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A B S T R A C T   

This study provides an in-depth analysis of the sequence of procedures required to evaluate the performance of 
adsorption desalination (AD) using functional adsorbent material zeolites (i.e., FAM-Z series with AFI and CHA 
types). The applicability of zeolite as an adsorbent for the AD cycle was also demonstrated by comparing it with 
the performance of AD using silica gel. The adsorption isotherm of the adsorbent, which is the most important 
parameter in the performance and design of the AD cycle, is recognized as a crucial parameter that significantly 
affects the AD performance. The thermophysical properties of the FAM-Z series were analyzed using argon 
adsorption and desorption isotherms at 87 K, followed by water vapor adsorption isotherms. Modified Do–Do and 
hybrid Langmuir–Sips isotherm models were proposed and are suitable for the anomalous stepwise isotherms of 
the FAM-Z series and the mesoporous adsorption characteristics of silica gel. The performance of the AD cycle 
was assessed in terms of the specific daily water production, specific cooling capacity, coefficient of performance, 
and performance ratio with respect to chilled and hot water temperatures and cycle times using a mathematical 
model of the AD cycle validated through a comparison with experimental data. AFI-type zeolites showed the 
applicability of residential (FAM-Z01) and district cooling (FAM-Z05), which have a low regeneration temper
ature of 55 ℃ owing to an unusual isotherm (i.e., sigmoid adsorption isotherm). In addition, FAM-Z05 exhibited 
considerable potential as an adsorbent for AD cycles driven by extremely low-grade heat sources (<55 ◦C) found 
in industrial plants and solar energy.   

1. Introduction 

Water scarcity and global warming have intensified owing to in
dustrial development and population growth; hence, it is essential to 
develop promising technologies to meet the growing demand for desa
linated water and energy. The largest amount of available but unused 
low-temperature heat is usually found in industrial plants and solar 
energy, and many studies have been conducted on environmentally 
friendly and high-efficiency systems driven by low-grade heat sources. 
Among them, adsorption systems that exploit the physical and 

thermodynamic characteristics of adsorbents and adsorbates (e.g., 
chillers, heat pumps, and desalination plants) have the following ad
vantages: (i) They work effectively at relatively low heat source tem
peratures (50 ◦C to 80 ℃), such as waste heat and solar energy, reducing 
the operating costs and CO2 emissions. (ii) It has no major moving parts, 
incurring low maintenance costs. (iii) It utilizes no chemicals in the 
pretreatment process. Finally, (iv) it operates at low pressures and 
temperatures, minimizing fouling and scaling [1,2]. 

Adsorption desalination (AD) has received a great deal of attention 
because it produces two useful effects, i.e., high-grade freshwater and a 
cooling capacity, with a nearly consistent performance regardless of 
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brine salinity [3]. AD utilizes the physical and thermodynamic charac
teristics of the adsorbent and adsorbate to provide the cooling capacity 
produced during the half cycle (i.e., adsorption-evaporation) and the 
freshwater produced during the half cycle (i.e., desorption- 
condensation). In other words, the AD cycle takes advantage of the 
sorption characteristics of hydrophilic adsorbents to allow simultaneous 
batch operation of the adsorption-triggered-evaporation and desorption- 
activated-condensation processes. Recently, many studies on improving 
the AD performance have been conducted. It is well known that adsor
bent–adsorbate pairs are key parameters of the AD performance; 
therefore, many studies have been conducted on adsorbent-adsorbate 
pairs such as silica gel-water [4–6], metal–organic frameworks 
(MOFs)-water [7–10], and zeolite-water [11–17]. Among them, the 
pairing of silica gel and water is widely used owing to its low regener
ation temperature (50 ◦C to 80 ◦C); however, this pairing has a low net 
equilibrium adsorption capacity over the typical operating relative 
pressure range (e.g., 0.15 < P/P0 < 0.4), which limits the AD perfor
mance and results in low yields of freshwater production and cooling 
capacity per unit volume of the AD system [7,9]. MOFs have recently 
attracted attention owing to their high water vapor uptake capability. 
However, their manufacturing cost is relatively high compared to other 
commercially available adsorbents (e.g., silica gel and zeolite), and 
exposure to moisture and heat can result in a loss of structural integrity 
and a significant reduction in water vapor uptake capacity, limiting their 
application to adsorption systems [8,10]. Zeolites are generally char
acterized by a three-dimensional, highly porous crystalline structure 
[12]. New classes of zeolites, such as AFI- (FAM-Z01 and -Z05) and CHA- 
type (FAM-Z02) zeolites, which can be regenerated at relatively low 

temperatures (<80 ◦C) compared to conventional zeolites (e.g., 13x), 
have recently been developed by Mitsubishi Plastics for adsorption ap
plications (e.g., desiccant cooling, dehumidification, heat pumps, 
chiller, and desalination) [13,17]. They are characterized by anomalous 
isotherms and can result in a sharp increase in the net equilibrium 
adsorption capacity (Δq) over the typical operating relative pressure 
range of the AD cycle [11]. The adsorption capacity (q) of the adsorbent 
depends only on the operating pressure of the adsorption and desorption 
processes, which is a crucial factor affecting the performance of the AD 
cycle [3,18]. To demonstrate the effect of the adsorption isotherm on the 
net equilibrium adsorption capacity (Δq) in the typical relative pressure 
operating range of the AD cycle, the equilibrium adsorption isotherm of 
FAM-Z01 was implemented and compared with the commercially 
available silica gel NS10 (KD Co., Republic of Korea) (Fig. 1). By 
increasing the net equilibrium adsorption capacity (i.e., from Δq to Δq́, 
as shown in Fig. 1), a high AD performance can be obtained, and a 
compact AD system can be realized. In addition, to develop a highly 
efficient AD system, it is necessary to regenerate using unused low- 
temperature heat (<55 ◦C). 

As shown in Table 1, many studies have been conducted on 
adsorption systems using the FAM-Z series. Previous studies [17,19–23] 
have shown that the adsorption isotherm of adsorbent is an important 
factor affecting the performance of adsorption system. Therefore, in an 
adsorption system, modeling the adsorption isotherm is a key factor in 
designing and predicting its performance, which depends solely on the 
adsorption isotherm (i.e., the adsorption and desorption behavior of the 
adsorbent-adsorbate pair) [24]. However, there is a lack of literature on 
adsorption isotherm models that can describe the adsorption mechanism 

Nomenclature 

A area [m2] 
COP coefficient of performance 
cp specific heat capacity [kJ/kg⋅K] 
E activation energy [kJ/kmol] 
hf sensible heat [kJ/kg] 
hfg latent heat of vaporization [kJ/kg] 
K equilibrium constant 
KH Henry’s constant [g/Pa] 
K0 pre-exponential factor 
k the number of the measured data 
M mass [kg] 
P partial pressure [kPa] 
P0 saturation pressure [kPa] 
PR performance ratio 
q water vapor uptake [g/g] 
q* equilibrium water vapor uptake [g/g] 
Q heat transfer rate [W] 
Qst isosteric heat of adsorption [W] 
R universal gas constant [kJ/kmol⋅K] 
Rp average radius of the adsorbent grains [m] 
R2 coefficient of determination 
SCC specific cooling capacity [RT/tonne] 
SDWP specific daily water production [m3/tonne⋅day] 
tcycle cycle time [s] 
T temperature [K] 
U overall heat transfer coefficient [W/m2⋅K] 
v specific volume [m3/kg] 
X concentration [kg/kg] 
x the number of beds 
ΔH isosteric enthalpy of adsorption [J/mol] 
Δq net equilibrium adsorption capacity [g/g] 
ṁ mass flow rate [kg/s] 

Greek letters 
α coefficient related to thermal variation in water vapor 

uptake and heterogeneity [J/mol] 
β coefficient related to thermal variation in water vapor 

uptake and heterogeneity [J/mol] 
ε relative error [%] 
θ adsorbent structural heterogeneity parameter 
τ number of cycles per day 

Subscript 
a adsorbate 
ad adsorbent 
ads adsorption 
avg average 
calc calculated 
chilled chilled water 
cond condenser 
condcw cooling water at condenser 
cw cooling water 
d distillated 
des desorption 
evap evaporator 
g gas 
HX heat exchanger 
hw hot water 
L Langmuir 
m micropore 
max maximum 
meas measured 
S Sips 
s surface 
sw seawater  
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of the FAM-Z series for predicting the performance of adsorption sys
tems. In addition, few studies have evaluated AD performance with 
respect to key operating parameters (i.e., hot and chilled water tem
peratures and cycle times) using all FAM-Z series (i.e., FAM-Z01, -Z02, 
and -Z05). 

This study presents detailed experimental and theoretical ap
proaches for evaluating the performance of the AD cycle. The applica
bility of zeolites (i.e., FAM-Z series with AFI and CHA types) as an 
adsorbent for the AD cycle was demonstrated through a comparison 
with the performance of AD using silica gel (i.e., NS10). The potential for 
applying an extremely low-grade (<55 ◦C) waste heat commonly found 
in industrial plants and solar energy was also evaluated. First, the 
physical properties of the zeolites were rigorously analyzed using the 
adsorption and desorption isotherms of argon at 87 K, eliminating the 
possibility of interaction with surface functional groups or exposed ions. 
This was followed by an evaluation of water vapor adsorption isotherms 
over a wide relative pressure range (0 < P/P0 < 0.8) at temperatures of 
between 20 ◦C and 80 ◦C, and the adsorption characteristics of the FAM- 
Z series were thoroughly investigated. To satisfactorily fit the unusual 
adsorption isotherm (i.e., low adsorption at low pressure followed by a 
rapid water vapor uptake for FAM-Z01 and FAM-Z05, and high 
adsorption at low pressure followed by asymptotic water vapor uptake 
for FAM-Z02) and adsorption isotherm of NS10 with mesoporous char
acteristics, modified Do–Do and hybrid Langmuir–Sips isotherm models 
are proposed. Here, the isotherm model considering the thermophysical 
parameter (i.e., isosteric enthalpy) estimated by Clausius–Clapeyron 
and Henry’s equations was evaluated by comparing the adsorption 
isotherms of the adsorbent. The coefficient of determination (R2) was 
used to assess the degree of fit between the measured isotherm data and 
adsorption isotherm model. The AD performance was evaluated with 
respect to key parameters (i.e., hot and chilled water temperatures and 
cycle times) in terms of the specific daily water production (SDWP), 
specific cooling capacity (SCC), coefficient of performance (COP), and 
performance ratio (PR) using a mathematical model of the AD cycle 
validated through a comparison with the experimental data. 

2. Experimental section 

2.1. Materials 

The structure and crystallinities of the FAM-Z series were determined 
through X-ray diffraction (XRD) (D8 Advance, Bruker, USA) using Ni- 
filtered Cu-Kα radiation (λ = 1.5418 Å) and a step size of 0.02◦ over 
the range of 3◦ < 2θ < 50◦. According to the XRD pattern (Fig. 2a and 
2c), FAM-Z01 and Z05 showed typical features of the AFI structure and 
had a one-dimensional structure [15]. Meanwhile, FAM-Z02 displayed a 
CHA type having a three-dimensional structure with large ellipsoidal 
cages where characteristic diffraction peaks appear at 2θ = 8◦, 16◦, 21◦, 
26◦, and 32◦ (Fig. 2b). Most of the XRD peaks were sharp, indicating that 
the FAM-Z series achieved good crystallinity [14]. 

Morphological and structural analyses were conducted using scanning 
electron microscopy, and the SEM images of the adsorbents are as shown 
in Fig. 3. AFI-type zeolites such as FAM-Z01 and FAM-Z05 are ferroalu
minophosphate (FAPO-5) and aluminophosphate-(AlPO-5) based zeo
types [12]. FAM-Z01 consists of AlO4, PO4, and FeO4 tetrahedra, where Al 
and P atoms are partially replaced by Fe atoms, whereas FAM-Z05 is only 
fabricated using AlO4 and PO4 [16]. The CHA-type zeolite (i.e., FAM-Z02) 
is a silico-aluminophosphate (SAPO-34) zeotype and is composed of AlO4, 
PO4, and SiO4, where Al and P atoms are partially substituted by Si atoms 
[17]. It was clearly observed that AFI-type zeolites have an elongated 
plate structure, whereas CHA-type zeolites have a regular cubic or brick 
structure. Meanwhile, a partial destruction of the plate structure was 
observed (Fig. 3a) for FAM-Z01 owing to its brittleness [14]. NS10 con
sisted of 15 wt% Al2O3 and 85 wt% SiO2. This enabled repeated adsorp
tion and desorption of vapor through improvements in the mechanical 
strength of the silica-based adsorbent [3], and Al2O3 impregnated on the 

Fig. 1. Schematic of equilibrium adsorption isotherms (FAM-Z01 and NS10) 
illustrating the effect of net equilibrium adsorption capacity (Δq) on the per
formance of adsorption desalination and cooling system. The filled and open 
symbols denote the adsorption isotherms at low (i.e., adsorption) and high (i.e., 
desorption) temperatures, respectively. In addition, P/P0 along the transverse 
axis is the relative pressure ratio, defined as the ratio of the water vapor 
pressure to the saturation vapor pressure at the adsorbent temperature. Finally, 
q along the vertical axis is the specific equilibrium water uptake. 

Table 1 
Summary of previous studies on adsorption systems using the FAM-Z series.  

Adsorbent Application Description Performance 

FAM-Z01 
FAM- 
Z02 
FAM- 
Z05 
[17] 

chiller numerical simulation 
2-bed conventional 
adsorption chiller 
system 

SCP: 51 RT/tonne (FAM- 
Z01), 72 RT/tonne (FAM- 
Z02), and 7.5 RT/tonne 
(FAM-Z05) at hot-water 
temperature of 80◦C 
COP: 0.48 (FAM-Z01), 
0.42 (FAM-Z02), and 0.18 
(FAM-Z05) at hot-water 
temperature of 80 ◦C 

FAM-Z01 
[19] 

chiller numerical simulation 
2-bed adsorption chiller 
system 

COP: 0.44 (hot-water 
temperature of 65 ◦C at 
half-cycle time of 400 s) 

FAM-Z02 
[20] 

desalination numerical simulation 
4-bed adsorption 
desalination system 

SDWP: 6.3 m3/ tonne⋅day 
(hot-water temperature of 
85 ◦C at half-cycle time of 
300 s) 
SCP: 53.7 RT/tonne 

FAM-Z02 
[21] 

desalination numerical simulation 
4-bed adsorption 
desalination system 

SDWP: 4.9 m3/ tonne⋅day 
(single stage), 6.64 m3/ 
tonne⋅day (2-stage), and 
12.4 m3/ tonne⋅day (2- 
stage with heat recovery) 
at hot-water temperature 
of 85◦C 
SCP: 43 RT/tonne (single 
stage), 46.6 RT/tonne (2- 
stage), and 32.4 RT/tonne 
(2-stage with heat 
recovery) 

FAM-Z02 
[22] 

chiller experimental 
investigation 
compact chiller for 
automobiles 
2-bed adsorption chiller 
system 

SCP: 117 RT/tonne (hot- 
water temperature of 80◦C 
COP: 0.31 

FAM-Z01 
FAM- 
Z05 
[23] 

chiller numerical simulation 
use of FAM-Z01 (in low 
pressure bed) and -Z05 
(in high pressure bed) 
3-bed adsorption chiller 
system 

COP: 0.36 (hot-water 
temperature of 52 ◦C and 
chilled water temperature 
of 10 ◦C)  
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surface of NS10 was observed (Fig. 3d). 

2.2. Experimental equipment 

2.2.1. Adsorption analyzers 
To investigate the physical properties of NS10, its adsorption and 

desorption isotherms were examined using an analyzer (3Flex, Micro
meritics Instrument Co., USA) with a static volumetric method at 77 K of 
nitrogen; here, NS10 was outgassed at 393.15 K for 6 h under a vacuum 
of 10− 4 Pa prior to the adsorption measurements. Although nitrogen is 
generally accepted as a standard adsorbate for analyzing the physical 
properties of an adsorbent, it yields unsatisfactory results for micropo
rous or polar materials such as zeolites, metal oxides, and MOFs. This is 
because the quadrupole moment of nitrogen can interact with various 
surface functional groups and exposed ions within the adsorbents, 
resulting in uncertainty of the cross-sectional area used for BET surface 
area calculations [25]. By contrast, monoatomic argon has no dipole or 
quadrupole moments, which allows for a consistent orientation on the 
surface of the adsorbent and a clear cross-sectional area. Therefore, the 
International Union of Pure and Applied Chemistry (IUPAC) recom
mended the use of argon to assess the physical properties of microporous 
or polar materials [26,27]. In this study, the adsorption and desorption 
isotherms of the zeolites were investigated using an analyzer (Autosorb 
iQMP, Quantachrome Instrument, USA) at 87 K of argon. 

To evaluate the applicability of the adsorbents in the AD cycle using 
low-temperature heat sources, their water vapor uptake characteristics 
were examined using a volumetric adsorption analyzer (VSTAR2, Anton 
Paar QuantaTec Inc., USA). Here, the water vapor uptake was investi
gated over a wide relative pressure range (0 < P/P0 < 0.8) at tempera
tures of between 20 ◦C and 80 ◦C. Here, the FAM-Z series was outgassed 
at 433.15 K for 6 h under a vacuum of 10-4 Pa prior to the measurements 
of adsorption of argon and water vapor. 

2.2.2. Pilot-scale AD system 
As shown in Fig. 4, the AD system consists mainly of an evaporator 

(component 19), a condenser (component 7), and two beds (i.e., 
adsorber: component 2 and desorber: component 1), each containing 
fin-tube heat exchangers (component 4) filled with adsorbents 
(component 3). The pre-treated (e.g., filtering and deaeration) seawater 
in the deaeration tank (component 16) is fed into the evaporator, and 
high-grade distillate is extracted from the condenser. Here, the seawater 
is fed into the evaporator depending on the amount and level of seawater 
required to sustain a continuous evaporation, and the brine is discharged 
when the concentration reaches a predetermined limit. The evaporation 
of seawater is initiated by the affinity of the adsorbent for water vapor 
and vapor introduced into the adsorber through the vapor line 
(component 5), which is attributed to the driving force (e.g., van der 
Waals force and weak electrostatic force). The vapor is adsorbed on the 
surface of the adsorbent through physical adsorption, and the chilled 
water (component 21) produced by the latent heat of the vaporization 
can be used for the air-conditioning process. The adsorption heat is 
released during the phase change from gas to liquid (i.e., the exothermic 
reaction during physisorption) and removed by the cooling water 
circulating in the tube of the fin-tube heat exchanger in the adsorber. 
This adsorption process was continued over a half-cycle and then 
switched to the preheating mode for transition to the desorption process. 
During the preheating mode, a low-temperature (50 ◦C to 80 ◦C) heat 
source (i.e., hot water) is supplied to the fin-tube heat exchanger of the 
adsorber, which is isolated by closing the vapor lines (components 5 and 
6), thereby increasing the vapor pressure in the adsorber. The kinetic 
energy of the water vapor adsorbed in the adsorbent is increased to 
attain the threshold kinetic energy, and water vapor can desorb from the 
adsorbent; this is called the desorption process. 

The desorbed water vapor traveled from the desorber to the 
condenser through the vapor line (component 6), and the latent heat was 
removed by circulating the cooling water. The desorbed water vapor is 
condensed on the outer surface of the tube bundle in the condenser, and 
high-grade condensate was continuously collected in the freshwater 
collection tank by gravity (component 15). This desorption process was 
continued over a half-cycle until it was switched to the pre-cooling mode 
for transition to the adsorption process. Another bed (component 1) is 
operated following a process that is the reverse of that mentioned above. 

Fig. 2. XRD pattern of FAM-Z series: (a) FAM-Z01, (b) FAM-Z02, and (c) 
FAM-Z05. 
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Thus, the AD system was batch-operated concomitantly with 
adsorption-triggered-evaporation and desorption-activated- 
condensation processes. Fig. 5 shows a pilot-scale two-bed AD system 
using NS10 housed at Hanyang University (Republic of Korea). 

3. Theoretical section 

3.1. Adsorption isotherm models 

Because the adsorption isotherm plays a key role in modeling the 
adsorption system and predicting its performance, it is essential to use 
an adsorption isotherm model that can more accurately predict the 
measured adsorption isotherm of the adsorbent applied to the system. In 
this study, modified Do–Do (AFI-type zeolites) and hybrid Lang
muir–Sips isotherm models (CHA-type zeolite and silica gel) were pro
posed to replicate the equilibrium adsorption isotherms of water vapor 
on the adsorbents. 

Do and Do proposed a model describing water vapor adsorption by 
activated carbon, which is an extremely microporous adsorbent, and the 
model is based on the assumption that adsorption proceeds through a 
two-stage mechanism. First, water molecules are strongly bonded to the 
primary adsorption sites and form a conglomerate of molecules through 
hydrogen bonds [28]. If the number of molecules is equal to six, the 
cluster of five molecules can tear away from the conglomerate and fill 
the micropores, resulting in a steep increase in water vapor uptake. 

However, the size of the clusters is dependent on the pore width and 
distribution of the primary sites, indicating that the cluster size is not 
constant. Thus, Neitsch et al. proposed a modified Do–Do isotherm 
model to generalize the model in such a way that the size of the water 
clusters is variable [28]. The model can be expressed as follows: 

q = qs
Ks
∑N

n=1n(P/P0)
n

1 + Ks
∑N

n=1(P/P0)
n + qm

Km(P/P0)
M

1 + Km(P/P0)
M (1)  

qs = q1exp
(− α

RT

)
(2)  

Ks = K0sexp
(
− ΔHs

RT

)

(3)  

qm = q2exp
(
− β
RT

)

(4)  

Km = K0mexp
(
− ΔHm

RT

)

(5)  

where qs is the water vapor uptake of surface active groups, R is the 
universal gas constant, Ks is the equilibrium constant for chemisorption 
and hydrogen bonding at the primary sites, K0 is the pre-exponential 
factor, N (N ≥M + 1) is the maximum number of water molecules 
adsorbed on the surface sites, P is the partial pressure, P0 is the 

Fig. 3. SEM pictures of the adsorbents: (a) FAM-Z01, (b) FAM-Z02, (c) FAM-Z05, and (d) NS10.  
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saturation pressure corresponding to the temperature of the adsorbent, 
qm is the water vapor uptake by micropores, Km is the micropore equi
librium constant, and ΔHs and ΔHm are isosteric enthalpies for chemical 
reaction and micropore filling, respectively. Here, the isosteric enthalpy 
of the adsorption can be estimated from the adsorption isotherm of 
water vapor using Clausius–Clapeyron (ΔHs) and Henry’s (ΔHm) equa
tions, respectively [12,16]. The Clausius–Clapeyron equation is written 
as follows: 

ΔH
RT

= −

[
∂lnP
∂T

]

q
(6) 

In addition, the isosteric enthalpy of the adsorption is given as 

ln P =

(
ΔH
R

)
1
T
+C (7) 

Meanwhile, a linear behavior is observed in Henry’s region (i.e., P/P0 
≈ 0), and Henry’s isotherm equation can be used to estimate the isosteric 
enthalpy at zero coverage (ΔHm) [12]. 

q = KHP (8)  

ln KH = −

(
ΔH
R

)
1
T

(9)  

where KH is Henry’s coefficient. 
The Langmuir isotherm is the simplest isotherm model that is valid 

for describing micropore filling and monolayer adsorption, the major 
assumptions of which are as follows: (i) Molecules are adsorbed on a 
fixed number of well-defined localized sites, (ii) the adsorption energies 
of all adsorption sites are the same, (iii) there should be no steric hin
drance or lateral interaction between the adsorbed molecules, (iv) 
adsorption occurs on a homogeneous surface where the sorption acti
vation energy and enthalpy are constant through monolayer adsorption, 
(v) all sites should have equal affinity toward the adsorbate, and (vi) the 

adsorption system is in dynamic equilibrium and the adsorption rate is 
the same as the desorption rate [29,30]. The Sips isotherm is a combi
nation of the Langmuir and Freundlich isotherms, and is suitable for 
heterogeneous adsorption, capillary condensation, and saturation 
adsorption (i.e., limited adsorption capacity) [30,31]. Therefore, the 
proposed hybrid isotherm model can reproduce equilibrium adsorption 
isotherms with Langmuir isotherms at low pressure (i.e., micropore 
filling and monolayer adsorption) and Sips isotherms at moderate and 
high pressures (i.e., capillary condensation and saturation adsorption). 
The Langmuir–Sips hybrid isotherm can be expressed as follows: 

q = qLS

(
KL(P/P0)

1 + KL(P/P0)
+

KS(P/P0)
θ

1 + KS(P/P0)
θ

)

(10)  

qLS = qmaxexp
(− α

RT

)
(11)  

KL = K0Lexp
(
− ΔHLS

RT

)

(12)  

KS = K0Sexp
(
− ΔHLS

RT

)

(13)  

θ = θ0exp
(
− β
RT

)

(14)  

where qmax is the maximum water vapor uptake, KL and KS are the 
equilibrium constants, ΔHLS is the isosteric enthalpy of adsorption, and θ 
is the adsorbent structural heterogeneity parameter. 

3.2. Mathematical models of an AD cycle 

The AD system consists primarily of an evaporator, a condenser, and 
two beds (i.e., adsorber and desorber), each containing fin-tube heat 

Fig. 4. Schematic of two-bed AD system (1, desorber; 2, adsorber; 3, adsorbent; 4, fin-tube heat exchanger; 5, 6, vapor line; 7, condenser; 8, cooling water tank; 9, 
cooling water line; 10, heat exchanger; 11, cooling water from cooling tower; 12, hot-water tank; 13, hot-water line; 14, electric heater; 15, freshwater collection 
tank; 16, deaeration tank; 17, seawater supply line; 18, brine circulation line; 19, evaporator; 20, chilled water tank; 21, chilled water line; 22, electric heater). 
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exchangers filled with adsorbents. To evaluate the AD performance, a 
mathematical model was formulated using the mass and energy balance 
of major components such as the evaporator, condenser, adsorber, and 
desorber. The developed mathematical model was then validated 
through a comparison with the experimental results of a pilot-scale AD 
cycle using NS10 (Fig. 5). The assumptions for the development of the 
mathematical model were as follows: (i) a uniform temperature across 
the adsorbent layer, (ii) a uniform adsorption and desorption by the 
adsorbent, (iii) both the adsorbent (silica gel and zeolites) and gas 
phases of the adsorbate (water vapor) are in equilibrium condition, and 
(iv) heat loss to the environment is neglected. 

The overall mass balance of the AD cycle is given by the following: 

dMsw, evap

dt
= ṁsw, in − ṁd, cond − ṁbrine (15)  

where Msw,evap is the mass of the seawater in the evaporator, ṁsw,in is the 
mass flow rate of the feed seawater, ṁd,cond is the distillate in the 
condenser, and ṁbrine is the concentrated brine rejected from the 
evaporator. 

The mass balance of salt in the evaporator of the AD cycle can be 

expressed as follows: 

Msw, evap
dXsw, evap

dt
= ṁsw, inXsw,in − ṁbrineXsw, evap − xMadXd

dqads

dt
(16)  

where Xsw,in and Xsw,evap are the concentrations of the feed and seawater 
in the evaporator, and Xd is the concentration of the water vapor. 

The energy balance of the evaporator in communication with the 
adsorber is given as 

[
Msw, evapcp, sw(Tevap,Xevap) + MHX, evapcp, HX

] dTevap

dt

= ṁsw,inhf (Tevap,Xevap) − xMadhfg(Tevap)

(
dqads

dt

)

+ ṁchilledcp, chilled
(
Tchilled, in

− Tchilled, out
)
− ṁbrinehf (Tevap,Xs, evap)

(17)  

where MHX,evap is the thermal mass of the heat exchanger, Mad is the mass 
of the adsorbent, and qads is the water vapor uptake by the adsorbent. 

The energy balance of the adsorber and desorber is expressed as 

Fig. 5. Pilot-scale (3 kW) two-bed AD system in Hanyang University, Republic of Korea: (a) front and (b) rear views.  
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(
Madcp, ad + MHX, ads/descp, HX + Macp, a

) dTads/des

dt

= ±xMadQst(Tads/des,Pevap/cond)
dqads/des

dt
± ṁcw/hwcp, cw/hw(Tads/des)

(
Tcw/hw, in

− Tcw/hw, out
)

(18)  

where Qst and cp,a are the isosteric heat of adsorption and the specific 
heat of the adsorbed phase, respectively, and can be calculated using the 
following equations: 

Qst = hfg +E
{

− ln
(

q
qmax

)}1/θ

+Tvg

(
∂P
∂T

)

g
(19)  

cp,a = cp,g +

{
1
T
−

1
vg

(
∂vg

∂TP

)

Qst

}

−
∂Qst

∂T

⃒
⃒
⃒
⃒

P
(20) 

The outlet temperature of the water from the heat exchanger was 
estimated using the log mean temperature difference method, which was 
determined from 

Tout = T0 +(Tin − T0)exp
[

− UA
ṁcp(T0)

]

(21)  

where T0 is the temperature of the heat exchanger. 
The adsorption and desorption rates can be computed using the 

linear driving force (LDF) equation: 

dq
dt

=
15Ds0e− E

RT

R2
p

[q* − q(t)] (22)  

where Ds0 is the pre-exponential factor of the efficient water diffusivity, 
E is the activation energy, and Rp is the average radius of the adsorbent 
grains. 

The energy balance of the condenser in communication with the 
desorber was expressed as follows: 

[
Mcondcp(Tcond)+MHX,condcp,HX

]dTcond

dt

=− xhf (Tcond)
dMd

dt
+Madhfg(Tcond)

(
dqdes

dt

)

+ṁcondcwcp,condcw
(
Tcondcw,in− Tcondcw,out

)

(23)  

where qdes is the amount of regenerated water vapor. 
The rejected energy during the adsorption process and the energy 

required for the desorption process are given by the following: 

Qads = ṁcwcp,cw(Tcw)
(
Tcw,out − Tcw,in

)
(24)  

Qdes = ṁhwcp,hw(Thw)
(
Thw,in − Thw,out

)
(25) 

The heat transfer in the evaporator and condenser can be obtained 
through 

Qevap = ṁchilledcp,chilled(Tchilled)
(
Tchilled,in − Tchilled,out

)
(26) 

and 

Qcond = ṁcondcp,condcw(Tcondcw)
(
Tcondcw,out − Tcondcw,in

)
(27) 

To evaluate the performance of the AD cycle, performance indexes 
(SDWP, SCC, COP, and PR) were used. The performance indexes were 
calculated using Eqs. (24)–(27): 

SDWP =
1

tcycle

∫ tcycle

0

Qcondτ
hfg(Tcond)Mad

dt (28)  

SCC =
1

tcycle

∫ tcycle

0

Qevap

Mad
dt (29)  

COP =

∫ tcycle
0 Qevap dt
∫ tcycle

0 Qdes dt
(30)  

PR =
1

tcycle

∫ tcycle

0

Ṁdhfg(Tcond)

Qdes
dt (31)  

4. Results and discussion 

4.1. Characteristics of physical properties 

Fig. 6 shows the adsorption and desorption isotherms of the NS10 
and FAM-Z series using nitrogen at 77 K and argon at 87 K, respectively. 
At extremely low relative pressures (i.e., P/P0 ≈ 0), all adsorbents 
showed a steep increase in the adsorbed volume by micropores. The 
knee of the isotherm where the monolayer adsorption was completed 
and multilayer adsorption began to occur was observed in all adsorbents 
at extremely low relative pressures (i.e., P/P0 ≈ 0). NS10 exhibited a 
notable hysteresis corresponding to capillary condensation, a typical 
characteristic of a mesoporous adsorbent; this corresponds to a type-IV 
isotherm model according to IUPAC [32]. By contrast, zeolites show a 
type-I isotherm, which is a typical characteristic of microporous mate
rials [32]. The Brunauer–Emmett–Teller (BET) method was used to 
calculate the total surface area of the adsorbents. The micropores and 
external surface areas were then determined using the t–method pro
posed by de-Boer [33]. This procedure was identical to that imple
mented in the BET surface area measurement; however, the pressure 
range was extended to higher pressures to estimate the matrix or 
external surface area [33]. The pore volume, mean pore size, and pore 
size distribution were determined using the non-local density functional 
theory (NLDFT) method with a fitting error of 1.62% [34]. The cumu
lative pore volume and pore size distribution curves are shown in Fig. 7. 
The pore size distribution results clearly show that FAM-Z02 (i.e., CHA 
type) has a higher micropore distribution compared to other adsorbents 
(FAM-Z01, Z05, and NS10) [35]. Meanwhile, FAM-Z01 has brittle 
characteristics, which cause an interparticle void volume. Hence, rela
tively mesoporous characteristics were observed in comparison to other 
zeolites (i.e., FAM-Z02 and -Z05). The specific physical properties of the 
adsorbents calculated using the above methods are listed in Table 2. 

4.2. Characteristics of water vapor uptakes 

As shown in Fig. 8, water vapor uptake was investigated over a wide 
relative pressure range (0 < P/P0 < 0.8) at temperatures between 20 ◦C 
and 80 ◦C, and the adsorption isotherms were plotted with respect to a 
partial pressure of below 12 kPa for a higher clarity of typical operating 
relative pressure ranges in the AD cycle. 

At a low relative pressure (e.g., P/P0 < 0.3, at a temperature of 
80 ◦C), the equilibrium water adsorption on FAM-Z01 showed a hy
drophobic characteristic from Henry’s region (Fig. 8a), and the initial 
low adsorption can be considered from the perspective of nonpolar or 
weakly polar surface adsorption [13,15]. A sharp increase in water 
vapor uptake was then observed. This is because hydroxylation (e.g., 
Al–OH) and coordinative adsorption by chemical reactions can provide 
a sufficient number of hydrophilic sites, which can lead to anomalous 
isotherms (i.e., S-shape) [15]. That is, the initial low adsorption at an 
extremely low pressure is the threshold of the required water vapor 
uptake for chemical reactions [15]. The water adsorption isotherms of 
FAM-Z05 (Fig. 8c) were similar to those of FAM-Z01 (i.e., S-shape), 
described as a type-V isotherm. However, a longer hydrophobic length 
was observed because of the absence of Fe atoms, which have a rela
tively higher affinity for water than Al and P atoms [16]. Meanwhile, 
FAM-Z02 (Fig. 8b) exhibited very high adsorption and short hydro
phobic length at low relative pressures (e.g., P/P0 < 0.2, at a tempera
ture of 80 ◦C) compared to AFI-type zeolites owing to its high micropore 
distribution (CHA type) [14,16,35]. In other words, Si atoms (FAM- 
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Z02), which have a very high affinity for water molecules, form small 
pores (i.e., micropores) with the bonds of Al atoms, resulting in a 
stronger interaction between the adsorbate and the adsorbent [14,35]. 
An asymptotic increase in water vapor uptake was then observed in 

FAM-Z02 because water molecules were gradually accommodated in 
larger pores where the adsorption affinity became weaker. Unlike AFI- 
type zeolites, which have a sigmoid adsorption isotherm, FAM-Z02 
exhibited type-IV isotherms. 

Fig. 6. Adsorption and desorption isotherms of (a) nitrogen at 77 K and (b) argon at 87 K. Filled and open symbols represent adsorption and desorption, respectively.  

Fig. 7. Cumulative pore volume and pore size distribution curves of the zeolites and silica gel: (a) FAM-Z01, (b) FAM-Z02, (c) FAM-Z05, and (d) NS10.  
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NS10 (Fig. 8d) showed a marginally steep increase in the water vapor 
uptake by micropore filling at extremely low pressures (P/P0 ≈ 0), and 
the water vapor uptake was then increased linearly with monolayer and 
multilayer adsorption within the moderate pressure range (0.05 < P/ 
P0 < 0.4). A dramatic increase owing to capillary condensation, which is 
a typical feature of mesoporous adsorbents (i.e., type-IV isotherm) at 
high relative pressures (0.4 < P/P0 < 0.6), and an asymptotic increase at 
such pressures (P/P0 > 0.6) approaching the saturation pressure corre
sponding to the adsorbent temperature were sequentially observed. 

4.3. Model verification 

4.3.1. Adsorption isotherms 
A linear plot of ln P versus 1/T with respect to water vapor uptake is 

illustrated in Fig. 9 to predict the isosteric enthalpy, which can be ob
tained from the slopes of the isosteric adsorption curves. The isosteric 
enthalpies (ΔHs) for FAM-Z01 and Z05 were calculated at q/qm = 0.1, 
where a sharp increase was observed through hydroxylation (e.g., 
Al–OH) and coordinative adsorption, as shown in Fig. 8 [16], while the 
isosteric enthalpies (ΔHLS) for FAM-Z02 and NS10 was determined at q/ 
qm = 0.5 calculated using the Clausius–Clapeyron equation. The linear 
plot of ln K versus 1/T for the AFI-type zeolites is shown in Fig. 10. The 
isosteric enthalpies at zero coverage (ΔHm) of FAM-Z01 and FAM-Z05 
were 2773 and 2705 kJ/kg, respectively. 

The parameters used in the adsorption isotherm models were 
calculated using the conjugate gradient method, which is a powerful 
iterative numerical technique for solving linear and nonlinear inverse 
problems of the parameter estimation [36]. The coefficient of determi
nation (R2), the most common objective function for the gradient 
descent algorithm, was used to assess the degree of fit between the 
adsorption isotherm model and the measured isotherm. The coefficient 
of determination can be calculated using the following equation: 

R2 = 1 −
∑k

i=1(qmeas, i − qcalc, i)
2

∑k
i=1(qmeas, i − qmeas)

2 (32) 

Table 2 
Physical properties of the zeolites and silica gel.  

Parameters FAM- 
Z01 

FAM- 
Z02 

FAM- 
Z05 

NS10 

Pore diameter (nm)  0.978  0.830  0.958 2.33 
Pore volume (cm3/g)  0.076  0.341  0.047 0.375 
Micropore volume (cm3/g)  0.043  0.286  0.043 0.114 
BET surface area (m2/g)  91.8  536.7  97.2 586 
Micropore surface area (m2/g)  81.2  464.5  94.9 53 
External (non-micropore) surface 

area (m2/g)  
10.6  72.2  2.3 533  

Fig. 8. Water vapor uptake of the adsorbents: (a) FAM-Z01, (b) FAM-Z02, (c) FAM-Z05, and (d) NS10. The square, triangular, diamond, and circular symbols denote 
the adsorbent temperatures of 20 ◦C, 40 ◦C, 60 ◦C, and 80 ◦C, respectively. 
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with 

qmeas =
1
k
∑k

i=1
qmeas, i (33)  

where k is the number of measured data. 
Fig. 11 shows the equilibrium adsorption isotherm of water vapor on 

the adsorbents, where the symbols and solid lines represent the 
measured and predicted results (the modified Do–Do and hybrid Lang
muir–Sips isotherms), respectively. For AFI-type zeolites, the modified 
Do–Do isotherm model can provide a good fit at a low relative pressure 
(i.e., Henry’s region) and accurately capture the steep increase in the 
water vapor uptake by chemical reactions (i.e., hydroxylation and 
coordinative adsorption). Namely, the predicted results when using Eq. 
(1) with nine parameters (q1, α, K0s, K0m, ΔHS, ΔHM, N, q2, and β), as 
shown in Table 3, showed a reasonable agreement with the measured 
data over a pressure ranging from 0 to 12 kPa at a temperature of 20 ◦C 
to 80 ◦C. Here, seven parameters (q1, α, K0s, K0m, N, q2, β) were regressed 
to fit the measured adsorption isotherms using the conjugate gradient 
method, and isosteric enthalpy (ΔHS and ΔHM) was calculated using 
Clausius–Clapeyron and Henry’s equations, respectively. The R-squared 
values of the modified Do–Do isotherm model were 0.984 (FAM-Z01) 
and 0.986 (FAM-Z05), respectively. The hybrid Langmuir–Sips isotherm 
model using the isosteric enthalpy (ΔHLS) calculated through the Clau
sius–Clapeyron equation and five regression parameters (α, K0L, K0S, θ0, 
and β) has been shown to accurately capture the adsorption isotherms of 
CHA-type zeolites. The model can replicate the high adsorption capacity 
owing to the presence of Si atoms at low pressure using the Langmuir 
isotherm model and the asymptotic increase in water vapor uptake 
occurring from multilayer adsorption at moderate pressure when using 

Fig. 9. Linear plot of ln P versus 1/T at different water vapor uptakes: (a) FAM-Z01, (b) FAM-Z02, (c) FAM-Z05, and (d) NS10.  

Fig. 10. Linear plot of ln K versus 1/T for FAM-Z01 and FAM-Z05.  
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the Sips isotherm. The model is also applicable for describing the 
equilibrium adsorption isotherm of a silica gel (i.e., mesoporous adsor
bent) such as micropore filling, monolayer and multilayer adsorption, 
and capillary condensation. The R-squared values of the hybrid Lang
muir–Sips isotherm model were 0.990 (FAM-Z02) and 0.998 (NS10), 
respectively. Therefore, the two proposed models are capable of 
covering the adsorption characteristics of water vapor on the adsorbents 
over the expected working pressure ranges in the AD cycle. 

4.3.2. AD cycle 
The temporal pressure profiles in the AD cycle using NS10 and SDWP 

were investigated under specific operating conditions (Fig. 12), and the 
hot, cooling, and chilled water temperatures were maintained at 80 ◦C, 
25 ◦C, and 20 ◦C, respectively, and the other parameters used in the 
simulation are as described in Table 4. The AD system was batch- 
operated concomitantly with the adsorption-triggered-evaporation and 
desorption-activated-condensation processes. The vapor pressure is 
increased (adsorber) and decreased (desorber) during the pre-heating 
and cooling modes for the transition to the desorption and adsorption 
processes, respectively, and the pressure profile agrees well with that of 
the experimental results (Fig. 12a). Meanwhile, the SDWP decreased at a 
relatively short cycle time because the desorption process had not been 
sufficiently completed, and a low SDWP was also observed at a relatively 
longer cycle time owing to a high adsorption rate at the beginning 
[3,37]. The predicted SDWP also showed good agreement with the 

experimental results, within a maximum relative deviation of 2.3% 
(Fig. 12b). 

4.4. Performance evaluation 

It is widely known that the silica gel and MOFs show the limited 
performance and applicability for the AD cycle because of their low net 
equilibrium adsorption capacity and weakness for water, respectively. 
In this study, the AD performance of commercial zeolites (i.e., FAM-Z 
series with AFI and CHA types) was investigated with respect to the 
key parameters (i.e., hot- and chilled-water temperatures). To investi
gate the possibility of using zeolite as an adsorbent in the AD cycle, the 
AD performance using the FAM-Z series was compared with that using 
silica gel. This applicability was also investigated for the potential 
application of the AD cycle powered by the extremely low-grade waste 
heat (e.g., 55 ◦C) commonly found in industrial plants and solar energy. 

The effect of the hot-water temperature on the performance was 
investigated (Fig. 13); here, the other parameters remained constant 
(Tchilled,in = 20 ◦C, Tcw,in = 25 ◦C, and thalf-cycle = 636 s). The results 
revealed that the AD performance (i.e., SDWP, SCC, COP, and PR) 
increased with the hot-water temperature for the zeolites. The saturation 
vapor pressure (P0) corresponding to the adsorbent temperature 
increased as the hot-water temperature increased, resulting in a low 
relative pressure (Pdes/P0) during the desorption process [3,17]. Hence, 
the equilibrium water vapor uptake decreased during the desorption 

Fig. 11. Equilibrium adsorption isotherm of water vapor on (a) FAM-Z01, (b) FAM-Z02, (c) FAM-Z05, and (d) NS10. The symbols and lines denote the measured and 
predicted results (modified Do–Do isotherm model for FAM-Z01 and Z05 and hybrid Langmuir–Sips isotherm model for FAM-Z02 and NS10), respectively. 
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process, and thus an increase in the net equilibrium adsorption capacity 
(i.e., increase in the performance) was observed as the hot-water tem
perature increased [3,17]. However, AFI-type zeolites have inflection 
temperature points where the performance (especially COP and PR) 
deteriorates at temperatures ranging from 55 ◦C to 65 ◦C. This is because 

as hot-water temperature increases (>65 ◦C), the increase in heat 
consumed during the desorption process is much greater than the in
crease in cooling capacity and freshwater production caused by the in
crease in net equilibrium adsorption capacity owing to the nature of S- 
shape isotherms [17]. In contrast, nearly consistent performance (i.e., 
SDWP and SCC) was observed at hot-water temperatures (>65 ◦C) 
owing to the adsorption characteristics dominated by the Henry’s region 
(P/P0 < 0.2) [17]. Consequently, the results indicate that AFI-type zeo
lites can be efficiently regenerated through a low-grade heat source in 
the desorption process owing to their unusual isotherms (i.e., S-shape). 
Among the AFI-type zeolites, FAM-Z05 showed a relatively high per
formance compared to other adsorbents at extremely low regeneration 
temperatures (<62 ◦C) because the relatively long hydrophobic length 
owing to the absence of FeO4 can result in a low adsorption capacity at 
low regeneration temperatures. Meanwhile, a steep increase in the 
performance of the CHA-type was represented with respect to the hot- 
water temperature because the adsorption capacity during the desorp
tion process decreased dramatically with an increase in the regeneration 
temperature owing to the CHA-type structure; that is, the large number 
of small pores (i.e., micropores) formed by the bonds of Si and Al atoms 
cause a short hydrophobic length and a steep increase in adsorption 
capacity at low relative pressures (P/P0 < 0.2), resulting in a high net 

Table 3 
Modified Do–Do and hybrid Langmuir–Sips isotherm models for water vapor 
adsorption on FAM-Z series and silica gel.  

Isotherm model Adsorbent Parameters Values 

Modified Do–Do isotherm model FAM-Z01 q1 (g/g) 2.733 × 10− 2 

α (J/mol) 2.967 × 103 

ln (K0s) 4.514 × 104 

ln (K0m) 5.126 × 104 

ΔHs (J/mol) − 5.201 × 104 

ΔHm (J/mol) − 4.991 × 104 

N 17 
M 8 
q2 (g/g) 1.32 × 10− 1 

β (J/mol) 8.575 × 102 

R2 0.984 
FAM-Z05 q1 (g/g) 2.001 × 10− 2 

α (J/mol) − 12.967 
ln (K0s) 4.954 × 104 

ln (K0m) 8.242 × 103 

ΔHs (J/mol) − 4.933 × 104 

ΔHm (J/mol) − 4.869 × 104 

N 28 
M 10 
q2 (g/g) 2.294 × 10− 1 

β (J/mol) 16.599 
R2 0.986 

Hybrid Langmuir–Sips isotherm 
model 

FAM-Z02 qmax (g/g) 0.423 
α (J/mol) 5.267 × 103 

ln(K0L) 6.933 × 104 

ln(K0S) 4.779 × 104 

ΔHLS (J/ 
mol) 

− 5.821 × 104 

θ0 6.212 
β (J/mol) 2.853 × 103 

R2 0.990 
NS10 qmax (g/g) 0.339 

α (J/mol) 1.375 × 103 

ln(K0L) 4.169 × 104 

ln(K0S) 4.602 × 104 

ΔHLS (J/ 
mol) 

− 4.716 × 104 

θ0 18.520 
β (J/mol) 3.322 × 103 

R2 0.998  

Fig. 12. (a) Temporal pressure profile in adsorber and desorber and (b) SDWP with respect to cycle time (Thot,in = 80 ◦C, Tcw,in = 25 ◦C, Tchilled,in = 20 ◦C, and 
thalf-cycle = 636 s). 

Table 4 
Operating conditions of the two-bed AD cycle.  

Mass Madsorbent (kg) 28 
Mcond (kg) 2 
Mevap (kg) 66 

Thermal mass MHX,ads/desCp,HX (kg/K) 144.70 
MHX,evapCp,HX (kg/K) 42.82 
MHX,condCp,HX (kg/K) 38.6 

Overall heat transfer coefficient Uads (W/m2K) 250 
Udes (W/m2K) 240 
Uevap (W/m2K) 1715 
Ucond (W/m2K) 2658 

Heat transfer area Aevap (m2) 0.79 
Acond (m2) 1.56 
Aads/des (m2) 19.72 

Mass flow rate ṁchilled(kg/s)  0.28 
ṁcondcw(kg/s)  0.60 
ṁcw(kg/s)  0.57 
ṁhw(kg/s)  0.67 

Temperature Tcw,in (◦C) 25 
Tchilled,in (◦C) 20 
Thot,in (◦C) 80  
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equilibrium adsorption capacity (i.e., high performance) at high hot- 
water temperatures (>74 ◦C). NS10 also showed that SDWP and SCC 
increased with an increase in the hot-water temperature, but the COP 
and PR decreased with hot-water temperature. This is because the in
crease in heat consumed during the desorption process is much greater 
than the increase in cooling capacity owing to the linear increase in net 
equilibrium adsorption capacity [38]. 

As a result, FAM-Z01 is superior to FAM-Z02 and silica gel within the 
temperature range of 54 ◦C to 74 ◦C, whereas FAM-Z02 is advantageous 
for AD cycles using relatively high regeneration temperatures (>74 ◦C). 
Meanwhile, FAM-Z05 showed a relatively high performance compared 
to other adsorbents, demonstrating its potential as an adsorbent for AD 
cycles driven by an extremely low-grade heat source (i.e., Tho

t,in < 55 ◦C). Consequently, AFI- and CHA-type zeolites are promising 
adsorbents for adsorption desalination and cooling systems with low- 
grade and high-grade heat sources, respectively. Here, the maximum 
performance of the FAM-Z series (SDWP, SCC, COP, and PR, respec
tively) was as follows: 8.13 m3/tonne⋅day, 59.56 RT/tonne, 0.41, and 
0.43 (FAM-Z01); 10.27 m3/tonne⋅day, 75.87 RT/tonne, 0.40, and 0.40 
(FAM-Z02); and 7.89 m3/tonne⋅day, 58.33 RT/tonne, 0.47, and 0.49 
(FAM-Z05) under the specified operating conditions. 

The influence of chilled-water temperature ranging from 10 ◦C to 
30 ◦C on AD performance was identified (Fig. 14). The other parameters 
remained constant (Thot,in = 55 ◦C, Tcw,in = 25 ◦C, and thalf-cycle = 636 s), 
and the specific operating conditions used in the simulation are as listed 
in Table 4. The results indicate that the performance (i.e., SDWP, SCC, 
COP, and PR) increased with an increase in the chilled water tempera
ture. This is because the vapor pressure in the evaporator (Pads ≈ Pevap) 
increased with an increase in the chilled water temperature, which in 

turn resulted in an increase in the relative pressure (Pads/P0) during the 
adsorption process, and consequently increased the net equilibrium 
adsorption capacity (Δq) [3,39]. In addition, although relatively large 
amounts of water vapor were desorbed, the water vapor pressure of the 
desorber (Pdes/P0) increased slightly because the saturation vapor 
pressure (P0) corresponding to the temperature of the adsorbent was 
considerably high. However, the AD performance was relatively insen
sitive to the chilled-water temperature for FAM-Z01. This is because the 
water vapor uptake gradient (Δq/ΔP) with respect to the vapor pressure 
is nearly consistent with the adsorption (Δqads/ΔPads) and desorption 
(Δqdes/ΔPdes) process owing to the relatively short hydrophobic length 
(Fig. 8a). Meanwhile, a relatively rapid improvement in the perfor
mance was observed in FAM-Z05 and NS10 with respect to the chilled- 
water temperature. This is because a steep increase in the adsorption 
capacity of FAM-Z05, attributed to a relatively longer hydrophobic 
length, and a rapid increase in the adsorption capacity of NS10 caused 
by multilayer adsorption and capillary condensation were observed 
during the adsorption process (Fig. 8c and 8d). Although FAM-Z02 
showed linear performance improvements over a wide range of 
chilled-water temperatures, it demonstrated the lowest performance 
owing to the extremely high energy required for desorption [40]. For 
low-grade heat sources (Thot,in = 55 ◦C), FAM-Z05 is superior to FAM- 
Z02 and NS10 because of its high net equilibrium adsorption capacity 
owing to the relatively long hydrophobic length of the sigmoid 
adsorption isotherm. Meanwhile, FAM-Z01 showed a relatively higher 
performance than FAM-Z05 at low chilled water temperatures (Tchille

d,in < 13 ◦C) because it has a short hydrophobic length and can induce a 
high adsorption capacity during the adsorption process. Consequently, 
AFI-type zeolites showed that FAM-Z01 and -Z05 can be used for district 

Fig. 13. (a) SDWP, (b) SCC, (c) COP, and (d) PR with respect to hot-water temperature (Thot,in = 50 ◦C to 80 ◦C, Tcw,in = 25 ◦C, Tchilled,in = 20 ◦C, and thalf-cycle = 636 s). 
The triangle, square, circle, and diamond symbols represent the FAM-Z01, FAM-Z02, FAM-Z05, and NS10, respectively. 
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cooling (Tchilled,in > 13 ◦C) and residential space cooling (Tchille

d,in < 13 ◦C) with low-grade heat sources (Thot,in = 55 ◦C), respectively 
[3]. The highest performance of the zeolites (SDWP, SCC, COP, and PR, 
respectively) was as follows under specific operating conditions of 
5.27 m3/tonne⋅day, 37.22 RT/tonne, 0.36, and 0.39 (FAM-Z01); 
2.43 m3/tonne⋅day, 17.50 RT/tonne, 0.20, and 0.21 (FAM-Z02); and 
8.58 m3/tonne⋅day, 62.82 RT/tonne, 0.50, and 0.52 (FAM-Z05). 

Fig. 15 shows the performance (i.e., SDWP and COP) of the AD cycle 
over the cycle time (thalf-cycle = 136 to 736 s) using a low-grade heat 
source (Thot,in = 55 ◦C to 65 ◦C); here, the other parameters remained 
constant (Tchilled,in = 20 ◦C and Tcw,in = 25 ◦C). It was noted that rela
tively low SDWP was observed for all adsorbents at relatively short and 
long cycle times owing to the insufficient and excessive desorption 
process. In addition, as the hot-water temperature increased, the kinetic 
energy of the water vapor trapped in the adsorbent pores reached the 
threshold kinetic energy more rapidly, slightly reducing the cycle time 
at which maximum SDWP was achieved (NS10, FAM-Z01 and -Z02) [3]. 
In contrast, FAM-Z05 showed that the cycle time to achieve maximum 
SDWP increases with increasing hot-water temperature. Despite the low 
regeneration temperature of FAM-Z05 (<55 ◦C), increasing the regen
eration temperature slightly increases the net equilibrium adsorption 
capacity and increases the residual thermal energy from the previous 
desorption process; this will slightly increase the cycle time required to 
remove it. Meanwhile, COP asymptotically increases with cycle time; 
this is because, with increasing cycle time, the linear increase in heat of 
desorption is less than the asymptotic increase in the cooling capacity of 
all adsorbents. 

5. Conclusions 

This paper presents detailed experimental and theoretical ap
proaches for the assessment of the applicability of the functional 
adsorption material zeolite (i.e., FAM-Z series) for adsorption desali
nation cum cooling systems, and the following results were achieved.  

• The modified Do–Do and hybrid Langmuir–Sips isotherm models 
were proposed to satisfactorily fit anomalous stepwise isotherms of 
the FAM-Z series and the adsorption isotherms of silica gel with 
mesoporous adsorption characteristics. The parameters used in the 
isotherm model were regressed using the conjugate gradient method, 
and the isosteric enthalpy was calculated using the Clausius–Cla
peyron and Henry equations. The coefficient of determination (R2) 
was observed to be above 0.984, indicating that the proposed 
isotherm models showed consistency with the measured isotherm 
data. The mathematical model was formulated to evaluate the AD 
performance, and the model results exhibited good agreement with 
the experimental results; here, a maximum relative error of 
approximately 2.3% in terms of SDWP was shown. 

• The results revealed that AFI- and CHA-type zeolites were advanta
geous for adsorption desalination and cooling systems with low- 
grade and high-grade (>74 ◦C) heat sources, respectively. FAM-Z05 
exhibited a relatively high performance compared to other adsor
bents owing to its relatively long hydrophobic length of the sigmoid 
adsorption isotherm, demonstrating its high potential as an adsor
bent for AD cycles driven by extremely low-grade heat sources 
(<55 ◦C). In addition, FAM-Z01 and Z05 showed the applicability of 

Fig. 14. The effects of the chilled water temperature on the (a) SDWP, (b) SCC, (c) COP, and PR (Thot,in = 55 ◦C, Tcw,in = 25 ◦C, Tchilled,in = 10 ◦C to 30 ◦C, and thalf- 

cycle = 636 s). The triangle, square, circle, and diamond symbols represent the FAM-Z01, FAM-Z02, FAM-Z05, and NS10, respectively. 
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district cooling (Tchilled,in > 13 ◦C) and residential cooling (Tchille

d,in < 13 ◦C) with low-grade heat sources (Thot,in = 55 ◦C), 
respectively. 
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