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Introduction:-

Separation of moisture from air is a practice that is being used in many applications for achieving the desirable
benefits. Some of the applications where practice of moisture removal from air is followed are in chemical industry
to remove water produced by chemical reactions, air dehumidification air-conditioning system for comfortable and
healthy environment [1, 2], humidity control and air drying for industrial and agricultural sector like textile mills,
post-harvest crop storage etc. [3], extracting water from air [4], control of humidity in food packaging [5], Moisture
control in pharmaceutical [6] and electronics industry [7].

One of the methods to separate moisture from air is by using materials having affinity to attract water vapor and
retain it in the form of water. Some of the commonly occurring materials that have the property to attract moisture
from air are clay, sand, wood, sugar, caramel, honey, glycerol, table salts, polymers material such as cellulose, nylon
etc. Commercially available materials having the property to attract water vapor from air are known as desiccants
and the mechanism by which these materials attract and hold water vapor is adsorption or absorptions [8, 9]. Some
of the desiccants are Calcium Chloride, Lithium Chloride, Lithium Bromide, Triethylene Glycol, Silica Gel,
Aluminum silicates (Molecular sieve or Zeolites), Aluminum oxides, etc. These desiccants have been reported in
many research works for sorption of water vapor molecules from air. As energy saving alternative Lithium chloride
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has been used for air dehumidification and desiccant regeneration [10]. Molecular sieve has been used for
dehydration of natural gas [11] and for understanding moisture adsorbing behavior [12]. It is also reported that
hygroscopic Lithium bromide can be used for providing an attractive alternative to conventional cooling
systems[13]. Triethylene glycol desiccant was used in cooling system for dehumidification and regeneration [14].
Water vapor adsorption by Silica gel has been studied for desalination [15]. Use of Calcium chloride is reported for
absorption of water vapor from air [16].

The objective of the present work is to study through experimental trials water vapor sorption behavior of different
desiccants and indentify their regeneration capability for reusable purpose.

Theoretical background:-

Desiccants attract moisture from air and thereby facilitate mass transport of water vapor molecule due to low vapor
pressure created at the surface. Desiccants have low surface vapor pressure; this is due to the fact that it contains
large surface area as a result of availability of pores. When these water molecules migrate at the surface due to low
vapor pressure, adsorption occurs physically or chemically and in some cases by both the process. Desiccants like
Silica gel, Molecular sieve, etc exhibits adsorption mechanism, whereby the water vapor molecules bind on a solid
surface as a result of surface force attraction such as physical, electrostatic force or chemical adsorption. The
molecular distances inside the pores of the adsorbent are much shorter than in the gaseous phase for similar pressure
and temperature conditions and thus the adsorbate density in adsorbed phase becomes liquid-like due van der Waals
attractive forces. When pore size is very small, another phenomenon called as capillary condensation occurs.
Capillary effect is mainly due to intermolecular van der Waals forces, surface tension effect and wetting behavior of
water on desiccant surface. Due to capillary effect there is lowering of vapor pressure over the surface of desiccant
and thereby facilitates condensation process.

In case of metal chloride desiccants like LiCl, CaCl, and LiBr water vapor is attracted to these desiccants via
absorption process. Due to this absorption process there is lowering of vapor pressure over the surface of these
desiccants. During absorption, water vapor molecules completely dissolve and dissociate the ions of these
desiccants. The driving force for absorption in this case is the negative enthalpy of reaction of water with these
desiccants; in other words it is thermodynamically favorable to absorb water molecule. There is also a physical
interaction between electropositive metal ions and lone pair of oxygen in water through ion-dipole force.

Materials and Methods:-

For studying water vapor sorption behavior, self indicating irregular granular Silica Gel of 3-4 mesh size [Merck
Specialities Pvt. Ltd., India], Aluminium Oxide of particle size 0.05 to 0.15 mm [Merck Specialities Pvt. Ltd.,
India], 8 x 12 mesh Molecular sieve 4A (Sodium Alumino Silicate) [HiMedia Laboratories Pvt. Ltd., India],
Bentonite powder (Aluminium Silicate) of size lesser than 25um [HiMedia Laboratories Pvt. Ltd., India] and
Calcium Chloride (fused) 95% [Loba Chemie Pvt. Ltd., India] were considered. The desiccants chosen were all of
general grade. The photograph of these desiccants is shown in figure 1.
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Figure 1:- Photograph showing Calcium Chloride, Silica Gel, Molecular Sieve, Bentonite powder and Aluminium
oxide desiccants.

Two batches of experiments were carried out, one in open air condition and another inside closed glass casings
containing disc with water, for higher humidity condition. In one batch of experiment 10g each of the desiccant
materials were kept in glass beakers for 141hrs in open air condition as shown in figure 2. The air temperature and
humidity were recorded to vary between 20°C to 26°C and 52% to 71% respectively during the duration of
experiment. In another batch, same quantity of desiccants were kept inside glass beakers and the beakers were
placed inside closed glass casings having disc containing water as shown in figure 3. In this case due to water
contained in the disc, humidity was observed to be 100%.

Mass gained by the desiccants materials due to sorption of water vapor from air, in both the batches of experiments,
were recorded at various intervals of time during the experiment and mass of water molecules held by desiccants
were found out. In both the batches of experiments percentage of water collected, relative to the mass of desiccants,
from atmospheric air were obtained for all the desiccants and graph showing variation of percentage sorption with
time were plotted.
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Figure 2:- Experimental setup for water vapor sorption in open air condition by desiccants.

oY

Figure 3:- Experimental setup for water vapor sorption in closed glass casings for higher hurhidity conditions.

For studying the regeneration temperatures LiCl, CaCl,, Silica gel and Molecular sieve desiccants were taken into
consideration. Four batches of 5g each of LiCl, CaCl,, Silica gel and Molecular sieve were placed like before inside
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a closed glass casings having disc containing water for 7 days and the relative humidity was observed to be 100%
inside the glass casings. After 7 days of water vapor sorption by these desiccant materials, they were taken out from
the glass casings and weighed in for quantifying the amount of water sorption. Immediately after sorption of water
vapor, each batch of these desiccants was then heated for 5 hours in an oven at different temperatures. The
temperatures chosen for heating the batches of desiccants were 110°C, 120°C, 130°C and 140°C. After heating in
the oven, desiccants were weighed again to obtain the amount of water lost due to heat. Percentage of water
removed due to heating effect from the desiccants was calculated as the ratio of mass of water removed during
heating and mass of water vapor held during the sorption period of seven days. Since percentage regeneration of
desiccants is considered as percentage of moisture removed from the desiccants, graph showing variation of
percentage regeneration of desiccants with heating temperatures was plotted.

Results and Discussion:-

Sorption in open air conditions:-

Water vapor absorbed/adsorbed at different intervals of time by 10 grams of each desiccant material in open air
condition is shown in table 1.

Table 1:- Mass of water vapor held by desiccants at different intervals time in open air condition.

Mass of water vapor absorbed/adsorbed
Desiccants 6 hrs 23 hrs 45 hrs 93 hrs 117 hrs 141 hrs
CaCl, 0.15 0.55 1.63 2.70 3.19 3.62
Silica Gel 0.13 0.44 1.09 1.56 1.74 1.90
Molecular sieve 0.17 0.64 1.80 2.07 2.09 2.09
Bentonite 0.05 0.16 0.29 0.30 0.32 0.33
Aluminium oxide 0.04 0.12 0.21 0.20 0.21 0.21

It is found that during the experiment intake of water vapor by Bentonite powders and Aluminium oxide was
significantly less and this is due to the fact that surface area of these desiccants are much lesser than of other
desiccants. In comparison to Bentonite and Aluminium oxide, Silica gel was found to be superior desiccant with
higher moisture adsorption of 1.90 grams in 141 hrs. The reason behind this is due to the internal structure of Silica
gel, consisting of network of interconnected microscopic pores formed by connections of the polysilica gel particles
via oxygen[17]. This structure causes large surface area in the range of 500m,/g [18], producing a much reduced
partial pressure of 0.13 Pa in an unsaturated state [19] and hence it has great affinity to adsorb water vapor. The
adsorption process occurring in Silica gel is first by bonding of water molecule onto the hydroxyl groups of silica
gel followed by further physical adsorption in additional layers by van der Waals forces, which are the decisive
driving force for decreasing the vapor pressure [20]. At the end of experiment after 141 hrs of sorption process,
CaCl, was found to absorb highest amount of moisture 3.62 grams, 1.9 times more than by Silica gel, followed by
Molecular sieve with 1.90 grams. The reason behind CaCl, absorbing higher amount of moisture from air is due to
thermodynamically favorable reaction of water molecule with CaCl,, having enthalpy of formation for hexahydrate
as -2218 kJ/mol. The bonding of water molecule with CaCl, is due to electrostatic interactions of Ca?* ions with lone
pair of oxygen. And once the absorption initiates, vapor pressure at the surface of the CaCl, lowers significantly
facilitating higher absorption of water vapor.

Variation of percentage of water vapor intake with time by desiccants from air in open air condition at relative

humidity between 52% and 71% is shown figure 4. After 141 hours CaCl, absorbs water vapor 36.2% of its weight,
Molecular sieve and Silica gel adsorbs 20.9% and 19.0% of its weight. Whereas, Bentonite and Aluminum oxide
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Figure 4:- Graph showing percentage sorption of water vapor by different desiccants in open air condition.

exhibits poor efficiency with water vapor adsorption of 3.3% and 2.1% respectively. It is observed that Molecular
sieve in open air conditions that is in lower humidity, exhibited superior adsorption behavior than Silica gel with
higher amount of water vapor adsorption at any stage during the experiment. Even when compared to other
desiccants, Molecular sieve showed relatively better adsorption capability from initial to 60 minutes of adsorption
time. The reason for molecular sieve showing superior behavior to other desiccants at lower humidity is due to the
fact that molecular sieve has uniform network of pores with uniform pore size [21, 22].

Sorption in closed glass casings having higher humidity:-

In case of higher humidity conditions that is experiment conducted in closed glass casings, water vapor intake with
respect to time by 10 grams each of desiccant materials is shown in table 2. In comparison to low humidity
conditions in open air conditions, sorption of water vapor from air by all the desiccants were higher due to
availability of higher humidity in closing glass casings having water disc. Like in open air condition here too CaCl,
showed superior absorption capacity with 4.31 grams of water at 141 hrs. Further effect of higher humidity on
adsorbing behavior of Molecular sieve and Silica gel was also observed whereby after 141 hrs of adsorption time,
unlike in open air condition Silica gel with 2.72 grams of water exhibited superior capability than molecular sieve.

Table 2. Mass of water vapor absorbed/adsorbed by desiccants at different intervals time in closed glass casings
with higher humidity.

Mass of water vapor absorbed/adsorbed
Desiccants 6 hrs 23 hrs 45 hrs 93 hrs 117 hrs 141 hrs
CaCl, 0.17 0.61 1.87 3.19 3.78 4.31
Silica Gel 0.15 0.52 1.39 2.14 2.45 2.72
Molecular sieve 0.17 0.66 1.92 2.16 2.18 2.19
Bentonite 0.09 0.29 0.67 0.92 1.11 1.09
Aluminium oxide 0.08 0.25 0.60 0.89 1.01 1.12

Variation of percentage intake of water vapor with time by desiccants in higher humidity conditions is shown in
figure 5. It is observed that due to higher humidity percentage sorption of water by desiccants is improved with
Calcium Chloride absorbing as high as 43.1% after 141 hrs.
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Figure 5:- Graph showing percentage sorption of water vapor by desiccants in closed glass casings having higher
humidity condition.

Also compared to other desiccants, relatively higher improvement in adsorption of water vapor was seen in case of
Aluminium oxide, 11.2% and Bentonite powder, 10.9%; the margin of improvement in adsorption for Aluminium
oxide and Bentonite was 9.1% and 7.6% respectively. As in lower humidity conditions, water vapor sorption rate
was highest for Molecular sieve in initial part of adsorption process but in later half unlikely Calcium chloride
showed exponential increase in moisture intake.

Regeneration of desiccants:-

Experimentation for studying regeneration temperature showed water sorption by 5 grams each of LiCl, CaCl,,
Molecular sieve and Silica Gel. Quantity of water vapor held by desiccants in seven days is shown in table 3 and
water vapor removed later on after heating these desiccants at different temperature is shown in table 4.

Table 3:- Mass of water vapor held by desiccants in seven days.

Batch no.1 Batch no.2 Batch no. 3 Batch no. 4

Desiccants (9) (9) (9) (9)
LiCl 5.48 6.93 7.08 6.52
CaCl, 4.84 6.03 6.18 2.97
Molecular sieve 1.13 1.32 1.17 1.24
Silica Gel 2.02 2.05 2.14 2.24
Table 4:- Mass of water vapor removed from desiccants during heating in grams and percentage.

Batch no.1 Batch no.2 Batch no. 3 Batch no. 4

110°C 120°C 130°C 140°C
Desiccants (9) (%) (@) (%) (@) (%) (9 (%)
LiCl 1.85 33.8% 3.70 53.4% 4.37 61.7% 4.60 70.6%
CaCl, 2.78 57.4% 4.73 78.4% 5.19 84.0% 3.74 125.9%
Molecular sieve 0.45 39.9% 0.69 52.3% 0.64 54.7% 0.74 59.7%
Silica Gel 2.20 108.9% 2.34 114.1% 2.38 111.2% 3.29 146.8%

It is observed in case of LiCl and Molecular sieve, water vapor removal gradually increases with heating
temperatures; water removal at 110°C is 33.8% for LiCl and 39.9% for Molecular sieve and whereas at higher
temperature of 140°C mass of water vapor removed is increased to 70.6% and 59.7% respectively. Calcium chloride
indicates 125.9% of water vapor removal at 140°C which suggest that heating temperature has exceeded the
regeneration temperature and regeneration temperature is apparently 140°C. While in case of Silica gel 108.9%
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water removal is observed even at 110°C, which indicates that the regeneration temperature of silica gel is below
110°C. Variation of percentage regeneration of desiccants with heating temperatures is shown in figure 5.

160

140 —-LiCl -#-CaCl2 -aSilicaGel -¢Molecular SieveA

/
120 A

\_//

__’/4

100
80 A
60 ;
40 Z

2 e
~ y AL75°C

% Regeneration of desiccants

in

/134°C

100 105 110 115 120 125 130 135 140 145
Temperature, °C

0

Figure 5:- Plot showing percentage regeneration of desiccants at different heating temperatures.

From the plot, it is observed that 100% regeneration of Silica gel and Calcium Chloride occurs when heated to
around 117.5°C and 134°C respectively. These temperatures corresponding to 100% regeneration are regarded as
the regeneration temperature of the Silica gel and CaCl, when heating duration is 5 hours. In case of LiCl and
Molecular sieve, even at highest experimental heating temperature of 140°C it did not give away all the moisture
and showed incomplete regeneration.

Conclusion:-

Moisture removal from air by desiccant route is a viable method. Compared to Aluminium oxide and Bentonite
powders, CaCl,, Molecular sieve and Silica gel are relatively more efficient for sorption of water vapor from air.
Higher humidity condition generates higher sorption of water vapor from air by desiccants. Molecular sieve even at
relatively lower humidity exhibits good adsorption capacity of water vapor molecules. The regeneration
temperatures of Silica gel and CaCl, ;s in present experimental study is observed to be 117.5°C and 134.0°C
respectively, whereas LiCl and Molecular sieve desiccant showed 70.6% and 59.7% regeneration respectively, when
heated at 5 hours at 140°C.
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