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Abstract The aim of this study is the development of a
new adsorbent for the desiccant material which can be re-
generated by the domestic exhaust heat by using natural
mesoporous material, Wakkanai siliceous shale. To improve
this shale’s performance to adsorb/desorb the water vapor,
lithium chloride, calcium chloride or sodium chloride was
supported into the mesopores by impregnating with each
chloride solution. Especially sodium chloride was effective
to increase the water vapor adsorption amount 5–7 times of
that of natural shale in the relative humidity range from 50
to 70%. Moreover, the appropriate impregnating concentra-
tions were determined as 5wt% from the relationship be-
tween the maximum water vapor adsorption amount and the
mesopore volume. Based on these results, a new desiccant
filter has been developed by impregnated original paper with
lithium chloride and sodium chloride. This paper contained
shale powder in the synthetic fibers. The dehumidification
performance of this filter was evaluated under the simu-
lated summer condition in Tokyo. From the cyclic adsorp-
tion/regeneration test, this shale and chlorides filter could
adsorb and desorb 60 g/h water vapor repeatedly at the re-
generation temperature of 40°C. On the other hand, a sil-
ica gel filter and a zeolite filter adsorbed and desorbed only
10 g/h and 25 g/h, respectively. These results suggested that
the shale impregnated with the chlorides has the best dehu-
midification ability as a new desiccant material. Further, the
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desiccant filter made from the shale will achieve the effec-
tive use of the low temperature exhaust heat.
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1 Introduction

A humidity control has attracted the attention as the energy
conservation technology in the field of the air conditioning.
Humidity is one of factors greatly related to comfort and
health in the indoor environment. The humidity control, es-
pecially dehumidification, is important in the region that be-
comes hot and humid like in Japan or Southeast Asian coun-
tries, etc. in summer. Moreover, the importance of humidi-
fication in winter is recognized against the outbreak of the
influenza virus.

Conventional air conditioning systems generally need to
supercool the indoor air to below the dew point temperature
for dehumidification. The water vapor is removed from the
moist air by condensation. Since the air temperature after
cooled is usually lower than the required temperature of the
supply air, a reheating process is necessary to meet a com-
fortable condition. These supercooling and reheating pro-
cesses obviously consume much energy.

In recent years the air conditioning system which sepa-
rates the heat load into the sensible heat and the latent heat
has received attention from the viewpoint of the energy con-
servation. Especially a desiccant system is focused as one
of the technologies to control the latent heat load (La et al.
2010). This system removes the water vapor by adsorption
or absorption without liquid condensation. Therefore only
the sensible heat load of the dried air will be treated by using
a condenser with much less energy than the conventional air
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conditioning systems because the supercooling and reheat-
ing processes are dispensable.

The desiccant materials can be classified to two differ-
ent types. One type is a liquid desiccant based on the ab-
sorption by deliquescent material such as lithium chloride or
calcium chloride. The other is a solid desiccant such as poly-
mer sorbent (Inaba et al. 2002) or the porous materials such
as silica gel, zeolite or alumina silicate (Kodama et al. 2001;
Shimooka et al. 2007). Especially, the latter is being applied
as a desiccant wheel in large-scale facilities in Japan, such
as the supermarket or the factory, etc. However, it has not
achieved a widespread diffusion to the office building or the
residential house. Because the regeneration heat source at
60oC or more is necessary for current desiccant materials.
Therefore it is mainly used at the facilities which can gain
the exhaust heat at the temperature range from 60 to 140oC,
or apply an additional heater. Obviously applying of the ad-
ditional heater for the regeneration isn’t effective. Then, the
development of a desiccant material that can use the low
temperature exhaust heat of 40oC or less is hoped for im-
provement of the system performance and spread as a useful
air-conditioning equipment.

The water vapor adsorption by physical adsorption is de-
sirable for the low temperature regeneration by using meso-
porous material such as type-B silica gel, instead of chemi-
cal adsorption by zeolite.

Currently authors have been investigating the humid-
ity control performance and the effective use of Wakkanai
siliceous shale (WSS), which is a natural mesoporous mate-
rial from Hokkaido island of Japan. WSS has a mesoporous
structure similar to B-type silica gel. It is an unused resource
with the huge amount. Therefore, WSS could contribute the
breakthrough in the office use or domestic use of the effi-
cient desiccant system if a new desiccant material, which
is inexpensive and can be regenerated by low temperature
air, is developed. Furthermore, it will become one of the
effective-use ways of the unused resource.

The aim of this study is the development of a new ad-
sorbent for the desiccant material which can be regener-
ated by the domestic exhaust heat by using WSS. How-
ever, the maximum amount of water vapor adsorption of
WSS is around 30% of that of type-B silica gel. Therefore,
it is significant to improve the WSS’s water vapor adsorp-
tion ability by a simplified method without losing the pos-
sibility of low temperature regeneration. As the first step of
the development of a new desiccant material, the improve-
ment of the water vapor adsorption ability of WSS by chlo-
ride salt impregnation is examined. The chloride-supported
WSS is obtained by impregnating natural WSS with var-
ious concentrations of lithium chloride and calcium chlo-
ride. In addition, sodium chloride solution is also proposed
as impregnating material. The change in specific surface
area, log differential pore volume distribution and the wa-
ter adsorption/desorption isotherm of the chloride-supported

shale are investigated, and the differential of the adsorp-
tion performance among the impregnated chlorides are dis-
cussed.

Several studies have been carried out on the porous ma-
terials by the combination with deliquescent salt to im-
prove the water vapor adsorption performance. Babkin et al.
(1991), Khamid et al. (1993) have reported that Aerosil with
lithium chloride and aluminum oxide with calcium chloride
exhibited the better adsorption capacity than Aerosil or alu-
minum oxide without the chlorides. The composite mate-
rials, which is based on calcium chloride or lithium bro-
mide as the impregnated salts, and micro- and mesoporous
silica gel (the pore volumes are 0.35 and 1.0 cm3/g, re-
spectively) as the host matrices, has been able to absorb
water vapor up to 0.75 g per gram of the dry sorbent at
28°C and 61.7% of the relative humidity. It was demon-
strated that these materials could be regenerated at between
70 and 120◦C (Aristov et al. 2002; Tokarev et al. 2002;
Dawoud and Aristov 2003). Moreover, the composite des-
iccant materials especially made from calcium chloride and
macroporous silica gel, which mean pore diameter is 4.8 nm
and porosity is 0.7, have been suggested by Zhang et al.
(2005, 2006) Zhang and Qiu (2007) and Jia et al. (2006a,
2006b, 2007). They resulted in a better adsorption perfor-
mance compared with normal silica gel. The impregnat-
ing concentration was varied from 10 to 40wt% to achieve
the high adsorption performance. Water retention isotherm
showed the adsorption amount over 10wt%. The simulated
regeneration temperature was 100◦C. The regeneration by
using lower temperature air at 40–50◦C still has not been
obtained by these materials.

Additionally, one of the most important problems need-
ing to be solved on the chloride impregnation is a carryover
of deliquesced solution droplets. The carryover prohibits the
widespread of the desiccant using liquid sorbents, because
it leads some problems such as the salt pollution, the cor-
rosion, or the deterioration of air quality. It is anticipated
that too high content of the deliquescent material causes this
problem. The adsorption amounts of reported materials were
larger than the pore volumes of the porous materials. It is
clear that the carryover causes under a high relative humidity
condition, because the materials have adsorbed water vapor
more than the amount which the pores could maintain.

In this paper, authors propose the appropriate supporting
amount of chlorides which obtained from the relation be-
tween the water adsorption amount and the pore volume in
order not to cause the carryover problem. The appropriate
impregnating concentrations were determined from the in-
creased water adsorption amount which can be held inside
WSS’s pores.

Next, a desiccant filter has been developed from the WSS
paper, which contains WSS powder in the synthetic fibers
and chlorides. The adsorption ability of this filter was eval-
uated by the cyclic adsorption/regeneration test.
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Fig. 1 SEM pictures of WSS

2 Characteristics of Wakkanai siliceous shale

Wakkanai siliceous shale is a natural mesoporous hard mud-
stone which is produced in Soya area (northern area of
Wakkanai city located at latitude 141.68◦E and longitude
45.41◦N), the northernmost part of Hokkaido in Japan. It
is naturally derived from diatoms and planktonic organ-
isms composed mostly of silicon dioxide (SiO2). WSS has
the distributions on the belt-like foothills, which are about
50 meters high in the north-south length of more than 30 km,
under the surface soil layer. Moreover, it is found that this
WSS layer exists in more than 1000 meters deep in the
ground. Figures 1 shows the scanning electron microscope
(SEM) pictures. It is confirmed that a reliquiae of diatom
remains on the surface. Furthermore, scale-like crystals of
Opal-CT can be observed, and its diameter is about 2 μm.

Figure 2 shows the log differential pore volume and cu-
mulative pore volume distributions and the physical proper-
ties of WSS. The mean diameter of the mesopores is 9.9 nm
and the porosity is about 0.6. WSS has a characteristic pore
size distribution. The pore diameter ranges mainly from 4 to
20 nm, which can contribute to the autonomous water va-
por adsorption (Tomura et al. 1997a, 1997b). The measured
specific surface area derived from the Brunauer, Emmett
and Teller (BET) method is 149 m2/g, and the pore volume
calculated by Berret, Joyner and Halenda (BJH) method is
0.38 cm3/g. These values are about 4–10 times higher than
those of general diatom soil. The mesoporous which WSS
has contribute to adsorption and desorption of the water va-
por, and then WSS can control the humidity autonomously.

Figure 3 shows the water vapor adsorption isotherms of
WSS at various measurement temperatures. These data were
obtained at the steady state. The amount of water vapor
adsorption increases rapidly when the relative humidity of
air becomes higher than 60%. The differential adsorption
amount in the relative humidity range 60 to 80% is 75 mg/g.
The maximum adsorption amount reaches 270 mg of wa-
ter per gram of dry material. The adsorption amount plotted
against relative humidity doesn’t depend on the measure-
ment temperature, though there is a hysteresis loop which is
caused by pore length and interaction energy. Furthermore,

Fig. 2 Log differential pore volume and cumulative pore volume dis-
tributions of WSS calculated by BJT method

Fig. 3 Adsorption isotherms of WSS measured at various temperature
conditions

WSS can desorb the water vapor under low relative humid-
ity condition. In other words, it can adsorb and desorb the
water vapor according to the relative humidity change. WSS
has been studied as a humidity self-control material (Tomura
et al. 1997a, 1997b). Moreover, it is commercially used as
a humidity self-control plaster board in Japan (Nezu and
Taniguchi 2000). From this point of view, WSS is expected
to be used as a desiccant material which can be regenerated
by using low temperature exhaust heat, such as gained from
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Fig. 4 Absorption isotherms of chloride salts

the air-conditioning system. Additionally authors have eval-
uated the WSS’s durability to the repetition of adsorption
and desorption of the water vapor (Nakabayashi et al. 2008).
It is confirmed that there is little decrease in the adsorption
performance after it passed of 500 cycles.

3 Physical properties of the chloride-supported
Wakkanai siliceous shale

3.1 Supporting method

For the functional improvement of WSS, the chloride-
supported Wakkanai siliceous shale was obtained by im-
pregnating with various concentration of lithium chloride
(LiCl), calcium chloride (CaCl2) or sodium chloride (NaCl)
solution. The particle diameter of crashed WSS was 1.0–
2.0 mm. WSS was impregnated with the aqueous LiCl solu-
tion in the vacuum desiccator. The inside pressure of the vac-
uum desiccator was above 3.14 × 103 Pa, the saturated wa-
ter vapor pressure at 25◦C. Decreasing pressure for 1 hour
made the chloride solution enter the pores of WSS by tak-
ing the place of the air. The chloride-supported WSS was
obtained by drying the samples at 150◦C for 24 hours under
the atmospheric pressure after suction filtration. The weight
percent concentrations of the aqueous solution were 5, 10,
20, 30, and 40wt%. CaCl2 and NaCl were also supported in
the same way. The absorption isotherms of the chlorides are
shown in Fig. 4. LiCl and CaCl2 start to adsorb the water va-
por from dry condition, less than the relative humidity 10%.
On the other side, the absorption amount of NaCl doesn’t
change until the relative humidity reached 75%, and shows
a sharp rise with the increase of the relative humidity over
75%.

3.2 Measured physical properties and discussion

The supported amounts of the chlorides are plotted as a func-
tion of the concentration of the impregnating solutions in

Fig. 5 Supported amount of chlorides on WSS

Fig. 6 Log differential pore volume distributions of chlorides-sup-
ported WSS

Fig. 5. The supported amount increased to the concentra-
tion regardless of the kind of the chlorides. The dashed line
in Fig. 5 shows the predicted supported amount calculated
from the assumption that the all pores based on the porosity
of WSS, 60%, were filled with the chloride solution and the
almost chloride salts were remained in the pores after dried.
Each plot is in agreement with or larger value than this line.
The solution, which remained on the outside of the meso-
pores of WSS, caused these larger supported amounts.

Figure 6 shows the measured log differential pore vol-
ume distributions of a LiCl-supported WSS at 5wt% (LiCl
5%+WSS), a LiCl-supported WSS at 30wt% (LiCl
30%+WSS), a CaCl2-supported WSS at 5wt% (CaCl2
5%+WSS) and a NaCl-supported WSS at 5wt% (NaCl
5%+WSS), compared with a distribution of natural WSS.
The pore volume distributions were calculated by BJH
method. Table 1 summarizes the physical properties of each
chloride-supported WSS. These are the specific surface area
by BET method, and the pore volume and the average pore
diameter by BJH method. The pore volume around the pore
diameter of 8 nm decreased by impregnating with LiCl so-
lution. From this result, LiCl was in the pores in the range
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Table 1 Specific surface area, pore volume and average pore diameter of chloride-supported WSS

WSS WSS + LiCl WSS + CaCl2 WSS + NaCl

5% 10% 20% 30% 5% 10% 5% 10%

Supported amount [mg/g] 0 34 58 120 225 36 83 36 70

BET specific surface area [m2/g] 149 124 134 120 88 119 101 129 128

BJH Pore Volume [cm3/g] 0.37 0.33 0.35 0.32 0.24 0.33 0.32 0.33 0.34

Average pore diameter [nm] 9.9 10.7 10.6 10.7 11.1 11.1 12.6 10.3 10.5

(a)

(b)

Fig. 7 Adsorption isotherms of LiCl-supported WSS (a) and (b) is
extracted from (a), isotherms which impregnating concentrations are 5
and 10wt%

from 5 to 10 nm. The specific surface area and the pore vol-
ume decreased as the impregnating concentration increased.
On the other hand, the average pore diameter increased with
the impregnating concentration. Furthermore, the differen-
tial between LiCl and CaCl2 wasn’t found. When NaCl was
supported on WSS, the decreased pore volume around the
pore diameter of 6 nm was smaller than LiCl or CaCl2. It in-
dicated that each chloride salt was supported into the pores.

The water vapor adsorption isotherms of the LiCl-
supported WSS were shown in Fig. 7 and these of the NaCl-

Fig. 8 Adsorption isotherms of NaCl-supported WSS

Fig. 9 Adsorption amount changes as a function of concentration of
impregnating solution on LiCl-supported WSS and NaCl-supported
WSS

supported WSS were shown in Fig. 8. Figure 7(b) shows
the extracted data from Fig. 7(a). Figure 9 shows how the
adsorption amount changes with the concentration of the
impregnating solutions at the points of 30, 50, and 75%RH
and the maximum amount.

As shown in Fig. 7(a) and (b), the adsorption amount in-
creased with increasing of the impregnating concentration.
The LiCl 5%+WSS adsorbed 200 mg/g of the water vapor
in the relative humidity range from 60 to 90%. This amount
was same as that of natural WSS. On the other hand, in the
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relative humidity range from 30 to 60%, the LiCl 5%+WSS
could adsorb about 175 mg/g of the water vapor. It was con-
firmed that LiCl improved the adsorption performance of
WSS in less than 60% range of the relative humidity. The
CaCl2-supported WSS had similar tendency.

Figures 8 and 9 show that the water vapor adsorp-
tion amount of NaCl-supported WSS increased sharply
over 50%RH, while that of LiCl-supported WSS increased
linearly. The adsorption amount of NaCl 5%+WSS was
120 mg/g and that of NaCl 10%+WSS was 175 mg/g, re-
spectively, in the relative humidity range from 50 to 70%,
although that of natural WSS was 25 mg/g.

These results indicate that NaCl could improve the wa-
ter vapor adsorption ability of natural WSS in the relative
humidity range 50 to 70%. It is concluded that a charac-
teristic of the absorption isotherm of NaCl is an important
factor. Figure 4 illustrates the absorption isotherms of the
chloride salts. NaCl starts to absorb the water vapor rapidly
over 75% of the relative humidity. From this characteristic,
it is assumed that a mechanism of the adsorption on NaCl-
supported WSS may be assumed as the followings: first, the
mesopores of WSS adsorb water vapor. Second, the water
vapor inside of the pores condenses by the capillary con-
densation. Finally NaCl which exists in pores absorb this
water. On the other hand, LiCl or CaCl2 start to absorb and
deliquesce in preference to the adsorption by the mesopores
of WSS when the deliquescent material exists in the pores.
These different mechanisms may be established from the
further experiments in a later paper.

On the other hand, it was observed that the excess sup-
porting of the chloride caused the elution of the chloride so-
lution from the mesopores to the surface of WSS. The LiCl
30%+WSS, whose maximum water adsorption amount was
1890 mg/g, lead the elution after an exposed test at 23◦C,
75%RH condition and its surface was obviously wet com-
pared to the natural WSS. It is clear that the elution causes
the carryover problem. To solve this problem, we propose to
determine the appropriate concentration of the impregnat-
ing chloride solution based on the following assumptions:
(1) the all of adsorbed water condenses inside the mesopores
under the high humidity condition, (2) the density of the
condensed water inside the mesopores is 1.0 g/cm3, (3) the
maximum water adsorption amount of the porous material,
which adsorbs water vapor in its mesopores by the physical
adsorption, is equal to its mesopore volume. The chloride
solution may be eluted from the mesopores from these as-
sumptions when the maximum water adsorption amount of
the chloride-supported material exceeds the mesopore vol-
ume. From this point of view, the appropriate impregnat-
ing concentration was determined according to the maxi-
mum water adsorption amount and its mesopore volume.
As shown in Table 1, the mesopore volume of the chloride-
supported WSS is between 0.30 and 0.36 cm3/g. Figure 10

Fig. 10 Adsorption isotherms of chlorides-supported WSS with the
appropriate impregnating concentration

shows the water vapor adsorption isotherms of the chloride-
supported WSS with the appropriate impregnating concen-
tration. The appropriate concentration for LiCl was deter-
mined as 4wt%, and these for CaCl2 and NaCl were de-
termined as 5wt%, respectively. The maximum adsorption
amount reached between 300 and 360 mg/g by supporting
with chlorides.

From these results, a desiccant filter, which contains WSS
supported with LiCl and NaCl, has been developed and eval-
uated.

4 The adsorption/regeneration test on desiccant filters

4.1 Experimental condition and materials

A short-term cyclic ventilating test was carried out to eval-
uate the adsorption/regeneration performance of two honey-
combed filters including WSS and other compared filters as
listed in Table 2.

Experimental apparatus of this test is illustrated in
Fig. 11. A high stability controlled air temperature and rel-
ative humidity environment chamber was used to carry out
this experiment. The chamber dimensions were 1670 mm
in width, 3470 mm in length, and 2200 mm in height. The
experimental conditions are shown in Table 3. The cham-
ber maintained 30◦C, 75%RH air as the adsorption air. This
air simulated the average climate condition in the daytime of
summer in Tokyo. On the other side, the regenerating air was
produced at 40◦C, 30%RH by heating and humidifying the
air of the chamber’s outside (experimental room). The re-
generating condition simulated the return-air from the room
(26◦C, 60%RH) heated to 40◦C by using the exhaust heat of
the heat pump. The adsorption process was for 60 minutes
and the regeneration process was for 30 minutes. Before
starting the test, the filter was dried by the airflow of the
regenerating condition.



Adsorption (2011) 17:675–686 681

Table 2 List of tested filters
Base material Adsorbent Weight

A: WSS filter Synthetic fiber WSS 618 g

B: WSS + chlorides filter Synthetic fiber WSS + LiCl + NaCl 666 g

C: Silica gel filter Synthetic fiber Silica gel 608 g

D: Zeolite filter Sintered zeolite 893 g

Fig. 11 Experimental apparatus
of the adsorption/regeneration
test

Table 3 Air conditions for the experiments

Adsorption process Regeneration process

Temperature 30◦C 40◦C

Relative humidity 75% 27%

Absolute humidity 20 g/kgDA 12 g/kgDA

An apparatus for air-flowing channel adopted batch-type
flow and two inlet channels to switch the adsorption air and
the regeneration air, respectively with two automatic three-
way solenoid valves in the chamber. The main ducts con-
necting to the test section were composed of PVC (polyvinyl
chloride) pipe and its diameter was 150 mmφ. One of the in-
let channels’ diameter was 50 mmφ for leading air from the
chamber for the adsorption, and the other’s was 40 mmφ in
order to lead air from the outside of the chamber for the re-
generating condition.

The velocity of air flow was determined with a ventilator
connected at the end of the channel. Air flow was generated
by a sirocco type fan and adjusted to the desired speed by an
adjustable frequency inverter. A sirocco type fan extracted
air. Flow rate was ensured with a digital flow meter.

Temperature, relative humidity and absolute humidity of
air, at the point before and after the filter, were measured
and logged with thermo and hydrometers at one minute in-
tervals. The material temperatures of each filter were mea-
sured. These were measured at five points by using five ther-
mocouples at intervals of 50 mm along the length of the fil-
ter. The data of the material temperature were recorded with
a digital logger at five seconds intervals.

The weight changes of each filter were measured with the
digital balance. The filter was put in the aluminium pipe of
the same diameter as a test section. The polyethylene film
was used for the joints of the test section and the PVC pipes
to measure only the weight change of the filter. This test
section was put on a digital balance in order to transfer the
weight data to a personal computer at two seconds intervals.
In addition, the test section and the digital balance were sur-
rounded with the thermal insulation box of 25 mm in thick-
ness to prevent the effect of the air current and temperature
of the chamber.

The flow rate was set at 25 m3/h. In this time, the effec-
tive air face velocity was 0.49 m/s.

The tested filter has been made from original paper. This
paper contained synthetic fibers and WSS powder which av-
erage particle diameter was 3.1 μm. The paper was impreg-
nated with LiCl and NaCl. This paper’s thickness is 200 μm,
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Fig. 12 Apparent pictures of WSS filter

Fig. 13 Adsorption isotherms of tested filters

weight is 50 g/m2, and WSS content is 40wt%. This paper
was corrugated and formed as a honeycombed filter. This fil-
ter’s diameter is 150 mmφ, the length is 200 mm, and the cell
density is 31 cells/cm2. The appearance pictures are shown
in Fig. 12. As compared with the WSS + chlorides filter,
A: WSS filter without chlorides, C: a silica gel filter, which
is made from a kind of type-B silica gel, and D: a zeolite
filter were also tested. The characteristics of these materials
are shown in Table 2. Filters were prepared by ventilating
the constant air at 40◦C and 27%RH for two hours until the
weight stayed constant before the examination started.

Figure 13 shows the adsorption isotherms of the tested
filters. On the WSS + chlorides filter and the silica gel fil-
ter, the amounts of adsorption increased within the range of
high relative humidity, 70% or more. The maximum adsorp-
tion amounts were 457 mg/g and 251 mg/g, respectively. In
the relative humidity range from 30% to 75%, the water va-

por adsorption amount of WSS + chlorides filter was about
100 mg/g and that of the silica gel filter is 29 mg/g. In con-
trast, the zeolite filter started adsorbing more than 100 mg/g
of the water vapor at the low relative humidity under 10%.
However the increase of the adsorption amount according to
the relative humidity was small. The maximum adsorption
amount was 239 mg/g. The adsorption amount between 30
and 75% of the relative humidity was 45 mg/g.

4.2 Results and discussions

Figure 14 results the weight changes on four filters from
three continuous cycles for 270 min. The weight of each fil-
ter was changed cyclically according to variation in the inlet
condition.

The WSS + chlorides filter adsorbed about 59 g of water
vapor per one hour in the first cycle. The adsorption amount
over the flow rate was 2.4 g/m3. Adsorption occurred for
60 minutes. Further the WSS + chlorides filter could desorb
the same amount of the adsorption by 40◦C air for 30 min-
utes. It was ensured that the desorption speed was twice as
the adsorption speed. Moreover, it adsorbed and desorbed
60 g/h (2.4 g/m3) stably in the second and third cycle. The
adsorption amount over the filter’s dry weight (666 g, shown
in Table 2) was 90 mg/g.

From the adsorption isotherm shown in Fig. 13, the ad-
sorption capacity between 30 and 75% of the relative hu-
midity was predicted as 100 mg/g. Therefore, the WSS +
chlorides filter adsorbed about 90% of the adsorption capac-
ity under these experimental conditions. The highest value
can be expected to increase like the zeolite filter if the ad-
sorption process is longer.

In contrast, the silica gel filter and zeolite filter adsorb
much water vapor in the adsorption process of the first cy-
cle. However, they couldn’t desorb the water vapor under the
regenerating condition at 40◦C. In the second and third cy-
cle, the silica gel filter adsorbed 10 g/h (0.4 g/m3,16 mg/g)
of the water vapor in the adsorption process. The regenera-
tion finished within 10 minutes because the amount which
the silica gel filter could desorb was limited to 10 g. The fi-
nal weight of silica gel filter was higher than that of WSS +
chlorides filter, however the adsorption amount of silica gel
filter at 27% in Fig. 13 was less than that of WSS + chlo-
rides filter. The adsorption isotherms in were obtained from
the steady state, which the water vapor partial pressure was
rigorously controlled for the stable adsorbed and desorbed
water vapor amount with long measuring time. On the other
hand, these final weights were obtained under the short-term
cyclic condition. Furthermore, the adsorption heat of WSS
+ chlorides filter is 2550 kJ/kg, which is calculated ac-
cording to Clausius-Clapeyron equation from the water va-
por adsorption isotherms at the different measurement tem-
peratures, and that of silica gel filter is 3600 kJ/kg. From
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Fig. 14 Results of weight
changes on the
adsorption/regeneration test
under the air flow rate was 25
m3/h

Fig. 15 Results of measured outlet temperature after air passed
through each filter compared with inlet temperature

these reasons, silica-gel filter needs the higher regeneration
temperature and the lower humidity ratio to complete the
desorption of the water vapor in 30 minutes compared to
WSS + chlorides filter. The zeolite filter adsorbed 25 g/h
(1.0 g/m3,28 mg/g) in the second and third cycle. The in-
crease ratio of the adsorption amount became smaller since
30 minutes passed. It is estimated that the amount of adsorp-
tion of the zeolite filter approaches the saturated condition.
An original adsorption performance of the zeolite couldn’t
be demonstrated, because the regeneration temperature at
40◦C was too low for the zeolite to desorb all the water va-
por existed in pores.

The original WSS filter adsorbed less than 5 g/h
(0.2 g/m3,8 mg/g) of the water vapor at both first and sec-
ond cycle. It was confirmed that supporting with chlorides

Fig. 16 Results of measured outlet absolute humidity after air passed
through each filter compared with inlet absolute humidity

was effective for the performance improvement of the orig-
inal WSS filter.

Next, the outlet temperature and absolute humidity data
after the air passed through each filter in the second and third
cycle are shown in Figs. 15 and 16, respectively. The outlet
temperatures of each filter were also changed cyclically ac-
cording to variation in the inlet condition. The outlet tem-
perature rose up because the water vapor adsorption was the
exothermic reaction at the beginning of the adsorption pro-
cess (at 0 min and 90 min in the elapsed time), and then it
decreased with duration. On the other side, the outlet tem-
perature decreased with the endothermic reaction occurred
by desorption when the inlet air condition was switched to
that of the regeneration process (at 60 min and 120 min in
the elapsed time). It followed the increase of the inlet tem-
perature with duration.
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When the air of 30◦C, 75%RH passed in the adsorption
process, a maximum point of the outlet temperature after
the air passed through the WSS + chlorides filter was 40◦C.
This temperature was the lowest among the outlet tempera-
tures of all the filters. The outlet temperature decreased grad-
ually with following the inlet air temperature after reach-
ing the maximum temperature. At the end of the adsorption
process, the temperature difference between inlet and outlet
remained 3◦C. This means that the WSS + chlorides fil-
ter continued to adsorb the water vapor for 60 minutes. The
outlet absolute humidity of the WSS + chlorides filter was
3 g/kgDA lower than the inlet value at the beginning, and
gradually increased. The silica gel filter’s outlet temperature
approached the inlet temperature after it reached 42◦C. Be-
cause the adsorption amount of the silica gel filter was small,
then the heat generation was also small. After reaching the
maximum temperature, the outlet temperature decreased im-
mediately to the inlet temperature. The outlet temperature of
the zeolite filter was the highest. It rose up to 43◦C in the
maximum. The temperature change following the inlet tem-
perature was observed about 7 minutes later of the switching
points at 0 min and 90 min. The reduction of temperature
at 60 min and 120 min in the elapsed time continued for
12 minutes. The difference of the inlet and outlet absolute
humidity was measured for 15 minutes from the beginning
of the adsorption.

In the regeneration process, the outlet air temperature of
the WSS + chlorides filter was kept at around 32◦C, be-
cause desorption kept occurring for 30 minutes. The wavy
line was caused from the on-off control of the heater and the
dehumidifier in Fig. 11, so the outlet air temperature during
the regeneration process reflected the influence of the in-
let air temperature and humidity condition. The outlet abso-
lute humidity of the WSS + chlorides filter was also almost
as almost constant as the outlet temperature. On the other
side, the outlet temperatures of the silica gel filter and the
zeolite filter decreased and reached 29◦C and 28◦C, respec-
tively because of the endothermic reaction. These temper-
atures followed the inlet air condition after desorption was
finished. The outlet absolute humidity of the silica gel filter
was lower than that of the inlet at the beginning of the ad-
sorption. The difference between the inlet and the outlet was
getting smaller for 20 minutes. Because the silica gel filter
didn’t adsorb the water vapor any more afterwards, the out-
let absolute humidity was in agreement with the inlet value.

The outlet temperature of the WSS filter showed the simi-
lar tendency to the silica gel filter because the amount of the
adsorption by WSS filter was also quite small. Moreover,
the data of the outlet absolute humidity after throughout the
WSS filter was omitted from Fig. 15 because the difference
between the inlet absolute humidity was quite small.

The small adsorption heat of natural WSS causes the low
outlet temperature of the WSS + chlorides filter. The ad-
sorption heat of natural WSS is 2460 kJ/kg, at the same level

(a)

(b)

(c)

Fig. 17 Results of measured material temperatures of (a) WSS +
chlorides filter, (b) silica gel filter and (c) zeolite filter

as the condensation heat of water vapor. However, the ad-
sorption heat resulted from the chlorides in the pores caused
the temperature rise.

Figure 17(a) shows the measured material temperatures
of the WSS + chlorides filter. Temperature at No. 1 de-
creased gradually with following the inlet air temperature
after reaching 43◦C at 0.6 min in elapsed time. Other points’
maximum temperatures were as follows, No. 2: 41◦C at
1.1 min, No. 3: 44◦C at 1.7 min, No. 4: 42◦C at 2.3 min,
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and No. 5: 40◦C at 6.7 min. This temperature rising was at-
tributed to the adsorption heat of WSS and chlorides. The
temperature difference between Nos. 1 and 5 showed that
adsorption occurred with the time difference as a function
of distance from the inlet side. It took longer time for ad-
sorption and desorption at points that were further from the
inlet side. On the regeneration process (at 60–90 min and
150–180 min of the elapsed time), the differences by the po-
sition appeared obviously. The temperature at No. 1, which
was nearest to the inlet, followed the inlet air temperature in
a few minutes. However, the temperature at other points rose
up after more than 10 minutes passed. The material temper-
ature at No. 5 started increasing when the inlet air condition
was switched. On the other hand, the material temperature of
the silica gel filter and the zeolite filter shown in Fig. 17(b)
and (c), respectively, varied more rapidly than that of the
WSS + chlorides filter, because the water vapor amounts of
adsorption and desorption by these filters were small.

It is concluded that this WSS + chlorides filter’s adsorp-
tion amount was the largest and could be regenerated by
40◦C air under this experimental condition. This result sug-
gested that the exhaust heat at about 40◦C can be utilized.

5 Conclusion

In this paper, Wakkanai siliceous shale was introduced
as a natural mesoporous material to develop a new des-
iccant filter. To improve this shale’s performance to ad-
sorb/desorb the water vapor, lithium chloride, calcium chlo-
ride or sodium chloride was supported into the pores of the
shale by impregnating with each chloride solution. It was
clarified that the characteristics on the water vapor adsorp-
tion were different between NaCl-supported shale and the
deliquescent-material-supported shale. Especially NaCl was
effective to increase the water vapor adsorption amount 5–7
times of that of natural shale in the relative humidity range
from 50 to 70%. Moreover, the appropriate impregnating
concentrations were determined from the relationship be-
tween the maximum water vapor adsorption amount and the
mesopore volume. Therefore, we can solve the carryover
problem of the chloride impregnation.

Based on these results, a new desiccant filter made from
the original paper, which contains the shale powder in the
synthetic fibers supported with LiCl and NaCl, has been de-
veloped. The dehumidification performance of this filter was
evaluated under the simulated summer condition in Tokyo.
Filters which made of silica gel and zeolite were compared.
From the cyclic adsorption/regeneration test, this shale filter
impregnated with chlorides could adsorb and desorb 60 g/h
of the water vapor repeatedly at the regeneration tempera-
ture of 40◦C. On the other hand, a silica gel filter and a ze-
olite filter adsorbed and desorbed only 10 g/h and 25 g/h,

respectively. These results suggested that the shale impreg-
nated with the chlorides has the best dehumidification abil-
ity as a new desiccant material. Further, the desiccant filter
made from the shale will achieve the effective use of the low
temperature exhaust heat. This filter will contribute to im-
prove the performance of the desiccant system and spread
the system as effective air-conditioning equipment.

Acknowledgement This work is supported by the New Energy and
Industrial Technology Development Organization (NEDO) of Japan.

References

Aristov, Y.I., Restuccia, G., Cacciola, G., Parmon, V.N.: A family of
new working materials for solid sorption air conditioning systems.
Appl. Therm. Eng. 22(2), 191–204 (2002)

Babkin, O.É., Ivakhnyuk, G.K., Fedorov, N.F.: Impregnation of a des-
iccant based on adsorbents with a narrow pore distribution. Zh.
Prikl. Khim. 64(2), 425–427 (1991)

Dawoud, B., Aristov, Y.: Experimental study on the kinetics of water
vapor sorption on selective water sorbents, silica gel and alumina
under typical operating conditions of sorption heat pumps. Int. J.
Heat Mass Transf. 46(2), 273–281 (2003)

Inaba, H., Kida, T., Horibe, A., Kaneda, M.: Sorption characteristics of
honeycomb-type sorption element composed of organic sorbent.
JSME Int. J. Ser. B. 45(1), 183–191 (2002)

Jia, C.X., Dai, Y.J., Wu, J.Y., Wang, R.Z.: Analysis on a hybrid des-
iccant air-conditioning system. Appl. Therm. Eng. 26(17–18),
2393–2400 (2006a)

Jia, C.X., Dai, Y.J., Wu, J.Y., Wang, R.Z.: Experimental comparison of
two honeycombed desiccant wheels fabricated with silica gel and
composite desiccant material. Energy Convers. Manag. 47(15–
16), 2523–2534 (2006b)

Jia, C.X., Dai, Y.J., Wu, J.Y., Wang, R.Z.: Use of compound desiccant
to develop high performance desiccant cooling system. Int. J. Re-
frig. 30(2), 345–353 (2007)

Khamid, A.M., Proselkov, Y.M.: The natural adsorption of moisture
from the air by a porous material impregnated with a solution.
Khim. Prom-st’. 25(12), 666–668 (1993) (in Russian)

Kodama, A., Hirayama, T., Goto, M., Hirose, T., Critoph, R.E.: The use
of psychrometric charts for the optimization of a thermal swing
desiccant wheel. Appl. Therm. Eng. 21(16), 1657–1674 (2001)

La, D., Dai, Y.J., Li, Y., Wang, R.Z., Ge, T.S.: Technical development
of rotary desiccant dehumidification and air conditioning: A re-
view. Renew. Sustain. Energy Rev. 14(1), 130–147 (2010)

Nakabayashi, S., Nagano, K., Nakamura, M., Togawa, J., Hokoishi,
T., Divadasta, A.R.: Water adsorption/desorption performance
of deliquescent-supported Wakkanai siliceous shale. In: SHASE
Annu. Conference, pp. 1281–1284 (2008) (in Japanese)

Nezu, S., Taniguchi, T.: Development of gypsum board containing di-
atomaceous earth with humidity control ability. Soc. Inorg. Mater.
Jpn. 7(288), 487–491 (2000) (in Japanese)

Shimooka, S., Oshima, K., Hidaka, H., Takewaki, T., Kakiuchi, H.,
Kodama, A., Kubota, M., Matsuda, H.: The evaluation of direct
cooling and heating desiccant device coated with FAM. J. Chem.
Eng. Jpn. 40, 1330–1334 (2007)

Tokarev, M., Gordeeva, L., Romannikov, V., Glaznev, I., Aristov, Y.I.:
New composite sorbent CaCl2 in mesopores for sorption cool-
ing/heating. Int. J. Therm. Sci. 41(5), 470–474 (2002)

Tomura, S., Maeda, M., Inukai, K., Ohashi, F., Suzuki, M., Shibasaki,
Y.: Development of humidity control materials using porous ce-
ramics. Funct. Mater. 17(2), 22–30 (1997a) (in Japanese)



686 Adsorption (2011) 17:675–686

Tomura, S., Maeda, M., Inukai, K., Ohashi, F., Suzuki, M., Shibasaki,
Y., Suzuki, S.: Water vapor adsorption property of various clays
and related materials for applications to humidity self-control ma-
terials. Clay Sci. 10(3), 195–203 (1997b)

Zhang, X.J., Qiu, L.M.: Moisture transport and adsorption on silica gel-
calcium chloride composite adsorbents. Energy Convers. Manag.
48(1), 320–326 (2007)

Zhang, X.J., Sumathy, K., Dai, Y.J., Wang, R.Z.: Parametric study on
the silica gel-calcium chloride composite desiccant rotary wheel
employing fractal BET adsorption. Int. J. Energy Res. 29(1), 37–
51 (2005)

Zhang, X.J., Sumathy, K., Dai, Y.J., Wang, R.Z.: Dynamic hygroscopic
effect of the composite material used in desiccant rotary wheel.
Sol. Energy 80(8), 1058–1061 (2006)


	Improvement of water vapor adsorption ability of natural mesoporous material by impregnating with chloride salts for development of a new desiccant filter
	Abstract
	Introduction
	Characteristics of Wakkanai siliceous shale
	Physical properties of the chloride-supported Wakkanai siliceous shale
	Supporting method
	Measured physical properties and discussion

	The adsorption/regeneration test on desiccant filters
	Experimental condition and materials
	Results and discussions

	Conclusion
	Acknowledgement
	References



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Gray Gamma 2.2)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (ISO Coated v2 300% \050ECI\051)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.3
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Perceptual
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /sRGB
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 150
  /ColorImageMinResolutionPolicy /Warning
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 150
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 1.30
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 10
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 10
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 150
  /GrayImageMinResolutionPolicy /Warning
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 150
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 1.30
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 10
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 10
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 600
  /MonoImageMinResolutionPolicy /Warning
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /Description <<
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e5c4f5e55663e793a3001901a8fc775355b5090ae4ef653d190014ee553ca901a8fc756e072797f5153d15e03300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc87a25e55986f793a3001901a904e96fb5b5090f54ef650b390014ee553ca57287db2969b7db28def4e0a767c5e03300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /DAN <>
    /ESP <>
    /FRA <>
    /ITA <>
    /JPN <>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020d654ba740020d45cc2dc002c0020c804c7900020ba54c77c002c0020c778d130b137c5d00020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken die zijn geoptimaliseerd voor weergave op een beeldscherm, e-mail en internet. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /PTB <>
    /SUO <>
    /SVE <>
    /ENU (Use these settings to create Adobe PDF documents best suited for on-screen display, e-mail, and the Internet.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
    /DEU <FEFF004a006f0062006f007000740069006f006e007300200066006f00720020004100630072006f006200610074002000440069007300740069006c006c0065007200200037000d00500072006f006400750063006500730020005000440046002000660069006c0065007300200077006800690063006800200061007200650020007500730065006400200066006f00720020006f006e006c0069006e0065002e000d0028006300290020003200300031003000200053007000720069006e006700650072002d005600650072006c0061006700200047006d006200480020>
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /ConvertToRGB
      /DestinationProfileName (sRGB IEC61966-2.1)
      /DestinationProfileSelector /UseName
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles true
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /NA
      /PreserveEditing false
      /UntaggedCMYKHandling /UseDocumentProfile
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [595.276 841.890]
>> setpagedevice


