T)] x 1071
f(Wv T) =B +Bw—+ B3W2 + B4W3
Bn = bl,n + bz_,,T + b3=nT2 + b47,,T3

B] Bz B3 B4
by, 1.7453 —-18.7612 74.6515 -91.2916
by, -0.1773 2.9896 -13.1123 17.7364
b3, 7.6795 x 1073 —-0.127663 0.54771 -0.7405
by, —7.4407 x 10~¢ 4.7709 x 1074 -1.9091 x 1073 3.0279 x 1073
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rence of the minimum point, the adsorption is in the
monolayer and the discrete hopping theory for adsorbed
molecules can be used to interpret the decrease of D for
an increase of w. After the minimum point, it belongs to
a multilayer adsorption and the theory of self-diffusion
mechanism for ordinary liquid can be used to explain
the increase of D for an increase of w.
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