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Abstract: Carbon-based materials have shown huge potential in various adsorption based
applications e.g. water and wastewater treatment. In addition, these are successfully utilized for
various (methanol-, ethanol-, and ammonia-based) closed-cycle adsorption heat pump systems.
Significance of polymers is also well-known in drug/medical industry, and therefore extensively
studied for various aspects of adsorption. The study comprises two kinds of polymer and carbon-
based materials for potential air-conditioning applications. Water vapor adsorption comparison has
been made among polymer, carbon-based and conventional hydrophilic adsorbent i.e. silica-gel. The
size of desiccant unit in desiccant air-conditioning (DAC) system has been determined and compared
accordingly. Results showed that polymer sorbent (PS-II) can reduce the desiccant unit size (in the
DAC system) by 2-3 times as compare to conventional silica-gel under particular conditions while

utilizing it intelligently.

Keywords: adsorbents, hydrophilic polymer, desiccant, air-conditioning, applications.

1. Introduction

The vital need for heating, ventilation, and air-
conditioning for human thermal comfort is well known in
the literature. Many designs of such systems have also
been investigated for various applications like
conventional vapor compression air-conditioning (VAC)
for residential, commercial, institutional and office
buildings, data center cooling, electronics cooling,
manufacturing and storage processes . However, the
effective farm level applications of these systems have not
been much explored in the literature. The farm-level
applications may include (i) air-conditioning (AC) for
human (farm residents/workers) thermal comfort, (ii) AC
for farm livestock thermal comfort, (iii) AC for farm
greenhouse, and (iv) AC for pre-cooling and storage of
farm produce etc. The conventional vapor compression
refrigeration and/or air-conditioning systems are not only
responsible for high energy requirements and
environmental pollution but also cannot be used to
provide optimal storage conditions to the agricultural
products (e.g. mango, tomato, leafy vegetables etc.) due
to chilling injury, discoloration and off-flavor 29.
Moreover, these systems are not best suited to control the

latent and sensible load of greenhouse environment 719,
The complex mechanism of transpiration, respiration,
fermentation in agricultural products and photosynthesis,
evapotranspiration in growing greenhouse plants required
active consideration about the provisions of ventilation
rate, temperature and relative humidity control ?. On the
other hand, the much higher ventilation rate is required in
animal houses to remove the odors and ammonia. It may
go up to maximum 60 air changes per hour in order to
maintain the indoor air quality, temperature, and relative
humidity !V. The ammonia is most dangerous and chronic
contaminant gas produced within the animal house due to
the decomposition of manure 'V. The conventional vapor
compression refrigeration and/or air-conditioning systems
are considered unfeasible and/or uneconomical for animal
houses 'V that might be due to the requirements of higher
ventilation rate. The high ventilation rate is essential to
maintain the indoor air quality by removing odor,
ammonia, and heat. Therefore, there is dire need of low
cost, environment-friendly air-conditioning
system/package that can be effectively employed for all
farm-level applications. In this regard, evaporative
cooling technologies like direct evaporative cooling
(DEC), indirect evaporative cooling (IEC)/M-Cycle
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evaporative cooling (MEC) have shown potential for
farm-level applications 4%, However, these technologies
do not perform efficiently under largely varying ambient
conditions (particularly humid) due to limited cooling
performance. The scope of DEC and IEC/MEC for
various  agricultural applications under varying
environmental condition can be extended by the
integration of desiccant dehumidification. The desiccant
air-conditioning (DAC) comprises of desiccant
dehumidification cum evaporative cooling has ability to
deal the latent and sensible load of air-conditioning
distinctly. It also gives opportunity to operate it by low
grade waste heat, and renewable energy options like solar
energy (particularly solar thermal) bio-gas, bio-diesel, etc.
Therefore, the energy and environmental friendly DAC
system represent zero global warming and ozone
depletion potentials. In this regard, lots of practical air-
conditioning systems based on desiccant has been
established and working all over the world. Mostly studied
desiccant air-conditioning systems are standalone DAC
systems with aid of simplified heat exchangers, direct
and/or indirect evaporative cooling assisted DAC systems,
vapor compression based hybrid DAC systems, solar
energy operated DAC systems, bio-gas operated DAC
systems, single/multi-stage DAC systems, solid/liquid-
based DAC systems, wheel/block-based DAC systems,
heat and pressure regeneration based DAC systems and
many more. Such characteristics of the DAC system make
it promising for the widespread applications like
agricultural product storage/preservation, greenhouses,
marine ships, wet markets, automobiles, buildings,
museums, hospitals (etc.) 122,

In the preview of above discussion, it is ascertained that
the DAC system can be a promising solution for farm-
level air-conditioning applications. Additionally, it can be
operated by harvesting renewable energy sources (solar
energy, bio-gas, bio-diesel, etc.) abundantly available at
the farm. The details about the typical system operation
can be found in reference ?.

2. Scope of the study

The desiccant air-conditioning despite energy saving
and eco-friendly technology still could not break the
barriers for its market penetration. The main barriers are
high initial cost, long payback period and system size ).
One of the main components in DAC system is a desiccant
unit by which system size and operational cost are
associated. There is dire need of research for the
development of small size, low cost, non-toxic and non-
corrosive adsorbent bed. The adsorbent should have high
adsorption uptake with higher adsorption kinetics. In this

regard, adsorbent materials can play role towards the
optimization of DAC system size. The significance of
adsorbents is obvious for various technological, medical
and engineering applications. Physiochemical and
thermodynamic properties of adsorbents have been
effectively realized for various adsorption based
applications e.g. wastewater treatment, adsorption heat
pump systems, etc. Carbon-based materials have shown
huge potentials in numerous adsorption applications
particularly for water and wastewater treatment. It has
been also successfully utilized for various (methanol-,
ethanol-, and ammonia-based) close cycle adsorption heat
pump systems. However, the present study focused on the
open cycle desiccant air-conditioning. Therefore, the
study comprises two kinds of polymer and carbon-based
materials for potential air-conditioning applications.
Water vapor adsorption comparison has been made among
polymer & carbon-based materials and conventional
hydrophilic adsorbent i.e. silica-gel. The size of desiccant
unit in desiccant air-conditioning system has been
determined and compared accordingly.

3. Materials and method
3.1 Materials

The study comprises different adsorbents such as
polymer-based, carbon-based, and conventional silica-gel.
The polymer-based adsorbents include polymer sorbent-I
(PS-I), polymer sorbent-II (PS-II) 2-29, The carbon-based
adsorbents include activated carbon powder (ACP) and
activated carbon fiber (ACF) 7#29. The particle size of
these adsorbents is given in Table 1 732329 All these
adsorbents have specific adsorption characteristics. Silica-
gel is mostly used in the designing of DAC systems due
to its strong affinity towards water 2. The silica-gel has
higher bulk density than PS-I but less than PS-II. It has
been determined that the PS-II possesses about 1.5 times
higher bulk density than PS-I and about 1.16 times higher
than silica-gel 2. It is important to mention that the
density of adsorbent is crucial towards the optimization of
system size for different applications. The microscopic
images of few particles of PS-I and PS-II particles are
shown in Fig. 1(a) and (b), respectively ’?¥. The
illustration these of materials into desiccant block,
desiccant rotor, desiccant coated heat exchangers is shown
in the same Fig. 1. The carbon-based adsorbents (ACP,
ACF) also have typical properties. The ACP is a highly
porous adsorbent, whereas, ACF as a fibrous adsorbent
possesses high porosity, and ease in handling ¥.
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Desiccant Desiceant Desiccant coated
Block Rotor heat exchanger

Fig. 1: Microscopic image of few particles of (a) PS-I, and (b) PS-II 72
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Fig. 2: Psychrometric representation of different humidity applications
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Fig. 3: Schematic of the DAC system with the psychrometric representation of ideal DAC cycle for medium humidity applications

Table 1. The particle diameter of studied adsorbents 78.23,24)

Adsorbents Particle diameter
(pm)

PS-12324 2.6

PS-IT 2324 19.3

ACF ¥ 13.0

ACPp ™ 105

Silica-gel 78 1000

3.1 Data analysis and procedure

The isotherm plots of adsorbents (Table 1) are drawn
and compared in order to determine the adsorption uptake
at a respective temperature on the basis of data from
references 7323726 The isosteric heat of adsorption (Qy) is
also compared for PS-I, PS-II and silica-gel "?. The
performance of the adsorption heat pump systems (e.g.
DAC system) mainly depends upon the amount of Q.
Moreover, the contribution of the polymeric material
towards the system size reduction is investigated in
comparison to conventional silica-gel. In this regard, the

adsorbent to air mass fraction (MFa.4) is calculated by the
following relationship %19,

MF_p = (%)ARH B (Vl\zi:‘l\/’[vj)ARH
1

where, MF,_, describes the adsorbent to air mass
fraction (gaas’kgpa), W; and W, are the humidity ratios
(gmo’kgpa), M; and M, are the adsorption uptakes
(g2120/8ads). MFa.a of the adsorbents (PS-I, PS-II, silica-
gel) is calculated for high, medium and low humidity
applications/conditions. The psychrometric representation
of these applications is shown in Fig. 2. The ambient air
(T, RH) is considered the same for all the adsorbents (PS-
I, PS-II, Silica-gel) in the respective humidity application.
The state (1) in Fig. 3 represents the ambient air for
medium humidity applications. Moreover, the states
(2,3,4,5) represents the different stages of the simplified
typical DAC cycle for different levels (ab,c) of
dehumidification and regeneration. The process/ambient
air (1) becomes dehumidified as it passes through the
adsorbents. The dehumidified air (2) is further passed
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Fig. 4: Comparison of adsorption isotherms at 30°C for (a) PS-I, PS-1I, ACP, ACF; (b) PS-I and PS-II with Silica-gel
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Fig. 5: Adsorption uptake fraction of adsorbents over silica-gel
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Fig. 6: Comparison of isosteric heat of adsorption of PS-I and PS-II with silica-gel

through the sensible heat exchanger and/or evaporative regeneration air becomes hot by exchanging heat (via heat
coolers to supply the conditioned air. On the regeneration exchanger) with the process air. This hot regeneration air
side, the same ambient air (1) is used for the purpose. The is then further heated (state 4) through external heat
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source to pass it through the adsorbent and finally exhaust
(state 5) to the environment.

The psychrometric evaluation of thermal comfort zones
for human and livestock, ideal growth zone for the
agricultural greenhouse, and ideal storage zones for
agricultural products revealed that all these applications
required certain level of latent and sensible load of air-
conditioning. In this regard DAC has shown potential to
control the latent and sensible load of AC distinctly +7-22),

4. Results and discussion

The water vapor adsorption isotherms are drawn in Fig.
4(a) using the data available in the literature for two
carbon and two polymer-based materials in comparison
with silica-gel 3. It can be noticed that carbon-based
adsorbents i.e. ACP and ACF shows hydrophobic
behavior at low relative pressure range, therefore may be
neglected for further investigation. However, it is
important to mention that such kind of water vapor
adsorption might be interesting for various high humidity-
based DAC applications e.g. agricultural greenhouses,
storage of fresh fruits and likewise. This kind of
adsorption is based on water vapor condensation using
multilayer adsorption phenomena [19]. The water vapor
adsorption isotherms of ACP and ACF resemble the
IUPAC type-IIl and type-V isotherms, respectively.
Therefore, further investigation in this study is focused on
PS-I and PS-II. In this regard, the adsorbents are
compared with conventional silica-gel distinctly as
depicted in Fig. 4(b). It can be seen from Fig. 4(b) that the
water vapor adsorption uptake by silica-gel at saturation
conditions (on 30°C) is about 0.40 kg/kg. But, the
adsorption uptake by PS-I and PS-II under the same
conditions is almost 2.0 and 2.5 times higher than silica-
gel adsorption uptake, respectively 7. It is noticed that the
isotherms of both the PS-I and PS-II have concave shape
at the start (lower relative pressure) and then turned to
convex shape as the relative pressure increases. Such
shape of isotherms is due to two principal classes/fractions
of the sorbed water 2?7, The first is bound water on the
inner/outer surface of the adsorbent by the forces in excess
of the normal forces which results in concave shape 227,
The second fraction is responsible for convex shape
because it is normally condensed within the adsorbent as
the function of relative pressure 2*?7. The summation of
these fractions results in sigmoid shape polymer isotherms
2327, 1t is worthy to mention that the sigmoid shape
isotherms of polymeric material (PS-I and PS-II) are
important for the designing of open-cycle desiccant air-
conditioning systems. Moreover, the bar graphs are shown
in Fig. 5 mainly represent the adsorption uptake fraction
(®) of PS-1 and PS-II over silica-gel.

The adsorption amount of PS-I and PS-II are divided by
the adsorption amounts of the silica-gel in order to
determine the ®ps.; and Dps.pi, respectively. It can be seen
from Fig. 5 that ®ps.yy is higher than the ®ps; over the
entire range of relative humidity. Therefore, it leads

towards better adsorption performance by PS-II under
varying relative humidity conditions. The Qg of the
polymer adsorbents (PS-I, PS-II) and conventional silica-
gel is also compared (Fig. 6) in order to further investigate
the insights about these adsorbents. It represents the
strength of adsorbent-refrigerant interaction and the
performance of the adsorption heat pump systems mainly
depend on it.

50
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2
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Fig. 7: The adsorbent to air mass fraction under varying
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regeneration temperature for (a) high; (b) medium; and (c) low
humidity condition.

The Qs of the silica-gel largely varies as compare to PS-
I and PS-II (Fig. 6). However, in case of PS-I and PS-II
the isosteric heat of adsorption decreases relatively
rapidly than silica-gel. Therefore, it can be concluded
from this detailed discussion that the PS-I and PS-II can
be potential adsorbents for the optimization of DAC
system. The contribution of the polymeric material (PS-I
& 1II) towards the system size reduction is investigated in
comparison to conventional silica-gel using Eq. 1 as
shown in Fig. 7. It can be noticed that the MF 4.4 increases
with increasing regeneration temperature for all the
adsorbents and under all humidity applications as shown
in Figs. 7(a-c). It is determined that the MFa.4 for PS-II is
well lower than silica-gel as compare to PS-I. In this
regard, it can be envisaged that the PS-II can dehumidify
the same amount of air with 2-3 times less adsorbent as
compare to silica-gel under particular regeneration
temperature. Therefore, the utilization of polymeric
material (PS-II) can leads towards the reduction in system
size by 2-3 times under particular conditions as far as
desiccant unit is concerned. Moreover, the nano/micro
polymeric materials can be shaped into honeycomb-like
structure (desiccant block, desiccant rotor, desiccant
coated heat exchangers, etc.). These materials can be
regenerated at low temperature, therefore, gives
opportunity to use the solar energy (preferably solar
thermal), bio-gas and bio-diesel (etc.). Thus, the compact-
sized DAC system can be operated more economically for
different applications by performing regeneration through
renewable energy sources 2%,

5. Conclusions

This study provides water vapor adsorption comparison
among different polymer & carbon-based materials and
conventional hydrophilic adsorbent, silica gel. The
studied polymeric and carbon adsorbents include the PS-
I, PS-II, ACP, and ACF. It is investigated that ACP and
ACF show hydrophobic behavior at low relative pressure
range, however such kind of water vapor adsorption might
be interesting for various high humidity-based DAC
applications e.g. agricultural greenhouses, storage of
agricultural products and likewise. It is concluded that PS-
II reduces the desiccant unit size (in the DAC system) by
2-3 times as compared to conventional silica-gel under
particular conditions. Moreover, polymeric adsorbents
facilitate low temperature regeneration, providing an
opportunity to run the system on renewable energy
sources. The study focused on fundamental guidelines for
various air-conditioning applications and therefore will be
worthy for the researchers/scientists working for the
development of advanced polymer-based nano or micro
materials.
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Nomenclature
AC air-conditioning
ACF activated carbon fiber
ACP activated carbon powder
DAC desiccant air-conditioning
M adsorption uptakes [gu20/gads]
MF,_, adsorbent to air mass fraction [g.is/kgpa]
P, partial vapor pressure [kPa]
P saturation vapor pressure [kPa]
PS polymer sorbent
(o isosteric heat of adsorption [kJ/kg]
RH relative humidity [%] or [ - |
T temperature [°C or K]
w humidity ratio [gn2o/kgpal
D adsorbents adsorption uptake fraction over
silica-gel
DA dry air
ads adsorbent
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