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Abstract
The present study considers the composite desiccant employing horse dung, sawdust with clay and later impregnating CaCl2 
into the host material. The microscopic and spectroscopic experimental methods such as scanning electron microscope 
(SEM) and X-ray diffraction (XRD) were used to characterize the composite desiccants. The specific heat ( Cp ) quantification 
reveals higher values for clay-additives composite desiccants with lower pore volume and larger grain sizes, whereas lower 
values for clay composite desiccants with higher pore volume and smaller grain sizes. Adsorption–desorption experiments 
for moisture removal and addition are conducted in a vertical column in static and fluidized states. The desiccant beds are 
subjected to an initially set value of process air velocity, relative humidity, temperature and mass of bed. Moisture removal 
capacity, moisture addition capacity and mass transfer coefficient are the parameter indices adopted to measure the heat and 
mass transfer characteristics of vertical packed and fluidized bed comprising clay-additives-CaCl2 composite desiccants. 
Comparing packed and fluidized beds, a higher surface area of bed in fluidization improves dehumidification performance 
and results in higher desorption rates. Experimental results confirmed that clay and clay-additives-based desiccants have 
desired adsorption–desorption characteristics of a suitable desiccant. The interesting advantage of fabricated clay and clay-
additives-based composite adsorbents is that the air exits the desiccant bed at a lower temperature, saving cooling energy 
requirements of sorption-based systems.
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List of symbols
A	� Surface area of bed (m2)
Cp	� Specific heat (J/kg K)
d	� Diameter (m)
g	� Acceleration due to gravity (m/s2)
K	� Convective mass transfer coefficient (m/s)
ṁ	� Mass flux of air (kg/m2 s)
m	� Mass (kg)
P	� Pressure (Pa)

R	� Gas constant (J/kg K)
S	� Humidity ratio of air (g/kg of dry air)
t	� Time (s)
T 	� Temperature (°C)
U	� Superficial velocity (m/s)
w	� Regression constant

Greek
�	� Small change
�	� Viscosity of air (kg/m s)
�	� Density (kg/m3)
�	� Concentration of CaCl2
�	� Desiccant pellet

Subscripts
a	� Process air
ads	� Adsorption
b	� Bed
ccl	� Calcium chloride
csd	� Clay or sawdust or horse dung
des	� Desorption
e	� Exit
sat	� Saturation
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i	� Inlet
s	� Bed surface
v	� Vapor

Abbreviations
HCFC	� Hydrochlorofluorocarbon
HFC	� Hydrofluorocarbon
CFC	� Chlorofluorocarbon
CaCl2	� Calcium chloride
EDAX	� Energy dispersive X-ray analysis
MRC	� Moisture removal capacity
MAC	� Moisture addition capacity
RH	� Relative humidity
SEM	� Scanning electron microscopy
XRD	� X-ray diffraction

1  Introduction

From the environment and energy source perspective, 
desiccant cooling and dehumidification systems provide 
an alternative for comfort air conditioning. In traditional 
air conditioning systems to accomplish dehumidification, 
atmospheric air is cooled below its dew point and then 
heated to the desired temperature [1–3]. The dehumidifica-
tion of supply air in heating, ventilation and air conditioning 
(HVAC) systems is achieved by refrigerants like HCFC/HFC 
and refrigerant blends which are alternatives to CFC refrig-
erants. Although the conventional air conditioning systems 
do not use ozone-depleting refrigerants, maintaining the bal-
ance between thermal comfort, indoor air quality and energy 
usage is the primary concern. The inefficient and intensive 
energy utilization affects environmental conservation as 
most energy is generated from fossil fuels. The desiccant-
assisted cooling systems enabled a 1–13% reduction in CO2 
emission and electricity saving of 24% is reported in hot and 
humid climate conditions of wet markets in Hong Kong. The 
pre-conditioning of supply air using desiccants can improve 
the humidity and temperature in air conditioning systems 
overall energy efficiency and is economically viable [4, 5].

Desiccant air conditioning systems use either hygroscopic 
salts like chlorides, sulfates, bromides, glycols and nitrates 
or porous solid sorbents like silica gel, alumina and zeolite. 
The aforementioned porous solid adsorbents performance 
depends on porous and thermo-physical properties such as 
surface area, porosity, pore size, pore volume and specific 
heat capacity. The nitrogen (N2) adsorption–desorption data 
of volumetric adsorption equipment quantify the porous 
properties of any adsorbent. The specific heat capacity of 
the desiccant material is one of the prime thermo-physical 
properties in designing and optimizing sorption cycles. 
It is measured by direct (adiabatic calorimeters, reaction 
calorimeters, bomb calorimeters and differential scanning 

calorimeters (DSC)) and indirect (flash and laser flash) 
methods. Experimental comparison of thermo-physical 
and porous properties of six types of commercially avail-
able silica gel reveals the highest surface area for regular 
density (RD) silica gel containing larger particles, whereas 
lowest pore volume and highest specific heat are quantified 
for smaller particles. Except for RD-type silica gel, the spe-
cific heat is lesser for a particular sample having a larger 
pore volume [6]. The surface treatment of carbon-based 
adsorbents induces surface functional groups. The larger 
particle sizes and surface functional groups contributed to 
higher heat capacities. The pore structure and surface chemi-
cal characteristics affect the water vapor sorption affinity of 
activated carbon adsorbent [7, 8]. The water vapor adsorp-
tion–desorption data on cattle manure compost (CMC)-
based activated carbon for water and nitrogen adsorbate 
depend on pore structure and surface chemical nature. The 
initial water uptake begins by active acidic sites of functional 
groups. Weak water–carbon forces cause higher uptake at 
low relative humidity and water–water forces promote the 
adsorption of water vapor at high relative humidity. Water 
adsorption into the pores is predominately by pore volume 
diffusion and not by capillary condensation mechanism [9]. 
The performance of the sorption systems can be enhanced 
by impregnating hygroscopic salts with a porous host matrix. 
Experimental investigation on the performance of a two-bed 
adsorption chiller reveals a better cooling capacity for KSK 
silica gel–calcium chloride (average pore radius of 15 nm) 
compared to regular density silica gel with water adsorbate 
[10]. The dynamic sorption analysis of silica gel and silica 
gel–LiCl composite samples on the water in a thermo-humi-
distat chamber under the test condition of 20 °C and relative 
humidity of 70% shows 2–3 times higher sorption capacity 
for 7–8 nm pore size mesoporous silica gel–LiCl composite 
desiccant compared to micropore (pore size 2–3 nm) silica 
gel [1].

Although microphysical and thermo-physical properties 
of desiccants influence the sorption characteristics the selec-
tion of correct desiccant materials, desiccant bed geometry, 
regeneration are the parameters governing the satisfactory 
functioning of desiccant-based systems that are likely to solve 
the problems faced by industries. Fluidized bed desiccation is 
the most available technology to achieve higher sorption rates. 
Owing to higher adsorption–desorption rates, lower pressure 
drop and lower rise in temperature of bed exit air, the effective-
ness of the air conditioning system is improved by replacing 
the silica gel packed bed system. Compared to the packed bed, 
the total amount of adsorption and desorption increased by 
20.8 and 19.8% and also the pressure drop and outlet tempera-
ture are reduced by 30 and 36% [11]. The adsorption–desorp-
tion performance of laboratory-scale experiments on fixed and 
fluidized bed silica gel dehumidification unit coupled with rice 
drying unit reveals higher moisture removal from the rice by 
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the fluidized bed compared to packed bed dehumidification 
unit [12].

The commercially available solid and liquid desiccants 
review has shown good sorption capacity but significantly 
increases air temperature. However, silica gel has high adsorp-
tivity up to 27% but requires regeneration temperature above 
100 °C. Apart from higher regeneration temperature, the car-
bon footprint added by obtaining silica gel desiccants is 20 
times higher than calcium chloride. The increase in air tem-
perature is not desirable in drying temperature-sensitive farm 
products and increases the sensible heat load of the desiccant-
based air conditioning system. It has been revealed that the rise 
in temperature of process air sorbed by adsorbents prepared by 
natural materials is low as compared to commercially available 
silica gel. The comparison of humidity adsorption test on dry 
coconut coir and silica gel reveals an average increase in silica 
gel bed temperature by about 65% [13, 14].

The impregnation and mixing of hygroscopic salts with 
naturally available clay, sand and sawdust produce a new 
family of composite adsorbents. The effect of carbonization 
temperature and specific cooling power on sorption capacity 
and adsorption rate is analyzed for sawdust-CaCl2 composite 
desiccant and amylum starch for ammonia (NH3) sorption in 
adsorption refrigeration applications. Although more pores 
were induced in the composite above 800 °C, the sorption 
capacity decreases and the reduction is attributed to the melt-
ing of CaCl2 (782 °C) which leads to the blocking of pores 
[15]. A study on clay-CaCl2 adsorption–desorption character-
istics shows the dependence of mass transfer rate on concen-
tration gradient in the bed. For the same operating conditions, 
desorption rate is higher as compared to the adsorption rate 
[16]. Investigation on natural absorption of water vapor on 
the surface of sand–CaCl2 desiccant bed shows the decrease 
in mass transfer coefficient in the liquid zone of desiccant bed 
which is attributed to decrease in void volume and the effective 
mass transfer area [17]. Experimental investigation on water 
production from atmospheric air using solar regenerated saw 
wood–60% CaCl2 composite desiccant demonstrates a maxi-
mum collection of 180 ml of water/kg/day [18]. The design 
of a prototype solar regenerative desiccant dehumidifying 
device employed for drying cereal grains and crops concludes 
that the fabricated bentonite–CaCl2 desiccants estimated cost 
was 0.11 times the cost of commercial silica gel [19]. The 
reported experimental results based on theoretical study reveal 
the potential of calcium-based clay to adsorb more moisture 
than sodium-based bentonite at low moisture contents and are 
preferable for grain drying applications [20].

Citing the desiccation advantages of fluidized bed and 
sorption performance of desiccants prepared from natural 
materials, the research explores the possibility of bringing 
new eco-friendly composite desiccants that can substitute 
the commercially available chemical desiccants in sorption-
based applications. This study aims to employ transported 
soil, sawdust, horse dung and CaCl2 to fabricate clay-based 
composite desiccants. Sorption experiments are conducted to 
find the transient adsorption–desorption characteristics of the 
vertical packed and fluidized clay-based composite desiccant 
bed under operating conditions such as inlet air humidity ratio, 
temperature and bed mass. The influence of pore properties, 
chemical composition content and specific heat capacity of 
clay-based adsorbents on water vapor adsorption–desorp-
tion characteristics were investigated. This knowledge can 
help design and develop sorption-based systems essential for 
drying temperature-sensitive farm products in hot and humid 
climates.

2 � Desiccant preparation 
and characterization

The transported soil and horse dung are used by the local 
pot makers in the fabrication of traditional products, such as 
earthen pots and rural appliances. Sawdust, a by-product of 
sawmills, is employed as another additive along with horse 
dung. The transported soil in the clinker form used for pot 
making was collected from the pot maker and then crushed 
and ground to obtain the powdered raw material. The soil is 
gravimetrically analyzed for chemical composition. The main 
mineral content of transported soil seems similar to the illite 
clay mineral composition [21]. The chemical composition 
of the transported soil by weight percentage is presented in 
Table 1. SiO2 and Al2O3 make up a significant portion of the 
composition.

The fine powdered form of transported clay is segregated 
into three parts. The first part of the clay material is without 
any additives. The second part has 20% horse dung and the 
third part with 20% sawdust additive by weight. The three 
portions are mixed with water, resulting in pasty clay and clay-
additives material. To make spherical pellets of uniform size, 
the exact length of material to be cut is estimated by equating 
the volume of the cylinder and to the volume of the sphere. 
To mold a 10 mm diameter of spherical pellet, the length of 
the cylindrical roll cut is 6.67 mm and the corresponding mass 
is 1.68 g. About 1 kg each of clay, clay-horse dung and clay-
sawdust spherical pellets are prepared by hand molding. A 
cylindrical gauge of 10 mm diameter is employed to ensure the 

Table 1   Chemical composition 
of transported soil by 
gravimetric analysis

Mineral SiO2 Al2O3 Fe2O3 MgO CaO K2O Na2O Impurities

Weight (%) 51.2 26.4 12.5 3.8 2.1 0.92 0.45 2.63
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correct size of pellets produced. To employ the clay with addi-
tive material in fluidization studies, cylindrically shaped pellets 
of 2 mm diameter and 2 mm length are produced. A syringe is 
used to extrude the pasty clay-additives material. The extru-
sion procedure produces cylindrical-shaped clay-additives 
composites. All the green pellets produced are shadow dried 
for about 24 h.

All the shadow-dried clay, clay-sawdust and clay-horse 
dung composite desiccants are heated to a maximum weight 
reduction temperature of 500 °C for about one hour. Subse-
quently left to cool in the furnace itself and later stored in 
polythene bags. The dried samples are mixed with an aque-
ous CaCl2 solution of 50% at room temperature. A soaking 
period of 24 h is employed to allow diffusion of CaCl2 ions 

onto the pores of burnt clay and clay-additives composite 
desiccants. Finally, the impregnated samples are dried at 
100 °C and are stored in airtight containers.

A study on the morphologies of the samples was car-
ried out using SEM and EDAX images. A general view 
of the clay and clay composite can be observed in Fig. 1a, 
d and g. The micrographs reveal the flaky surface with 
micro cracks. The textures are highly uneven with the 
aggregation of grains with interlayer spaces. The surface 
of the clay was covered with deep pits having higher pore 
volume (Fig. 1a) while the surface of the clay-horse dung 
and clay-sawdust being uneven and smooth acquired lower 
pore volume (Fig. 1d, g). The average surface mesopore 
diameters are in the order of 6.45, 8.52 and 6.11 µm for 

Fig. 1   SEM micrographs, EDAX images and SEM micrographs of CaCl2 impregnated composite desiccants of burnt clay (a–c), horse dung 
(d–f) and sawdust (g–i)
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clay, clay-horse dung and clay-sawdust composite desic-
cants, respectively. The larger surface pore sizes in clay-
additives composites enable a higher surface area than 
smaller surface pore sizes in clay composites. Figure 1b, 
e and h presents the two-dimensional micrographs of sam-
ples using energy dispersive X-ray analysis. It appears 
that additives are concentrated in some areas. The dense 
white patches indicate the dispersion of sawdust in clay 
in the burnt form (Fig. 1h). The distribution of sawdust 
is more significant than the distribution of horse dung 
in clay (Fig. 1e after heat treatment). Figure 1b, d and 
i shows the micrographs of burnt clay, burnt clay-horse 
dung and burnt clay-sawdust-CaCl2 composite desiccants. 
It is observed that nearly the same morphologies are seen 
with and without impregnation of CaCl2, except that the 
interlayer spaces are decreased. This may be attributed to 
the impregnation of CaCl2 between the clay layers.

3 � Experimental setup arrangement

Figure 2 shows the schematic arrangement for dehumidifica-
tion and humidification experiments on the packed and fluid-
ized bed of clay-additives-CaCl2 composite desiccants. The 
setup consists of an air compressor with reservoir (1), air heat-
ing unit (2), orifice meter (3), pressure gauge (4), vertical test 
section, (5), RH transmitter placed at the bed inlet port and 
bed outlet port (H1, H2), U-tube differential manometers (M1, 
M2) and microcontroller interfaced with a computer (6, 7). 
Air stored in the air reservoir is let flow through the discharge 
pipeline (Vb1–Vb2) made of polyvinyl chloride. The air flows 
through the insulated galvanized iron (G I) pressure line (Vg3 
to Vb5) from the discharge line and then into the vertical col-
umn. The vertical tube is made with a transparent acrylic tube 
with a height of 700 mm and a diameter of 50 mm. The test 
section is positioned vertically using a stand. The bottom of 
the acrylic tube is closed by a sieve plate so that the desiccants 
can be contained in the tube. The transparent acrylic tube also 

Fig. 2   Schematic layout of the experimental test rig for adsorption–desorption experiments
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facilitates the observation of the desiccant pellets in a fluidized 
state. The vertical column is provided with pressure taps and 
taps for locating the hygrotransmitter.

The main parameters measured are relative humidity, 
temperature, pressure drop and mass flow rate of process air 
during adsorption and desorption experiments. The relative 
humidity and temperature at bed inlet and exit are measured 
using calibrated Rotronic make Hygroflex RH transmitter. The 
transmitter range for measuring relative humidity is from 0 
to 100% and temperature is from − 40 to 85 °C. The humid-
ity transmitters at the bed inlet (H1) and exit (H2) are con-
nected to the computer through a microcontroller interface 
(6). The transient values of relative humidity and temperature 
of process air are written to excel file for every second of the 
experiment duration. Water filled U-tube manometer (M1) is 
connected across orifice meter (3). The diameter of the orifice 
is 10.12 mm, and the discharge coefficient is 0.68. Flowmeter 
measures the volume flow rate during the tests. Water filled 
U-tube manometer (M2) is employed to measure the pressure 
drop across the packed and fluidized beds.

3.1 � Experimental procedure

The packed bed will contain spherical desiccant whose diam-
eter is 10 mm diameter and fluidized bed will contain desiccant 
in the form of cylindrical pellets having diameter and length 
2 mm, respectively. The adsorption and desorption processes 
for the same combination of bed mass and inlet air velocity for 
clay-additives-CaCl2 composite desiccants in static and fluid-
ized bed configurations are conducted separately. The ball and 
gate valves are used to control the airflow. The valve posi-
tions for different sets of experiments are shown in Table 2. 
Air preheating unit (2) is fabricated and arranged to carry out 
desorption experiments. Six incandescent bulbs of 100 W each 
are fitted in the air preheater to supply the heat to process air. 
The performance of the heating unit is checked for different 
volume flow rates of the process air and regeneration air at 
constant temperature is passaged into the bed. The maximum 
steady state air temperature recorded for the regeneration of 
desiccant beds at bed inlet is 61 °C.

The minimum superficial velocity required for fluidization 
is calculated using the Leva equation presented below as [22]:

(1)U =
7.169 × 10−4d1.82

�

(

�� − �a
)0.94

g

�0.006
a

�a

The minimum value of fluidization velocity estimated 
using Eq. (1) ranges from 1.2 to 1.5 m/s. The experimen-
tally tested minimum fluidization velocity for bed weights 
of 200 and 300 g is from about 1.2–1.7 m/s. Figure 3 shows 
the detailed views of desiccants in the fluidized state. Dur-
ing the initial period of fluidization, the fluidized bed can 
be divided into two zones. The upper portion moves upward 
in a fluidized manner, while the lower bed mass moves in a 
quasi-static way. As viewed in Fig. 3, when the process air is 
introduced, the desiccants are slowly moving up and the bed 
length changes from L1 to L4 in variations of L2, L3 and 
so on. It is seen that the bubbling of the desiccants is more 
dominant in the upper region than the desiccants in the lower 
part of the bed. With time the clay composite desiccants 
within the bed are set into continuous motion.

4 � Performance parameters

The heat and mass transfer characteristics of the given desic-
cant bed are governed by the parameters like inlet air veloc-
ity, relative humidity, temperature and mass of the bed. The 
performance of the bed is evaluated using the following 
parameters:

The bed specific heat ( Cpb
 ), which influences the heat and 

mass transfer characteristics of desiccant bed, is determined 
for composite desiccant beds. The difference in mass of desic-
cants before impregnation ( mcsd ) and after impregnation ( mb ) 
gives the mass of CaCl2 ( mccl ) impregnated. By knowing the 
specific heat of CaCl2 ( Cp

CCl

 ) and clay composite desiccants 
(Cpcsd

) gravimetrically, the bed specific heat values are esti-
mated [23]. The specific heat for burnt clay-CaCl2, burnt clay-
horse dung-CaCl2 and burnt clay-sawdust-CaCl2 composite 
desiccant beds are 2307.97, 4468.88 and 5036.41 J/kg K, 
respectively. The dehumidification ( MRCads ) and 

(2)Cpb
=

(

mccl

mb

× Cp
CCl

)

+

(

mcsd

mb

× Cpcsd

)

(3)MRCads =
Si − Se

Si

(4)MACdes =
Se − Si

Se

Table 2   Status of valves 
for humidification and 
dehumidification processes

0 Valves closed, 1 valves opened, b ball valve, g gate valve

Valves process Vb1 Vb2 Vb3 Vb4 Vb5 Vg1 Vg2 Vg3 Vg4 Vg5 Vg6 Vg7

Adsorption (pressure line) 1 0 0 0 0 1 0 1 0 1 0 1
Desorption (air heating unit) 1 0 0 0 0 1 1 0 1 1 0 1
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humidification ability ( MACdes ) are estimated using inlet and 
exit air humidity ratio. The analysis of the mass transfer coef-
ficient is investigated using the bed mass, the density of water 
vapor in the air and at bed surface. The convective mass trans-
fer coefficient ( K ) is estimated using Eqs. (5)–(8):

The vapor pressure at desiccant bed inlet ( Pvi
 ) is a func-

tion of relative humidity ( RHi ) and saturation pressure ( Psat ) 
which is a function of temperature of air and is given by Tetens 
equation as

The vapor pressure ( Pvi
 ) of air at bed inlet is estimated using 

the equation

(5)K =
(ṁv)

(

𝜌vi − 𝜌vi

)

(6)ṁv =
𝛿mb

A𝛿t

(7)�vi =
Pvi

RTai

(8)�vs =
Pvs

RTs

(9)Psat = 610.78 × e

(17.2694×Tai
)

(Tai
+273)

(10)Pvi
= RHi × Psat

The value of vapor pressure at bed surface ( Pvs
 ) is esti-

mated using the data extracted from the CaCl2-water vapor 
chart [24]. A four-degree polynomial relating to the vapor 
pressure ( Pvs

 ) in mmHg and CaCl2 concentration ( � ) is 
obtained. For the CaCl2 concentration of � = 0 to 50% and for 
the temperatures of 20 and 40 °C, the regression constants 
( w0 to w4 ) are furnished in Table 3. The vapor pressure ( Pvs

 ) 
in Pascal is given by

5 � Uncertainty analysis

Before analyzing the experimental results, the experimental 
uncertainties of parameters are estimated and the sample 
uncertainties of different evaluated parameters are pre-
sented in Table 4 [25–27]. It can be noted that though the 
same devices are used for the measurement of air relative 

(11)
Pvs

= (w0 + w1� + w2�
2 + w3�

3 + w4�
4) × (13.6 × 9.81)

L1 L2 L3 L4

Fig. 3   Photographs of clay-CaCl2 composite desiccant particles in fluidized condition

Table 3   Regression constants for relating vapor pressure and temper-
ature of CaCl2

Temperature 20 °C 40 °C

Regression constants
w
0

17.86085149 53.0389912
w
1

− 0.1534159594 0.03443817921
w
2

0.0006167150232 − 0.0352294261
w
3

− 0.0001772467701 0.0003926850743
w
4

2.283595335 × 10–6 − 4.475770425 × 10–7
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humidity and temperature at bed inlet and exit, the uncer-
tainty involved differs. This is because for the given con-
ditions, device uncertainty is fixed, but the uncertainty 
involved in the measured value is a function of other param-
eters, which increases the propagation of uncertainty. The 
higher value of uncertainty for humidity ratio in adsorption 
and desorption experimental runs is ± 8%.

6 � Analysis of experimental results

Basic experiments are conducted to analyze the heat and 
mass transfer characteristics of clay and clay-additives-based 
composite desiccant. The experimental results for packed 
and fluidized beds are compared concerning air humidity 
ratio, temperature, bed mass and mass transfer coefficient in 
adsorption and desorption modes. The sorption properties of 
clay and clay-additives composite adsorbents are influenced 
by operational parameters, pore properties, surface chemical 
content and thermo-physical properties such as bed-specific 
heat. Figure 4a, c, e presents the quantitative EDAX elemen-
tal composition of burnt clay, burnt clay horse dung and 
burnt clay-sawdust samples. The results of EDAX analysis 
agree with the results of the mineral study of raw clay shown 
in Table 1. The quantitative analysis of the EDAX spectrum 
shows a high content of silicon (Si) and the presence of other 
alkali and alkaline elements like carbon (C), sodium (Na), 
magnesium (Mg), aluminum (Al), calcium (Ca) and iron 
(Fe).

As shown in Fig. 4b, d, f, a similar X-ray diffraction pat-
tern is observed for all the three clay-CaCl2 composite desic-
cants. The high intensity of diffraction peaks indicates good 
crystalline nature. The crystalline XRD pattern indicates the 
porous nature of clay-additives composite desiccant. The 
reflections corresponding to planes show the planes of the 
presence of elemental oxides. The other smaller peaks cor-
respond to other minerals present in clay-additives and clay-
additives-CaCl2 samples. Debye–Scherrer’s equation [28] 
is used to calculate the average crystallite size of the clay 
and clay-additives-based composite desiccants. The average 

crystallite size for clay-additives particles is 53.49–1.46 nm. 
For synthesized clay-based composite, desiccants are from 
42.75 to 9.25 nm. The higher specific heat capacity [from 
Eq. (2)] of clay-additives desiccants than clay desiccants 
is attributed to larger crystal sizes, lower pore volume and 
higher surface area.

6.1 � Adsorption characteristics of vertical packed 
and fluidized bed of burnt clay‑additives‑CaCl2 
composite desiccants

The test results of the packed bed and fluidized bed systems 
in adsorption are presented in Table 5. The experimental 
time variation of exit air humidity ratio and temperature with 
respect to inlet air velocity to the bed, humidity ratio, tem-
perature and mass of bed through a packed and fluidized bed 
of burnt clay-CaCl2 and burnt clay-additives-CaCl2 desic-
cants are shown in Figs. 5, 6, 7, 8 and 9.

The packed bed and fluidized bed system test results in 
adsorption demonstrate similar trends for transient variation 
of exit air humidity ratio and temperature are observed as that 
of runs corresponding to clay-CaCl2, clay-horse dung-CaCl2 
and clay-sawdust-CaCl2 composite desiccant beds. For all 
the three desiccant beds, as shown in Figs. 5a, 6a, 7a, 8a and 
9a, the maximum reduction in moisture content of air occurs 
within a short period of adsorption. The air loses its moisture 
to the bed and leaves at a minimal humidity ratio. After a short 
period (about 500 s) of the process, the decrease in surface 
energy results in the release of adsorption heat that increases 
the bed surface temperature (24–29 °C) with respect to process 
air inside the bed. According to the Le Chatelier principle, the 
change in bed temperature lowers the adsorption capacity and 
is indicated by the rise in exit air temperature and humidity 
ratio. Progressing in time, water vapor diffusion in mesopores 
further increases the bed water content. With the accumula-
tion of water, the increase in the equivalent specific heat of 
the bed and water gradually decreases the temperature of bed 
exit air and steadily reaches the minimum value. The experi-
mental tests reveal that though there is an increase in exit air 
temperature, the rise is below the bed inlet air temperature. 

Table 4   Uncertainty values in 
the evaluated parameters

Parameter Uncertainty (%)

At bed inlet At bed exit

Run1 (adsorption) Run8 (desorption) Run1 (adsorption) Run8 (desorption)

Saturation pressure ( P
sat

) ± 0.8336 ± 0.6421 ± 7.7180 ± 2.6534
Vapor pressure ( P

v
) ± 1.3019 ± 0.7749 ± 7.8021 ± 2.8685

Humidity ratio ( S) ± 1.3135 ± 0.7769 ± 7.8455 ± 2.8846
Superficial velocity (U) ± 0.24% @ U = 1.74 m/s
Mass of bed (m

b
) ± 0.0033% @ mb = 300 g

Specific heat of bed (Cp
b
) ± 1.0033%
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The mineral composition and EDAX spectrum indicate high 
composition silicon (Si). The hydrothermal stability of the 
silicon layer impedes the formation of silanol, which has high 
hydrogen bond formation energy [14]. Apart from hydrother-
mal stability of silica dioxide, higher heat capacity (2000 to 

5000 J/kgK) of clay and clay-additives composite desiccants 
beds, the heat energy evolved is dissipated in the composite 
desiccants bed that results in a lesser rise in temperature of exit 
air with respect to bed inlet air moisture content and tempera-
ture. In the case of a fluidized bed, the increase in the amount 

(a) (b)

(c) (d)

(e) (f)

Fig. 4   EDAX images and XRD spectrum depicting elemental analysis of burnt clay (a, b), horse dung (c, d) and sawdust (e, f) composite desic-
cants
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of air passing through the bed per unit time and higher surface 
area of the bed enhances the adsorption rate. Figures 5b, 6b, 
7b, 8b and 9b reveal a lower degree of temperature rise in flu-
idized bed as compared to packed bed. The higher adsorption 
rates and heat dissipation in fluidized beds increase the exit air 
temperature compared to the packed bed.

6.2 � Desorption characteristics of vertical packed 
and fluidized bed of burnt clay‑additives‑CaCl2 
composite desiccants

Table 6 lists the parameters for different runs of experi-
ments in desorption. The temperature of the air used for 

regeneration ranges from 48 to 55 °C. Figures 10, 11, 12, 3, 
14 and 15 compare the desorption process of all three types 
of clay additives based on composite desiccant particles in 
packed and fluidized process modes.

Comparing the desorption rates of packed and fluidized 
beds (Fig. 10a), initial intense increase in moisture content 
with time followed by a gradual decrease in moisture con-
tent of process air for packed bed as compared to fluidized 
bed occurs. In a packed bed, the desorption rate gradually 
decreases and steadily reaches the minimum value. Due to 
higher mixing and circulation, the desorption rate in fluid-
ized bed sharply increases and reaches the minimum value 
within 750 s of process time. Within this period, the exit air 

Table 5   Experimental observations for packed and fluidized beds in the adsorption process

Run Composite desic-
cant bed

Process Mass of bed (g) Velocity (m/s) Pressure drop (Pa) Increase in bed 
water content 
(%)

Process 
time (sec-
onds)

Atmospheric air

Humidity 
ratio (g/
kg)

Tem-
perature 
(°C)

1 Clay (packed) Ads 300 2 372.78 2.18 7379 9.83 24.5
1a Clay (fluidized) Ads 300 2 519.93 3.40
2 Horse dung 

(packed)
Ads 200 1.5 241 2.6 2852 9.55 25

2a Horse dung (fluid-
ized)

Ads 200 1.5 943 4.00

3 Horse dung 
(packed)

Ads 300 2 470.88 2.4 6102 10.92 21.3

3a Horse dung (fluid-
ized)

Ads 300 2 490.5 2.93

4 Sawdust (packed) Ads 200 1.5 323 2.42 4359 10.76 21
4a Sawdust (fluidized) Ads 200 1.5 372.78 4.46
5 Sawdust (packed) Ads 300 2 451.26 1.98 2926 9.74 24.8
5a Sawdust (fluidized) Ads 300 2 1226.25 2.22

(a) (b)

Fig. 5   Transient variation of process air a humidity ratio and b temperature showing to run1 and run1a, clay-CaCl2 composite desiccant bed in 
adsorption
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humidity ratio for fluidized bed reaches the inlet air humid-
ity ratio and thereby reaches saturation. The exit air tem-
perature increases beyond saturation point (950 s) and then 
progresses with steady-state temperature (Fig. 10b). In the 
experimental run (Fig. 11), the desorption rate in packed and 
fluidized beds gradually decreases. The circulation in the 
fluidized bed is not adequate, which deteriorates the mass 
transfer rates on the desiccant surface to air. Due to poor 
circulation, the hot spots may not be dissipated uniformly 
throughout the fluidized bed. So desorption rate in the flu-
idized bed is nearly the same as the packed bed desorption 
rate. As depicted in Figs. 12a, 13a, 14a and 15a, because of 
the lower void volume of bed and higher heat capacities, 
the packed bed desorption rate lags behind the fluidized bed 
desorption rate. With time the humidity ratio of air exiting 

the bed reaches the inlet air humidity ratio and drops to its 
minimum; thereby, equilibrium of moisture content between 
bed inlet and exit air for both packed and fluidized beds 
is attained. At dynamic equilibrium, the completely dried 
beds are further exposed to hot regeneration air. To coun-
terbalance the changes applied to the equilibrium state, the 
previous process of desorption is shifted to adsorption [Le 
Chatelier principle]. Due to this, the mass transfer potential 
will be changed from air to desiccant bed and the bed will 
take moisture from the air and prevail in adsorption mode. 
The temperature profiles as presented in Figs. 12b, 13b, 14b 
and 15b show the increase in temperature of bed exit air 
and enhancement in temperature of air proceeded up to the 
time of saturation is due to heat of desorption. Because of 
lesser voids and higher specific heat capacity, prevailing in 

(a) (b)

Fig. 6   Transient variation of process air a humidity ratio and b temperature related to run2 and run2a, clay-horse dung-CaCl2 composite desic-
cant bed in adsorption

(a) (b)

Fig. 7   Transient variation of process air a humidity ratio and b temperature illustrating run3 and run3a, clay-horse dung-CaCl2 composite desic-
cant bed in adsorption
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packed bed results in a marginally lower increase in exit air 
temperature than the fluidized bed.

6.3 � Comparison of vertical packed and fluidized 
bed of burnt clay‑additives‑CaCl2 composite 
desiccants for moisture removal and moisture 
addition capacity

Moisture removal capacity in the adsorption process evalu-
ated using Eq. (3) is presented in Fig. 16a and b for a packed 
and fluidized bed. The adsorption capability is being com-
pared using three composite desiccants. The inlet velocity 
of the process air to the bed is 2 m/s and the mass of the 
bed is 300 g. The whole process is categorized into three 
zones for all three packed and fluidized beds. The process 

dynamics for the fixed time can be divided into three zones, 
namely fast dynamics, medium dynamics and slow dynam-
ics. In the first region, which is from 0 to 550 s, removing 
moisture from the process air by the packed and fluidized 
beds is too rapid. The peak value of moisture removal is 
attained at about 500 s. The initial water content of clay 
composite desiccants is 6% which is lower than the 11–15% 
of clay-additives composite desiccants water content. The 
addition of additives induces micro-cracks of higher pore 
sizes in clay-additives desiccants. The larger surface pore 
sizes (SEM micrographs) and crystal sizes (XRD patterns) 
resulted in moisture uptake by specific adsorption sites in 
clay-additives composite desiccants. For the identical condi-
tions, the number of adsorption sites exposed to low humid-
ity air seems to be more in clay desiccant bed. The lower 

(a) (b)

Fig. 8   Transient variation of process air a humidity ratio and b temperature presenting to run4 and run4a, clay-sawdust-CaCl2 composite desic-
cant bed in adsorption

(a) (b)

Fig. 9   Transient variation of process air a humidity ratio and b temperature corresponding to run5 and run5a, clay-sawdust-CaCl2 composite 
desiccant bed in adsorption
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initial water content, higher pore volume and higher adsorp-
tion sites of clay composite desiccant bed may result in more 
potential for moisture adsorption from the low humidity pro-
cess air. At the end of the first zone, the release of adsorption 
heat suddenly decreases the moisture removal capacity. In a 
medium dynamics region from about 550–2000s, the uptake 

by the clay composite desiccant beds is steadily progress-
ing. In the medium dynamics region, clear demarcation of 
the adsorption process can be identified and due to higher 
pore and grain sizes, the decrease is more pronounced in 
additives beds. In the third region, due to the accumula-
tion of water in the bed, the moisture removal capacity of 

Table 6   Experimental observations for packed and fluidized beds in the desorption process

Run Composite 
desiccant bed

Process Mass of bed (g) Velocity (m/s) Pressure drop 
(Pa)

Decrease in bed 
water content 
(%)

Process time (s) Atmospheric air

humidity 
ratio (g/
kg)

Tem-
perature 
(°C)

6 Clay (packed) Des 200 1.5 245.25 1.9 2907 9.39 27
6a Clay (fluidized) Des 200 1.5 49.05 2.9
7 Sawdust 

(packed)
Des 200 1.5 539.55 1.2 3353 9.41 26.7

7a Sawdust (fluid-
ized)

Des 200 1.5 49.05 2.9

8 Sawdust 
(packed)

Des 300 2 598.41 1.5 2471 9.48 28

8a Sawdust (fluid-
ized)

Des 300 2 122.63 1.8

9 Horse dung 
(packed)

Des 200 1.5 245.63 0.5 5406 10.09 24.8

9a Horse dung 
(fluidized)

Des 200 1.5 19.62 1.0

10 Horse dung 
(packed)

Des 300 1.5 274.68 1.3 5158 12.25 29

10a Horse dung 
(fluidized)

Des 300 1.5 39.24 2.0

11 Horse dung 
(packed)

Des 300 2 559.17 1.8 3104 9.79 29

11a Horse dung 
(fluidized)

Des 300 2 29.43 2.9

(a) (b)

Fig. 10   Transient variation of process air a humidity ratio and b temperature depicting run6 and run6a, clay-CaCl2 composite desiccant bed in 
desorption
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beds further decreases compared to adsorptive power in the 
second region.

Moisture addition capacity in the desorption process is 
evaluated using Eq. (4). For the bed inlet velocity of 1.5 m/s 
and mass of bed as 200 g, the whole desorption process can 
be divided into three zones in packed and fluidized beds, 
as shown in Fig. 17a and b. The bed inlet air temperature 
is 52 °C and relative humidity is 5.3%. In the first zone, 
the clay composite desiccant beds operate in desorption 
mode, while in the second and third zones, the beds oper-
ate in adsorption mode. Owing to the higher vapor pressure 
on the bed surface (2461.78 Pa) compared to process air 
vapor pressure (939.65 Pa), the rate of desorption is rapid 

in the first fast dynamic zone. Comparing the humidification 
capacity of the beds in the packed bed mode of operation, 
it seems that burnt clay-CaCl2 and burnt clay-horse dung-
CaCl2 composite desiccant beds are completely dried before 
the end of 750 s and the adsorption sites are contained with 
hygroscopic CaCl2 void of water. Though additive beds have 
higher specific heat, higher desorption rates may be attrib-
uted to weak adhesive forces between the desiccant surface 
and the adhered water molecules. After the process time of 
750 s, the composite desiccant beds operate in adsorption 
mode. However, the burnt clay-sawdust-CaCl2 desiccant bed 
continues to desorb until 3400 s. The saturation time for 
all desiccant materials is different and further exposure of 

(a) (b)

Fig. 11   Transient variation of process air a humidity ratio and b temperature corresponding to run7 and run7a, clay-sawdust-CaCl2 composite 
desiccant bed in desorption

(a) (b)

Fig. 12   Transient variation of process air a humidity ratio and b temperature related to run8 and run8a, clay-sawdust-CaCl2 composite desiccant 
bed in desorption
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equilibrium state to change in bed temperature and specific 
heat capacity reverses the process dynamics from desorption 
to adsorption mode.

6.4 � Analysis of mass transfer coefficient

The mass transfer potential in terms of mass transfer coef-
ficient for the convective mass transfer process is calculated 
by using Eqs. (5)–(8). The mass transfer coefficient in terms 
of transverse velocity for different runs in adsorption and 
desorption is presented in Figs. 18, 19 and 20.

The change in mass transfer coefficient during adsorption 
and desorption processes can be attributed to change in ther-
mophysical properties and bed operating characteristics of 
process air in packed and fluidized beds. In the early stages 

of the process, the mass transfer coefficient has higher val-
ues at the beginning of adsorption (Figs. 18a, 19a, 20a) and 
decreases nearly to a constant value. Initially, due to higher 
specific surface area, lower air side resistance, the lower spe-
cific heat of the bed will enhance mass transfer potential and 
increase the mass transfer coefficient. With time the accu-
mulation of water vapor in the bed decreases the effective 
volume of the bed for adsorption and increases the resistance 
to moisture diffusion into the pores. The decreased intersti-
tial volume of bed, higher specific heat and higher resistance 
to diffusion of water vapor into the pores reduce the mass 
transfer coefficient and steadily reach its minimum value. 
Compared to packed beds, higher mass transfer coefficient 
values prevail in fluidized beds. During the initial period of 
fluidization, the visualization of the fluidized bed shows the 

(a) (b)

Fig. 13   Transient variation of process air a humidity ratio and b temperature corresponding to run9 and run9a, clay-horse dung-CaCl2 composite 
desiccant bed in desorption

(a) (b)

Fig. 14   Transient variation of process air a humidity ratio and b temperature corresponding to run10 and run10a, Clay-Horse dung-CaCl2 com-
posite desiccant bed in desorption
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movement of the upper portion upward in a fluidized man-
ner, while the lower bed mass moves in a quasi-static manner 
and resembles a packed bed state. This results in uniform 
adsorption during the early period of the process. The water 
content in the trailing layer successively increases at a rate 
higher than that of the upper leading layers. As the trailing 
layers adsorb more water vapor from the air, their mass trans-
fer potential decreases compared to the upper layers. There-
fore due to the reduced practical adsorption volume of the 
bed, the mass transfer coefficient decreases with time until 
a significant portion of the adsorption is carried out with 
the moving desiccants. During desorption (Figs. 18b, 19b, 
20b) initially, the lower values of bed specific heat increase 
desorption rate, and subsequently, mass transfer coefficient 
increases. With progress in time, the accumulation of water 

vapor in the bed further increases the specific heat of the 
bed. The increased specific heat decreases the desorption 
rate and the mass transfer coefficient steadily decreases and 
reaches a minimum value.

7 � Conclusions

In the present study, transported soil with illite clay miner-
als is employed to prepare low-cost composite adsorbents. 
The study reports the influence of pore properties, surface 
chemical content and specific heat on transient water vapor 
adsorption–desorption characteristics of desiccant bed com-
prising burnt clay and burnt clay-additives-CaCl2 composite 
desiccant. The conclusions are as follows:

(a) (b)

Fig. 15   Transient variation of process air a humidity ratio and b temperature corresponding to run11 and run11a, clay-horse dung-CaCl2 com-
posite desiccant bed in desorption

(a) (b)

Fig. 16   Comparisons of packed and fluidized clay-additives-CaCl2 beds showing slow (I), medium (II) and fast (III) dynamic regimes in adsorp-
tion
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(a) (b)

Fig. 17   Comparisons of packed and fluidized clay-additives-CaCl2 beds showing slow (I), medium (II) and fast (III) dynamic regimes in desorp-
tion

(a) (b)

Fig. 18   Transient variation of mass transfer coefficient for burnt clay-CaCl2 desiccant beds in a adsorption and b desorption

(a) (b)

Fig. 19   Transient variation of mass transfer coefficient for burnt clay-sawdust-CaCl2 desiccant beds in a adsorption and b desorption
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1.	 Adding additives to clay increases the surface pore size 
and grain sizes in clay-additives composite desiccants. 
Higher pore volume and smaller grain sizes contribute to 
lower specific heat values in clay composite desiccants. 
In contrast, lower pore volume and larger grain sizes 
are attributed to higher heat capacities in clay-additives 
composite desiccants.

2.	 It has been observed that the maximum reduction in 
moisture content occurs in the early stages of the process 
for all the desiccant materials.

3.	 Exposure of desiccants to the low humidity of process 
air results in a monolayer sorption process wherein sorp-
tion takes place in primary sites of the clay-additives-
based adsorbent surface.

4.	 The average MRC and MAC values for clay and clay-
additives composite desiccants are 33.48 and 27.46%, 
compared to 74.92 and 76.55% for silica gel desiccant 
bed [29].

5.	 The average drop in temperature of clay and clay-
additives composite desiccant bed exit air with respect 
to inlet air temperature is 0.80 °C (fluidized bed) and 
1.80 °C (packed bed). The average increase in silica 
gel bed exit air temperature is 17.10 °C with respect 
to inlet air temperature [29]. The lower temperature of 
clay and clay-additives composite desiccant bed exit air 
than silica gel will promote the cooling energy saving in 
sorption-based systems.

6.	 Regeneration temperature as low as 55 °C demonstrates 
the possibility of using low-grade energy such as solar 
heat for clay composite desiccants reactivation.

7.	 The naturally available clay and materials like horse 
dung and sawdust, which are mostly treated as waste, 
can be used to prepare desiccants for humidification and 
dehumidification applications and have the potential to 
replace traditional desiccants. This leads to value addi-

tion and promotes natural materials in desiccant prepara-
tion.
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