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Cooling has a significant share in energy consumption, especially in hot tropical regions. The
conventional mechanical vapor compression (MVC) cycle, widely used for air-conditioning
needs, has high energy consumption as air is cooled down to a dew point to remove the
moisture. Decoupling the latent cooling load through dehumidification from the sensible
cooling load can significantly improve the energy requirement for air-conditioning
applications. Solid desiccants have shown safe and reliable operation against liquid
desiccants, and several configurations of solid desiccants dehumidifiers are studied to
improve their performance. However, the characteristics of solid desiccants are critical for
the performance and overall operation of the dehumidifier. The properties of every desiccant
depend upon its porous adsorbing surface characteristics. Hence, it has an optimum
performance for certain humid conditions. Therefore, for a better dehumidification
performance in a specific tropical region, the solid desiccant must have the best
performance, according to the humidity range of that region. In this article, a theoretical
methodology has been discussed to help the industry and chemists to understand the
porous structural properties of adsorbent surfaces needed to tune the material performance
for a particular humidity value before material synthesis.
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1 INTRODUCTION

Under climate change and weather intensity, air conditioning is becoming inevitable for the comfort of
human beings. Air conditioning demand is very high in hot and humid tropical regions with high
humidity (Samuel et al., 2013; Fekadu and Subudhi, 2018; Burhan et al., 2021a). Such a humid tropical
climate demands a higher latent than sensible cooling load. Themechanical vapor compression (MVC)
cycle is widely and conventionally employed across the globe to fulfill such cooling needs. The MVC
has to cool down the air at a very low temperature of a dew point level, way below the comfort level
needs. This leads to the waste of high-grade electrical energy (Barbosa et al., 2012; Park et al., 2015; Oh
et al., 2019). On the other hand, the utilization of CFC refrigerants is harmful to the environment and
human beings (Chen et al., 2021c; Rabah Touaibi and Hasan Koten, 2021).

To minimize the high energy consumption of the cooling needs, one possible solution is
decoupling the air conditioning systems’ latent and sensible cooling loads. Desiccant
dehumidifiers provide one of the solutions to decouple the latent load from the total cooling
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load (Oh et al., 2017; Chen et al., 2020a; El Loubani et al., 2021).
Furthermore, solid desiccants are proven reliable and compact
compared to liquid desiccants, which pose several health risks.
They were found to have carryover and are toxic and corrosive
(Liu et al., 2019; Gurubalan and Simonson, 2021). In the humid
tropical climate, therefore, the air conditioner’s performance
relies on the performance of the desiccant dehumidification
system. The dehumidification system efficiency depends upon
twomain factors: the properties and performance of the desiccant
material and the design of the desiccant system for better heat and
mass transfer. Recently, many efforts have been made on the
design of desiccant dehumidification systems like rotary wheels
and coated heat exchangers (Zhou and Reece, 2019; Venegas
et al., 2021). However, the characteristics of the desiccant material
are critical (Muthu et al., 2021) to enhance the performance as
different characteristics of the desiccant are needed for other
tropical locations depending upon the humidity level for the
optimum performance of the desiccant.

Understanding the adsorption phenomena is very important
for many industrial applications (Kawamoto et al., 2016; Burhan
et al., 2019a; Chorowski et al., 2019; Chen et al., 2020b; Zakuciová
et al., 2020; Chen et al., 2021a; Chen et al., 2021b; Ja et al., 2022),
and each adsorbent adsorbate pair has unique characteristics
(Kresge et al., 1992; Zhao et al., 1998; Chen et al., 2020c; Chen
et al., 2021c). Due to these unique characteristics, six different
adsorption isotherms depend upon their shape, as defined by the
International Union of Pure and Applied Chemistry (IUPAC)
(Chakraborty and Sun, 2014; Ng et al., 2017). Each adsorbent pair
has different uptake levels at different pressure levels, either single
or double layers. This behavior depends upon the surface
topography of the adsorbent and the energy level
heterogeneity of the available adsorption sites (Burhan et al.,
2021b).

In desiccant dehumidification, the space humidity needs to
match with the operating range of the adsorbent. Some
adsorbents reach their saturation limit at a very low partial
pressure or humidity level. Such desiccant materials cannot be
suitable for dehumidification as they will always be saturated even
in normal conditions as space humidity does not go to such a low
level. On the other hand, adsorbents with saturation limits at
higher humidity levels may or may not be suitable for desiccant
dehumidification, depending on their characteristics or
isotherms. The important factors are the point of partial
pressure when the uptake starts and when it reaches its
saturation limit, the slope of such a rise in uptake, and the
difference between these two points. Ideally, for
dehumidification purposes, the starting point of the uptake
must be according to the humidity level of the space. The
saturation point must also be the same as the starting point,
making a difference and slope theoretically as zero and infinity,
respectively. This is not possible in practical, but efforts are made
during material synthesis to go closer to such performance.

Chemists adopt many recipes to tailor the performance of the
adsorbents during material synthesis (Burhan et al., 2019b).
However, the post-processing analysis after material synthesis
defines whether the required characteristics have been
successfully achieved or not and to what extent the ideal limit

is. The objective of this manuscript was to theoretically
demonstrate how adsorbent surface topography should be
altered during material synthesis to tailor the required
response of the material, especially focusing on the desiccant
dehumidification point of view. This manuscript will explain how
desiccant topography can be altered to enhance and tailor its
response for the dehumidification application and how adsorbent
surface parameters will be changed to achieve such a response.
This methodology will provide information about the required
change in the surface parameters before material synthesis to get
the desired properties for the optimized dehumidification need.

2 METHODOLOGY

To understand the unique interaction of the adsorbent adsorbate
pair and the adsorption phenomena, a universal isotherm model
was developed based upon the classic adsorption theory. The
universal isotherm model follows all six isotherm types and
describes the formation of these isotherm shapes. The main
advantage of the universal isotherm model is that it clearly
shows the characteristics of the adsorption surface for each
isotherm type in the form of the distribution of adsorption
energy sites and their availability. The adsorption surface is
made of tiny pores or adsorption sites having different energy
levels. When the adsorbate reaches a certain critical energy level,
i.e., εc � −RT lnKp, it is adsorbed in the adsorption site with an
energy level corresponding to the critical energy level of the
adsorbate. When the partial pressure of the adsorbate changes, its
critical energy level also changes. As a result, the availability of
adsorption energy sites for adsorption also changes. However,
depending upon the quantity of such availability describes the
total uptake at that partial pressure, i.e.,

θt � ∫
∞

εc

X(ε)dε. (1)

Figure 1: shows the characteristics of the adsorption isotherm
and its association with the porous adsorbent surface and energy
distribution of energy of these adsorption sites. Many factors
affect the characteristics of the adsorption isotherm, like its rate of
total adsorption uptake over a range of partial pressures, the
starting point of the adsorption uptake, the saturation point of the
total adsorption uptake, and the total uptake of the adsorbent. To
understand the link between these factors on the adsorption
isotherms, the universal isotherm model has provided the energy
distribution function (EDF) for the adsorption energy sites as

X(ε) � ∑n
i�1
αi

⎧⎨⎩ exp(Δε−εoimi
)

mi[1 + exp(Δε−εoimi
)]2

⎫⎬⎭
i

. (2)

For the two isotherms, brown and blue, the corresponding
energy distribution function (EDF) curves are shown in the exact
figure at the bottom right corner in Figure 1. The color of the
EDF curves corresponds to the same color isotherms.

The universal isotherm model successfully defined all
isotherm types and understood the formation of such shapes.
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However, the primary importance of understanding the
adsorption phenomena is in material synthesis so that the
performance of the material can be tuned as per application.
The material scientists can modify its performance by changing
its porous surface characteristics or distribution of the adsorption
energy sites and their availability. Such changes can be adopted
during material synthesis by the pore expansion and surface
treatment techniques like heat treatment (Young, 1958; Baker
and Sing, 1976; Naono et al., 1980; Shioji et al., 2001; Alrowais
et al., 2020; Chen et al., 2021d), chemical action (Ishikawa et al.,
1996; Burhan, 2015), and acidification (Toor and Jin, 2012).
These changes are directly linked to the parameters associated
with the EDF equation of the universal isotherm model.

As described earlier, certain factors define the characteristics
of the adsorption isotherm, and out of them, the total uptake of

the adsorbent material is not linked with the EDF. The increase in
the total uptake, as shown in Figure 2, depends on the increased
capacity of the adsorbent material. This material capacity can be
increased by pore expansion or increased pore volume or surface
area. However, the rest of the characteristics, like change in the
rate of total uptake and the point of uptake, depend upon the
distribution of the adsorption energy site. Adsorption surface
heterogeneity ‘m’, the energy level of the median adsorption site
‘εo’, and its fractional availability ‘X(ε)’ are the main parameters in
the EDF equation defining the shape of the isotherm. By
controlling these parameters through pore expansion, the
isotherms of the adsorbent can be tuned as per the certain
requirement of the application. As the pore size and
distribution are associated with the energy of the adsorption
site, therefore, by adopting the pore expansion techniques of heat
treatment [Young, (1958); Baker and Sing, (1976); Naono et al.,
(1980); Shioji et al., (2001); Alrowais et al., (2020); Chen et al.,
(2021d)], chemical action (Ishikawa et al., 1996; Burhan, 2015),
and acidification (Toor and Jin, 2012), the pore distribution and,
as a result, the energy distribution of the material can be tailored
for the required isotherms. Figure 1 demonstrates how a change
in the isotherm is associated with the EDF curve and how the
porous structure of the adsorbent surface changes.

The blue isotherm line represents a typical isotherm curve, and
the corresponding EDF curve is also shown in Figure 1. The
spread or width of the EDF curves is based upon the value of the
surface heterogeneity ‘m’. The curve’s middle point defines the
median energy level ‘εo’, and the curve’s height at the median
energy level defines its fractional availability ‘X(ε)’ against the
other available adsorption energy sites. The porous surface of the
adsorbent is represented by the illustration at the bottom right

FIGURE 1 | Schematic diagram representing adsorption isotherm characteristics and its association with the porous adsorbent surface and energy distribution of
these adsorption sites.

FIGURE 2 | Isotherm of MOF 801 and variants.
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corner of Figure 1. However, with the pore expansion and
material synthesis, the porous structure of the adsorbent
surface is turned into the illustration at the top right corner of
Figure 1. It can be seen that with the pore expansion, the smaller
pores with energy levels ε1, ε2, and ε3 are expanded to the bigger
pores of the energy level ε4. As a result, the availability of
adsorption sites with energy level ε4 is higher, which can be
seen from the brown EDF curve as the median energy level is
shifted toward the left, and its fractional availability ‘X(ε)’ is high
as compared to the blue EDF curve. On the other hand, the brown
EDF curve’s heterogeneity ‘m’ or width is reduced. This is because
most of the small pores are now expanded to bigger pores and no
longer exist. This is why the EDF is taller, and the slope of the
brown isotherm increases, resulting in a higher rate of adsorption
uptake. Because once the critical energy level reaches the energy
level of the pores with the higher fractional availability, there is a
sudden uptake increase as compared to the blue isotherm, in
which the uptake is gradual as per the gradual availability of the
adsorption sites due to high heterogeneity. The uptake point of
the brown isotherm curve is also shifted toward the higher partial
pressure side due to a shift in the median energy level toward the
left or lower energy value side.

3 RESULTS AND DISCUSSION

As per the explanation provided in the methodology, in this
section, the performance of the adsorbents will be tuned
according to the dehumidification point of view. It will be
analyzed how the surface characteristics of the adsorbent
material are modified to achieve the required isotherm of the
material for better performance. From a dehumidification point
of view, the best materials are the S-shape isotherms. Therefore,
the materials with the S-shape isotherms will only be analyzed.

Figure 2 shows the isotherm of MOF 801 (Furukawa et al.,
2014) in the green line. However, the uptake starting point is at a
very low concentration ratio of humidity levels. This adsorbent is

unsuitable for dehumidification in humidity regions because it
requires very dry conditions to regenerate. To make it ideal for
dehumidification for areas with different humidity levels, the
uptake starting point must be shifted toward higher
concentration ratios, as depicted by black, red, purple, and
brown lines in Figure 2. Their corresponding EDF curves are
also shown in Figure 3. From the EDF curves, it can be seen that
as the uptake point of the adsorption isotherm is shifting toward a
higher pressure ratio, the EDF curve i.e., ‘εo,’ is shifting toward the
left, i.e., the lower energy level. It depicts that a higher
concentration/pressure ratio must be achieved for pores with
very low energy levels. It can also be seen that the width of EDF or
heterogeneity ‘m’ of the porous adsorbent surface is decreasing
and the fractional availability ‘X(ε)’ of the median energy site ‘εo’
is increasing. This is why the EDF curves and the corresponding
isotherm curve are getting steep. Therefore, the uptake starting
point of the isotherm can be shifted to the high-pressure ratio or
the humidity level if the median energy level of the adsorption
energy sites is shifted toward the lower value. The shift in the
energy level must be according to the required humidity in which
the adsorbent will be employed.

Moreover, in these isotherms, the main focus is to shift the
pressure ratio of the isotherms only. This is why the pore
expansion is only shifting the median energy level. However,
the total uptake has been kept the same because the increase in
total uptake with the pore expansion also requires structural
stability and additional parameters and testing to make it feasible
for the industrial application. But, here, the pore expansion also
increases the surface heterogeneity of the adsorbent and the
fractional availability of energy sites. Therefore, the slope or
the rate of total uptake grows toward a high-pressure ratio.

A universal isotherm model with two terms was used to fit all
of the isotherms shown in Figure 2, and from that, the obtained
value of the surface heterogeneity is shown in Figure 4. As it was
based on two terms, two heterogeneity values are shown because
the material has two groups of the adsorption sites, and the share
of each adsorption site’s groups in these isotherms and the EDF
curve is shown in Figure 5. For the first isotherm, the percentage
of each group of adsorption sites is almost the same. This is why
in Figure 3, we can see two green EDF curves, and their
heterogeneity values are shown in Figure 4, where the red line

FIGURE 3 | Energy distribution function (EDF) curves for MOF 801 and
variants.

FIGURE 4 | Variations in the surface heterogeneity of MOF 801 and
variants.
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is associated with the EDF curves with the highest ‘X(ε)’ values,
except for the first isotherm. The heterogeneity of the first
isotherm is less for the first group of the adsorption site,
causing a sharp rise or a higher slope at the initial value of the
pressure. However, at higher pressure ratios, the effect of the
second group of adsorption sites comes into effect. The
heterogeneity increases, causing a gradual increase in the total
uptake and a decrease in the slope. For the other four isotherms,
only one group of the adsorption sites has a dominant effect
which can be seen from the gap of both curves in Figure 5. This is
why only one EDF curve is visible in Figure 3 for these results, for
which the heterogeneity value is very low and almost constant, the
red curve in Figure 4, causing a steep rise in the total uptake. The
blue line shows high heterogeneity, representing the part of the
isotherm before a sudden rise in the total uptake.

In the previous isotherm result, with the shift in the uptake
point, the heterogeneity of the porous surface also changed.
Figure 6 shows the MOF 841 isotherm (green line) (Furukawa
et al., 2014), an ideal S-shape for the dehumidification application
but operating in the low-pressure ratio range or the humidity
region. Therefore, the need is to shift the uptake point to the high-
pressure ratio without affecting the original high rate of the
uptake, i.e., the heterogeneity of the porous surface. The other
two isotherms (black and red lines) with the uptake at high-
pressure ratio points are shown in Figure 6, and the

corresponding EDF curves are demonstrated in Figure 7.
From the EDF curves in Figure 7, it can be seen that the
width or heterogeneity ‘m’ of all of the EDF curves is the
same along with the fractional availability ‘X(ε)’ of the median
energy level. This is why all of the isotherms depict a similar rate
of the total uptake or slope of the isotherm. As the median energy
level ‘εo’ shifts toward a lower energy level, the pressure ratio for
adsorption uptake shifts to a higher value.

FIGURE 5 | Variations in the fractional share of the adsorption site group
in MOF 801 and variants.

FIGURE 6 | Isotherm of MOF 801 and variants.

FIGURE 7 | Energy distribution function (EDF) curves for MOF 801 and
variants.

FIGURE 8 | Variations in the surface heterogeneity of MOF 801 and
variants.

FIGURE 9 | Variations in the fractional share of the adsorption site group
in MOF 801 and variants.
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Similar to the previous results, the two terms of the
universal isotherm model were used to fit these three
isotherms, and the obtained value of their heterogeneity ‘m’
and the probability share of each adsorption sites group are
shown in Figures 8, 9. From Figure 8, it can be seen that the
heterogeneity value is the same for all the three isotherms. In
addition, its value is very low for the red line as it represents the
group of the adsorption sites group with a share of more than
85%. Although other groups have higher and similar
heterogeneity, due to their low share of less than 15%, they
are not significantly contributing to the EDF curve, which is
why such a large deviation of results between groups A and B
can be seen in Figures 8, 9.

These results show that by changing the structural
parameters, one can achieve the desired structural
characteristics of a porous adsorbent surface. As a result, it
can tune the adsorbent’s performance for the optimized
application. This tool and methodology have significance in
the dehumidification industry as the humid conditions vary
from region to region. Although the examples of MOF materials
are considered and analyzed in this manuscript, the
methodology applies to all adsorbents with physical
adsorption. A case of silica is already discussed in our
previous publication (Burhan et al., 2019b). This also proves
the validation of the methodology and the results. Therefore,
with the help of this tool, the industry can understand the
porous structural properties of the adsorbent surface needed to
tune the material performance for a particular humidity value.
Thus, by following the results of this methodology, the material
can be synthesized and optimized for a specific humidity with
significant energy savings.

4 CONCLUSION

A theoretical methodology has been presented to understand the
adsorbent performance by modifying the surface parameters. The
proposed methodology can help the industry and chemists to tune
and optimize the material performance for the dehumidification of
air, especially in the desired humidity range. The required porous
structure in terms of surface heterogeneity, distribution of
adsorption energy sites, and the fraction of availability of each
adsorption site can be predicted. For dehumidification, the
desiccant should have a lower heterogeneity level and a higher
fractional availability, i.e.,>85% for the higher rate of the
adsorption uptake. At the concentration ratio where a high
adsorption uptake is required, the adsorption energy site εo
equivalent to the critical energy level εc of that pressure ratio
point must be in a high fractional availability X(ε), i.e.,>85%. Thus,
the adsorbent can be synthesized accordingly to have the tuned
isotherm for optimized performance by knowing the required
distribution of adsorption energy sites.
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NOMENCLATURE

ε adsorption site energy (kJ/mol)

X(ε) energy distribution function

εo adsorption site energy with highest availability (kJ/mol)

K adsorption equilibrium constant

θt total adsorption uptake

m surface heterogeneity (J/mol)

εc critical energy level (kJ/mol)

R general gas constant (J/molK)

T adsorbent temperature (K)

p adsorbate pressure (Pa)

α probability of the adsorption site group
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