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Abstract
Adsorption-based desalination (AD) is an emerging concept to co-generate distilled fresh water
and cooling applications. The present study is aimed to provide a comprehensive review of the
adsorption desalination systems and subsequent hybridization with known conventional cycles
such as the multiple-effect AD (MED), solar regenerable, integrated evaporator-condenser
cascaded, and ejector integrated systems. The systems are investigated for energy consumption,
productivity enhancement, and performance parameters, including production cost, daily water
production, and performance coefficient. Comprehensive economic aspects, future challenges, and
future progress of the technologies are discussed accordingly to pave researchers' paths for
technological innovation. Traditional AD systems can produce specific daily water production of
25 kg per kg of adsorbent. The solar adsorption desalination-cooling (ADC) showed a promising
specific cooling power of 112 W/kg along with a COP of 0.45. Furthermore, for a hybrid MEDAD
cycle, the gain output ratio (GOR) and performance ratio (PR) is found to be 40%, along with an
augmented water production rate from 60% to two folds. The AD technology could manage the
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high salinity feed water with the production of low salinity water with a reasonable cost of
US$0.2/m3,

Keywords: Adsorption desalination; adsorbent-adsorbate pairs; technologies; economic aspects;

system performance.
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1. Introduction

Water scarcity and its unbridled contamination are pressing issues that inscribe the world
population to curb this grave scenario. By 2050, around 6 billion population is expected to be
afflicted by water scarcity [1]. Freshwater is an exiguous resource that makes up only 0.75% of
the total quantity on earth readily available for human consumption, and 7.75% is stored in glaciers
and ice caps, while the remaining 97.5% is saline water [2]. The exponential population growth,
urbanization, rapid industrialization, climate change, and contamination of freshwater resources
pose a threat and lead towards a severe global challenge to ample provision of potable freshwater
[3]. It is high time to address the issue and consider the solemnness of posed challenges in this
situation. Existing resources of freshwater do not satisfy the water consumption patterns. It is
hence escalating the demand for freshwater. Alternative methods are employed to surmount the
challenges. It is rudimentary to address the water scarcity with saline water desalination.
Therefore, this method has been scientifically proved to be worth adopting, and the water industry
has become increasingly reliant on desalination techniques as it could be the most feasible option.
The desalination technique has evolved as a non-conventional alternate to counteract the challenge
of scarce freshwater resources by efficiently using abundant saline water resources [4]. The global
daily desalination capacity is 95 million cubic meters/day (MCM/d) or 38 billion cubic meters
(BCM/yr.) with an annual consumption of 75.2 TWh [5]. Researches have been carried out,
resulting in various membrane and thermal distillation systems to satisfy the water requirements.
According to a study by OECD [6], the global water demand is projected to escalate from 3500
km?3 to 5500 km?® from 2000 to 2050, which records an increment of 55%, as presented in Fig. 1.
The manufacturing industry is found to be the primary cause of growing demand.

The variation in water utilization pattern disrupts the global water demand as a large amount
is returned to the mainstream after use. Thus, depending on the quality of water, the remaining
quantity is offered to be used downstream. It is also projected that by 2050, with the lack of new
policies, there will be a significant shift in water use, causing water demand [6]. The growing water
demand can be addressed by the desalination of seawater or treating the wastewater. Seawater
desalination can be the ultimate suitable process for some countries where direct wastewater reuse
is insufficient to fill the shortfall. In the past 20 years, the rise in the adoption of desalination
technology has opened doors to satisfy the global water demand. It is expected that the installation

and adoption of desalination technologies will be two folds by 2030, as shown in Fig. 2. Currently,
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19,500 desalination plants are operating in 150 countries, having a production capacity of 100

million m%/day, against the demand of 300 million people globally [7].
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Fig. 1. Global blue water demand from 2000 to 2050, reproduced from [6].
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Fig. 2. Global desalination capacity of installed desalination technologies, trend, and projection
from 1985 to 2030, reproduced from [7].
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The technologies are classified, such as thermal desalination system that includes multi-stage
flash (MSF) or multi-effect distillation, providing around 18% and 17% of the global desalination
capacity. However, the membrane desalination systems include nano-filtration (NF) and reverse
osmosis (RO) that employ 3% and 69% of the global desalination capacity, respectively [8]. These
technologies are mainly adopted for large capacities [9], and most large-scale systems such as RO
and MSF are driven by fossil fuels having a large carbon footprint. The adsorption desalination
showed distinguished advantages over the other desalination options, which includes: (i) ability to
utilize solar heat or low-grade waste energy at a temperature lower than 100°C, (ii) reduced
maintenance cost due to simple construction and no significant moving parts, (iii) opportunity to
use commonly available environment-friendly adsorbent/adsorbate pairs, i.e., silica gel/water, (iv)
zero carbon footprint and emission reduction for greenhouse gases, (v) employment of controlled
corrosion and fouling rate on evaporator tubes material due to accruing of seawater evaporation at
comparatively reduced temperature (around < 35°C), (vi) the ability to cogenerate freshwater
along with cooling power, (vii) reduced electricity consumption of about 1.0-1.5 kW/m? [10-15].
The refrigeration technologies, along with their manufacturers, are summarized in Fig. 3. Several
companies manufacture solar refrigeration machines using adsorption/absorption concepts with a
power rating ranging from 5 kW to 200 kW. The most commercialized systems possess the power
of less than 50 kW and employ H2O/LiBr operating fluid and falling in the category of absorption

technology. The technologies mainly presented belong to German or Asian markets [16].
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Fig. 3. A general representation of solar refrigeration technologies and associated power rating
using adsorption/absorption concepts with their subsequent global manufacturers, reproduced
from [16].

Apart from the benefits, the AD technologies possess some drawbacks of low system
performance in terms of cooling capacity and COP. As a result, it has received little consideration
from researchers in the past but has recently gained considerable importance because of its ability
to be separable at low temperatures from driving heat source temperatures [17—20]. For example,
desiccant air-conditioning (AC) involves adsorbate and water for the dehumidification process of
process air [21,22]. The central systems included are desiccant [23-25], adsorption [26-28], and
absorption technologies [29-32].

In 1984, one of the earliest units of adsorption desalination system was reported by Broughton
[33][10]. It was a two-bed thermal adsorption desalination system for which simulations were
performed. Several other developments were also made with the purpose of performance
enhancement of the system. Zejli et al. [10,14] reported a multi-effect desalination (MED) system
coupled with an adsorption heat pump utilizing zeolite/water pair. The heat pump coupled multi-
effect desalination unit uses internal heat recovery to supply steam and seawater to the MED unit.
A three-effect desalination system design with an evaporator sandwiched between two adsorption

beds was proposed [10]. In this regard, the second bed utilizes the heat rejected from one bed
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directly without processing because the second bed needs high-temperature thermal energy. Ng et
al. [10,13], and Wang and Ng [15] have presented the performance evaluation of a four-bed
adsorption desalination plant using silica gel/water. The same research group has reported specific
daily water production of 4.7 kg per kg of silica gel for an adsorption desalination plant utilizing
cooled water [13].

The adsorption desalination (AD) cycle works on two main processes: (i) the adsorption-
evaporation process and (ii) the desorption-condensation process [10,34-39]. In the first cycle of
the process, the adsorbent absorbs the vapors generated in the evaporator. Seawater is sprayed over
the tube bundle in the evaporator while the refrigerant circulation occurs [40]. The two significant
outputs are produced simultaneously by the adsorption cooling and desalination cycle. These
outputs are obtained using a multi-bed arrangement [10,41]. It is to note that the closed cycles of
air and water aids to significantly increase the energy recovery since the energy provided as input
is utilized to heat water and is preserved during the process [42]. The gas and water valve delay
ensures a conventional heat recovery scheme [43]. There is another type of energy recovery
scheme that involves both mass and heat recovery processes. The second category is attained
through the pressure equalization process for the pre-cooling and pre-heating beds. Hence, the
adsorption and desorption processes are both improved [15,43-46]. The brine lowers the input
energy requirement for feedwater heating, and then processed air is used for preheating water
within the dehumidifier. Heat recovery in an advanced AD cycle is attained either by the water run
around the condenser and evaporator or a device consisting of an enclosed evaporator and
condenser [47-50]. Despite the large consumption of energy, reduced productivity has gained

researchers' attention. Thereby, a few solutions are discussed accordingly in this study.
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Fig. 4. Schematic diagram of a conventional adsorption desalination system.

The conventional adsorption desalination system is shown in Fig. 4, which consists of three
major design components, i.e. (i) copper-nickel or stainless steel evaporator to prevent erosion, (ii)
the reactor consisting of silica gel packed heat exchanger tubes, and (iii) condenser for water
vapors condensation. The desalination system requires an intrinsic minimum available energy and

is known to be an energy-intensive process [43,51-53].
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process.

A thermodynamic cyclic process for an adsorption desalination system is represented in Fig.
5. First, the process from 1 to 2 undergoes an isosteric heating process, which goes to desorption
from processes 2 to 3, also known as the isobaric heating process. Then, the isosteric heating occurs
from 3 to 4, followed by adsorption, known as isobaric cooling. The PTX diagram is presented
where -1/T is plotted on the x-axis and InP is plotted on the y-axis. Where X is the amount (kg of
adsorbate per kg of adsorbent) of adsorbed adsorbate by the adsorbent at equilibrium conditions,
it is helpful to depict the thermodynamic cycle of an adsorption desalination system (ADS), where
Xmin, Xmax, Tads, and Tgen represent the minimum and maximum amount of water adsorbed and the
temperature at which the desorption and adsorption process takes place, respectively [54].

Adsorption working pairs, e.g., silica gel-water, are the necessitous components in the
adsorption system. While comparing silica gel-water and zeolite-water adsorption working pairs,
silica gel has a structure of dehydrated polymeric colloidal silica acid along with the pattern of
SiO2. nH20. The spherical particles of amorphous material are 2-20 nm in size, which form the
silica by sticking with each other [55]. Silica gel is a preferred adsorbent due to its ability to take
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up a reasonable amount of water (up to 40% by mass) [56] without considerable change in volume
or structure and capacity to release water when mildly heated [57]. Systems with two or more beds
are used in the literature [58] regarding the improvement in energy efficiency, and several studies
have also reviewed AD systems.

For instance, a technical review [58] is presented on MSF and MED desalination configurations
and processes, along with prevalent adsorption mechanisms and low-cost adsorbent materials. The
regeneration of saturated adsorbent and study of the physisorption or different mechanisms for
effective adsorption is recommended. Ng et al. [59] reported low-cost thermal desalination systems
based on pilot-scale experiments and life cycle cost analysis. The study recommends life cycle
costing (LCC) for the comparison of desalination technologies. Shahzad et al. [60] have also
studied the recent developments of the AD theory cycle and conventional MED-AD cycles. The
study analyzed different MED cycles while highlighting the critical role of AD cycle hybridization
with proven cycles, i.e., the MED cycle. For significant improvement in the yield of water
production, it is concluded that the UPR of the MED-AD cycle is the highest of all technologies
with furthermore projection of lowered water production LCC. Analysis of various AD systems
[10] for productivity improvements and proposed solutions for improving system and energy
efficiency is performed. Accordingly, recently developed working pairs used in different
configurations of AD systems are compared. Cooling power and water production mainly depend
on the adsorbent's adsorption rate and adsorptive ability, making the working pair a crucial design
parameter. Technological advancements in renewable energy sources assisted AD systems were
investigated [34]. It reports the different adsorption desalination-cooling systems, solar thermal
energy driven by ADS, waste heat-driven adsorption cooling cum desalination cycle, and AD cycle
with internal preheat recovery.

A review on adsorption working pairs for adsorption cooling was presented in 2009 [61].
Accordingly, the study of composite adsorbents [62—-64] was boosted about 20 years ago [65] with
the aim to improve the heat/mass transfer performance by the adsorbents [63,64,66,67]. With the
combination of some porous material and the chemical adsorbent yields, these adsorbents such as
carbon fiber, activated carbon, graphite are commonly employed [63,68]. Similarly, a study was
conducted for the investigation of water vapor adsorption capacity onto activated carbon fiber
(ACF), activated carbon powder (ACP), and silica-gel [69]. As a result, the silica gel found an
appropriate adsorbent for desalination [69].
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Consequently, the thermophysical properties of commonly used adsorbents are presented in

Table 1. Extensive studies have been carried out to investigate adsorption isotherms of various

pairs [22,41,48,59,70-79]. The fundamental equations of adsorption isotherm models are

summarized as presented in Table Al. It can be observed in the literature that there is a distinction

in the adsorption mechanisms exhibited by different isotherm models. The possible adsorption

mechanisms are unknown, and thereby the isotherms aids in the determination of adsorption

mechanisms. Consequently, this study deals with the theoretical and experimental understanding

of adsorption desalination technologies concerning performance parameters, comparative analysis,

economic aspects, and future challenges.

Table 1. The thermophysical properties of commonly used adsorbents in the literature for

adsorption desalination.

Working Pair  |BET surface |Pore volume |Pore diameter |Maximum Reference
area (m2/g) | (m3/kg) (nm) capacity (kg/kg)

Silica gel 636.4 327 x 104 [1.32 0.32 [70]

2560/water

Silica gel 838 40 x 104 2.20 0.30 [80]

RD/water

Fuji silica gel 707 34 x 104 1.92 0.37 [39]

2060/water

Fuji silica gel 780 4.4 x 1074 2.24 0.48 [39]

RD/water

Silica gel 863.6 489 x104 |1.38 0.48 [70]

At*/water

AQSOA- 187.1 0.7 x 1074 1.176 0.22 [81]

Z05/water

AQSOA- 189.6 0712 x 10-4 |1.178 0.215 [81]

Z01/water

Zeolite/water 643 31x104 1.78 0.25 [82]

AQSOA- 717.8 269x104 |1.184 0.29 [81]
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2. Performance of adsorption desalination system (ADS)

For achieving higher desalination rates and less energy consumption, conventional adsorption
and desalination systems can be modified by applying mass and heat energy processes, improving
the significant components, and compiling renewable energy sources. There are three indicators
to describe the system performance, which indicate the cycle’s productivity in cooling,
desalination, and both. The specific daily water production (SDWP) and performance ratio (PR)
are the parameters used for the calculation of the desalination coefficient of performance (COP)
and specific cooling power (SCP) in the case of cooling. The overall conversion ratio (OCR) is the
ratio between useful effects produced for the overall cycle system performance. Third, the
summation of the heat of evaporation and heat of condensation over the input is the heat of

desorption [48,79]. These parameters are presented in the equations (1-5) as given by [40] [73]:

t cycle T 1

COP=f Qevap dt ( )
0 Qdes

SDWP = f Gty @)

0 hfg (Tcond)Msg

t cycle T 3

SCP = j Qeﬂdt ()
0 Msg

PR = J-tcycle rhd hfg (Tcond)T dt (4)
0 (Qdes)

OCR = ftcycle Qevap + Qcond dt (5)
0 Qdes

where Qevap, Qdes, Qcond, Cycle time (s), and time (s) are shown in the nomenclature. Similarly, hgg
is the average radius of adsorption particles (m), Msy is the mass of seawater, Tcond IS the
temperature of the condenser, and mgq is the desalination rate. The system performance improves,
and adsorption of more adsorbent results as adsorption pressure increases. The heat recovery from

beds to evaporator and condenser also results in increased evaporator and condenser profiles. The
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Fig. 6. Graphical representation of pressure (P) versus enthalpy (h) for adsorption desalination
cycle [83].

It is relatively viable to determine the energetic performances of adsorption cycles from Fig. 6
regarding water production and cooling capacity. The enthalpy of evaporation htq (hg - hr) evolves
at the evaporator due to the cooling load (Qevap), and the silica gel surfaces of the sorption bed
absorb the evaporated water vapor [83]. The adsorption cooling systems were analyzed based on
exergy losses due to the thermodynamic parameters reported by Ngoc Vi Cao and Jae Dong Chung
[84]. The CFD used yielded the results of anergy analysis. Based on the comprehensive
information obtained from CFD results, the exergy analysis was carried out. The results revealed
that increased energy performance is obtained when the temperature of the heat source increases.

Consequently, exergy analysis can be conducted for the complete performance evaluation.
However, the energy available is rudimentary for estimating natural resource utilization, process
economics, and environmental impacts based on environmental conditions [85,86]. Therefore, the
determination of exergy and exergetic efficiency can be calculated from the equations (6) and (7)
as given by [87][88] as:

= (=) =Ty =5+ ) wilu = ) ®)
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Eetha = Qevap (1 - Lo >/Qdes ( Lo ) (7)

Tevap Taes
The physical exergy is denoted by the first two terms, whereas the third term represents the
chemical exergy. The temperature (T,), the concentration of the environment (w,) and pressure
(P,) can be referred to as global dead state as the system properties are expressed with ‘0’
subscript. Only the pressure and temperature are varied related to environmental values in the
restricted dead state, denoted by the “*’ symbol. The exergy balance equation (8) for the control
volume is given by [87]:

dE T, av, , , . 8
E=Z<1_?O>Qj+(m/c.v_[’0 d;v)+zmiei_zmeee_ED ()

Exergy analysis aids with the necessary parameters required to complete the design evaluation.

However, it is rudimentary to investigate the exergy destruction effect of the system components
on the operating costs. The thermo-economic variables are a function of thermodynamic
irreversibilities and investment costs [87]. The thermo-economic model for the system’s cost

balancing is based on the governing equations (9.a), (9.b), and (9.c) as given by [89]:

c . . cl . OM o (9.9)
Z(CjEj)k,in +Zy +Zp = z(CjEj)k,out
j=1 j=1
56 _ CC, PECy (9.b)
kT T 3.PEC
kT 1 I.PEC,

where 7 denotes the total annual time of system operation (hours), Z, is the capital investment cost
of component k. Capital recovery factor (CRF) can be calculated from equation (10) as given by
[87]:

lerr(L+igre)" 10
crp = et Lerr) (10)
(1+Leff)n_1

The cost rate associated with exergy loss or levelized carrying charges are determined from
equation (11) as given by [87]:

CC, = TRR, — FC, — OMC(, (11)
Overall, it is observed that lower cost is obtained by achieving higher SWDP, PR, COP, SCP, and
exergy efficiency. A similar condition can be attained by optimizing the operating components

and designing the high-efficiency components.
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3. Comparative analysis of ADS

Table 2 represents a summarized form of the reported literature regarding the performance
parameters of various AD cycles. In addition, the unit features are also represented, such as Ea
(kd/mol), Dso (M?/s), Tsource, and the unit configuration. The table exhibits the improvement in the
performance of traditional AD systems that can be made by employing different techniques such
as multi-stage and multi-effect processes along with integrated ADS and similar technologies.
Furthermore, as per available literature, the system performance can be improved by applying
various modifications in the thermodynamic balance of the system. The key findings from Table
2 are presented here. In addition, the dynamic behavior of the adsorption chiller was studied [90]
to analyze the effect of adsorbent layers and size on the performance. It has been observed that the
smaller layer and grain size improve the coefficient of performance and specific cooling power of
the system compared to the large layer and grain-sized adsorption chillers.

Reducing the size of silica gel and layers can increase the system size and cost, but an
adsorption bed with high packing density and thermal conductivity can commercialize the chiller
[90]. Therefore, a comparative study was conducted for the performance evaluation of a four-bed
adsorption cooling and desalination [91]. The adsorbate pairs studied were AQSOA-Z02 + water
and silica gel + water as working pairs. It was observed that silica gel is recommended for
desalination, and AQSOA-Z02 is suitable for cooling. In addition, a study to analyze the
performance of MED and AD hybrid systems was carried out [92]. It was concluded that
hybridization improves water production by three folds.

Similarly, Wu et al. [100] carried out a thermodynamic study that concluded that lower cooling
water temperature improves the system performance. The performance evaluation of solar hot
water, waste heat-assisted laboratory-scale 2-bed adsorption cooling cum desalination cycle was
performed [93]. It was concluded that achieving a high efficiency from an adsorption cycle
produces two advantageous effects: desalting and cooling. In the AD cycle, the waste-heat
recovery and conversion for utilization directly impact global warming and carbon emissions. The
performance of an advanced adsorption desalination cycle was predicted and modeled [94]. A
condenser—evaporator heat recovery scheme was employed, which resulted in a higher water vapor
uptake than the traditional cycle, and the performance improvements are evident when plotted on

a P-T—C state diagram. A remarkable improvement is observed in the specific water production
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398  capacity, which in turn increases the yield. Similarly, when low-temperature waste heat as thermal

399  energy is used as input, the specific electricity consumption of the advanced cycle is only two

400  times the thermodynamic limit needed for the desalination of seawater. In summary, the AD

401  system performance can be improved by employing multi-stage and multi-effect designs, ejector

402  integrated technology, and operation with various hybrid technologies, driven by solar energy or

403  using low-grade waste heat.

404

405 Table 2. A quick literature review for the performance parameters of various AD systems from

406  some of the recent studies.

Unit feature and system | Tsource | SDWP | SCP Cycle | Ea Dso Schematics Reference
configuration time
(°C) | (kg/kg | (TRt (kJ/mol) | (m?s)

adsorb | on of | (s)

ent/day | adsor

) bent)
ADCS employing | 25 8.2 64.54 | NA 25.053 | 1.89x [95]
copper sulfate, driven 107

by low-grade heat
sources. Sun-
Chakraborty (S-C) and
Dubinin-Astakhov (D-
A) models have been
used for fitting
isotherms results, while
the linear driving force
(LDF) model has been
used for the Kinetics

results.

C=0.51 kg/kg
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AD plant, experimental
investigation presented
concerning  assorted
primary coolant and
feed conditions four

beds, single-stage

85

4.7

NA

180

NA

NA

[13]

AD plant, four beds,
single-stage, thermally

driven cycle

84

7.8

NA

NA

NA

NA

[96]

Bed = adsorber/desorber heat exchanger.
P show

5 10 electro-pneumatic valve (offion control),

@ indicates temperature sensor,

AD cycle, four beds,
single-stage, waste
heat-driven, employing
30°C chilled water
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single-stage, silica gel
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85
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NA
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2.54 x
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[59]

AD cycle, advanced
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heat recovery,
recovering the latent
heat of condenser and
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evaporative process of
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NA

1440

NA

NA

[49]
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the evaporator, silica
gel A**

AD cycle, two beds
with  internal  heat
recovery and
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evaporator-condenser,
low-grade waste heat

driven

85

26

NA
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2.54 x
10#

[94]

MEDAD cycle, vapor
uptake by the adsorbent
in AD cycle, extracting
from the vapor
emanating from the last
effect of MED, two

beds, 10 kg of silica gel

50

NA

NA

4.2x 107

2.54 x
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[92]

AD system
incorporates transient
heat and mass transfer
processes  in  the
stream-wise direction
of the adsorbent bed,

two beds, silica gel
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0.315

NA

NA

42

2.54 x
104
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Condenser
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o V- .
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=== Hot water return === Cooling/ Ambient water return
—>> Vapour Adsorption Flow *-2> Vapour Desorption Flow
V- Gas Valve, WV-Water Valve, TS — Temperature Sensors
PT— Pressure Transducer, VP- Vacuum Pump

[97]
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ADEJ-HR cycle, | 95 40 65 800 32 NA

ejector integrated,

[103]

single cycle to increase

the productivity of

desalinated water, heat

recovery between the
condenser and the

evaporator

AD system, alos 16 -40 | NA 600 0.756 2.54 x
thermodynamic 10+

[40]

mathematical  model
was derived and

evaluated by valid

experimental data, heat

and mass recovery, two

bed, single-stage

Novel hybrid AD-|<85 |96 24 - | NA 42 2.54 x
(water-heated) HDH 25 10+

system, low-grade

[104]

energy source,
investigation of
freshwater and cooling

capacity, silica gel

adsorbent

407  Key: NA: not available.

408

409 4. Adsorption desalination (AD) technologies

410 The conventional ADS was developed in 1984 by Broughton [33] derived from adsorption
411  chillers [105-108]. Earlier, freshwater was used as a refrigerant [55]. However, it gives low system
412  performance in terms of COP, cooling capacity [77] with large energy consumption [59].
413  Therefore, the system performance evaluation, along with several modifications, has been
414  presented in the literature. In this regard, various studies have been reported to improve the system

415  performance using appropriate adsorbents with promising adsorption capacity and kinetics [77].
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Various configurations of adsorption desalination cycles are presented in the literature, which are
listed in Fig. 7. Similarly, a two-stage ejector ADS cycle was proposed [109] to achieve high
efficiency and water production. Hybridization between the AD cycle and two ejectors was
reported along with silica gel-water as an allowing pair to increase the significant productivity.
The hybrid cycle consists of a pair of condensers, evaporators, ejectors, and sorption beds. The
adsorption desalination/2 ejectors system (AD2EJ) was based on COP and SDWP, where
mathematical models for ADS cycle and ejectors are validated. At a regeneration temperature of
85°C and the optimal half-cycle time of ~400s, it was observed from the numerical analysis that
the SDWP and COP are found to be 23.0 m® per ton of silica gel and 1.64, respectively. Thus, the
freshwater production from ADZ2EJ is three times higher than conventional AD systems. The
system is further enhanced by connecting the evaporator condenser through an internal heat
recovery circuit. The coming subheading will discuss various AD techniques/configurations

accordingly in detail.

ADS Configurations

Adsorption

Conventional Single & heat pump [Advanced AD

cycle with Adsorption
heat & mass Intig[;%ted Desalination
recovery cycle

Ejector Hybrid

ADS with 2 & |8 Multi-stage with single &
4 beds AD Cycle multi-stage
AD cycle

Fig. 7. Categorization of adsorption desalination system configurations based on the mode of

operation.

4.1.Ejector integrated ADS

A concept of ejector integration with the adsorption desalination cycle has been reported [103].
The concept aimed to increase the productivity and COP of desalinated water. The significant
design improvisation was based on ejector installation after the adsorption bed, which was to be
driven by desorbed vapor. The desalination productivity of the cycle was increased by connecting

the evaporator to the secondary ejector nozzle for vapor extraction [103]. The ejector increases the
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pressure of secondary vapor, bypassing the primary vapor through a converging-diverging nozzle.
Due to the difference in velocity of secondary and primary flows, the flows do not get mixed until
the sonic velocity of secondary flow is reached [110].

An innovative ADEJ cycle is expressed, as shown in Fig. 8 [103]. The presented study involved
the simulation of ADEJ under constraints of uniform pressure and temperatures. Previous literature
has reported the validation and use of the lumped parameters model in multiple studies
[59,95,111].

' \
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Fig. 8. Schematic diagram of integrated ejector adsorption desalination cycle, reproduced from
[103].

The study [103] analyzed the effect of an integrated ejector on ADS with condenser/evaporator
heat recovery. The governing mass and energy balance for ADEJ is presented by equations (12)
and (13) as given by [103]:
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(12)

dMgy, dCaps
T sy = [# (i = yms = (S o )|
t Ejectorevap t Ejectorevap

dXSW,evap (13)

[MSW,evap ) d ]
t Ejectorevap

dCaps
= HXSW,inmSW,in - VXSW,inmb —n.ER.Xp T Msg
Ejectorevap

where n, r, and © are switching operating modes [59]. ER is the ejector entrainment ratio equal to
the secondary fluidness flow rate to the primary fluid mass flow rate. The regeneration temperature
has an insignificant effect on the ejector entrainment ratio and ejector compression ratio. The
average ER and CR were about 0.5 and 1.42, respectively. Therefore, many studies investigated
the vapor compression cycle (VCC) to benefit the kinetic energy available to improve the cycle
CORP. In a vapor-vapor ejector refrigeration cycle, the ejector functions similar to a compressor.
As inlet secondary vapor passes through a converging-diverging nozzle, the pressure is increased
by the ejector [59].

A study had been carried out which investigated the integrated ejector within the vapor
compression cycle. The study was primarily focused on testing the effect of condensing,
generating, and evaporating temperatures of the ejector sub-cycle on the ejector vapor compression
cycle. Another study [112] proposed an ejector with hybrid VCC, which reported that EVCC
performance largely depends on the ESC temperatures. Nevertheless, there is a similarity in the
variation of the degree of sub-cooling at the vapor compression sub-cycle (VCSC) to improvement
in COP at ejector vapor compression cycle over vapor compression sub-cycle. Further, it was
observed that the system under certain operating conditions yields a comparatively more
significant COP improvement of about 15.9-21.0%.

A hybrid vapor compression refrigeration system (HVCR), which consists of a combined
ejector refrigeration (ER) system and vapor compression refrigeration system (VCR), was
simulated [113]. It was found that the ejector and gas cooler accounted for a large percentage of
total exergy destruction. Therefore, the HVCR system expressed an improved COP by 25% than
the conventional VCR system. Furthermore, an adsorption refrigeration system was proposed
[114]. The system utilized two ejectors as the cycle power source in the place of mechanical
pumps. The location of the liquid-vapor ejector is at the absorber inlet. It has been concluded that
the novel combined double ejector refrigeration cycle (DEARC) when compared with the

conventional air-cooled absorption refrigeration cycle, which sacrifices a portion of refrigerant,
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leads to a decreased COP. Notwithstanding this, a maximum COP of ~0.63 can be reached which
encourages the modification and practical use under exhaust heat conditions.

A simple ejector without moving parts combined with a solar-assisted absorption cooling
system employing LiBr/H>O as a working fluid was studied. The system performance evaluation
was expressed [115]. As a result, it was observed that the post addition of the condenser along with
condenser and evaporator load is found to be perpetually increased as compared to the primary
cycle, which suggests that the increase in the system’s cooling capacity is due to the increase in
entrainment ratio and the evaporator temperature. A 60% increase of COP of the modified cycle
was witnessed to that of the primary cycle at the same temperature and pressure. Adopting this
process enhances the functions, stabilizes the refrigeration system, and qualifies the system to work
under the raised temperature of the condenser. A combined ejector integrated system is believed
to work efficiently with other systems and increases the COP. The main goals are the maximization
of AD system performance by ejector integration before condenser in an ADS technology.
Simulation, experimental and theoretical scenarios contribute to paving the way for researchers to
industrialize AD systems. Furthermore, the ADEJ system using energy and mass balance ejector-
integration strategy can improve the system performance.

4.2.Integrated evaporator-condenser cascaded ADS

An AD plant layout was developed and evaluated using numerical simulation [48,49]. The AD
cycle suggested in Fig. 9. uses internal heat recovery and heat transfer between the encapsulated
condenser and evaporator. Shell-and-tube heat exchangers are used in the integrated evaporator—
condenser unit. One of the benefits of this integration is the employment of working fluid circuits
to heat the evaporator and cool the condenser, which leads to a considerable reduction in the cost
of pumping power. This arrangement also reduces the resistances of heat transfer and increases
seawater evaporation rates. Theoretical findings showed that this advanced arrangement could
produce an SDWP of 26 kg/kg of silica gel per day utilizing a hot water temperature of 85 °C,
twice as high as the primary plant. Furthermore, the performance of other configurations,
comparable to the current pilot adsorption desalination plant at NUS, was statistically investigated.
This alternate configuration with internal heat recovery is an entirely integrated condenser—
evaporator system that employs a cooling fluid circuit to provide the condenser's condensation

heat to the evaporator [116].

Page 29 of 57



511
512

513
514
515
516
517
518
519
520
521
522
523
524

525
526
527
528
529
530

Cooling tower
>
V1 Bed-1 Evaporator

Condenser
device

Evaporator

V-2 I
V-3
i I = o

Hot water

tank =R XV-13 i
Q__ Feed tank Brine tank

P-2 P-1

Fig. 9. Schematic diagram of AD cycle with an integrated evaporator-condenser unit, [59].

Integrating the condenser-evaporator, both coolant circuits for essential cycle operation are
omitted, resulting in considerable savings in pumping costs. Instead, heat is transmitted directly
through the walls of the condenser tubes within the evaporator shell. As a result, the device's heat
transfer resistances are decreased, which improves the film evaporation of water vapor from
seawater. In addition, a benefit of combining the condenser-evaporator unit is that the evaporator
has a more significant vapor pressure. Therefore, it significantly enhances the rate of silica gel
vapor absorption over the specified adsorption process. The benefits of the advanced AD cycle
design, i.e., an integrated condenser-evaporator [59] are: (i) a decrease in parasitic electrical power
as a result of the exclusion of pumps from the chilled and cooling water circuits, (ii) the
pressurization effect improves the silica gel's adsorption capacity, (iii) the effective condensation
temperature in the condenser is lowered, which facilitates desorption, and (iv) the heat source

temperature is lowered to 50°C for the AD cycle.

Several studies have further investigated the condenser-evaporator integrated unit. The unit was
explained by Thu et al. [47,49] for various heat recovery designs of ADS on 2 or 4-bed modes.
The integrated evaporator-condenser was further analyzed for the effective mass of ADS with heat
recovery to obtain the desired results. The evaporator's temperature is raised to ensure condenser
heat recovery, leading to an increase in water production. This amount later improved thrice than

the conventional ADS [15,46,117]. A study was carried out as the comparative analysis of
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integrated evaporator-condenser and conventional adsorption desalination system. The newly
developed system's cycle design consisted of four beds, including a condenser, evaporator, and
one integrated evaporator-condenser unit. The cycle is composed of two single-stage regular ADC.
The new multi-cycle configuration benefits from reducing condenser temperature, increasing the
quantity of desalinated water and generating cooling power at the reduced evaporator temperature.

Consequently, the integration of heat and mass aids ADC performance improvement.

4.3.Solar/sunlight regenerable ADS

Waste heat and solar energy can be efficiently used to run the adsorption desalination cooling
system (ADCS) [118]. A 4-bed single-stage solar-driven ADS was developed and analyzed for
system dynamics [119]. The system consisted of a non-concentrating solar collector providing
low-grade heat, utilized by the thermal desalination cum refrigeration cycle. It was designed to
generate cooling and desalinated water when combined thermal compression and flash
evaporation are employed. It is observed that a system cooling and desalination capacities are
affected with solar energy utilization simultaneously. The condenser temperature rises with the
the increase in operating pressure ratio which rapidly degrades the system performance.
Consequently, two-stage ADS can be employed which aids in improving system performance.

A detailed thermodynamic analysis of the solar-based adsorption desalination and cooling
system was performed as shown in Fig. 10 [120]. The system utilizes the low-grade heat from
the solar collector to drive the system. The thermal compression and combined flash were
employed for the production of cooling and potable water. The findings indicate that the hot
water intake temperature, cooling water temperature, and condenser temperature all significantly
influence the system's water output, energy consumption, and COP. Low cooling water
temperature, low condensation temperature, and high hot water intake temperature result in
improved system performance. The rate of water production increases as the temperature of the
hot water intake rises, eventually flattening off at higher temperatures. This rising trend of water
output with temperature is caused by an improvement in the amount of water desorbed from the
adsorbent as the hot water temperature rises.

The performance evaluation of solar-driven AD cooling system was conducted [100]. The
system was tested with 13.5 kg of commercially available silica gel. The working pair of silica

gel-water was evaluated and the system performance prediction was made based on theoretical
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dynamic model. The system resulted in COP, average specific daily water production, the
average specific cooling power of 0.45, 4 m® per ton of silica gel, and 112 W/Kg, respectively. A
study on the water quality analysis of the solar-driven adsorption desalination cycle was
presented [121]. A significant reduction in TDS levels of feed seawater from approximately
40,000 ppm to less than 10 ppm is evidence of process efficiency. In the desalinated water, there
are deficient levels of chloride, magnesium, sulfate, silicate, sodium, calcium, and bromide, even
less than 0.1 ppm. The conductivity parameters of product water were composed of the distilled

water conductivity levels ranging between 2 and 6 uS/cm.
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Fig. 10. Schematic diagram of a solar-driven adsorption desalination system, reproduced from
[120].

The performance investigation of the solar-driven dual effect adsorption cycle for the
production of potable water and cooling effect was performed by Ng et al. [93]. It is driven at low-
temperature heat, such as thermal energy provided by solar collectors. Mathematical modeling of
the system was discussed along with key parameters based on SCC and SDWP. The system uses

a flat plate type solar collector and silica gel-water based adsorption desalination cycle. The system
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experimentation exhibit capacity of chilled water production at a temperature and SCC range
variation of 7-10°C and 25-35 Rton/tonne of silica gel, respectively. Consequently, the adsorption
desalination cycle possesses a conversion or performance ratio of 0.8-1.1 and daily production
capacity, SDWP of 3-5 m® per tonne of silica gel per day. Similarly, a solar-assisted adsorption
refrigerator was developed [122]. The system performance can be improved by well-insulating the
cold chamber and using automatic valves, potentially improving efficiency. A numerical and
experimental investigation was carried out by Ahmadi et al. [123]. The feasibility investigation of
the solar eductor-assisted desalination system performed resulted in a promising performance of
the closed educator installed at the exterior of the evaporation chamber. It was revealed from the
experimental analysis that reducing the flow rate of water can reduce energy requirements. A
thermodynamic framework was presented by the authors [7] to address energy efficacy. It was
observed that there is 2.5-3% energy consumption by the thermally driven system when integrated
with power plants. Furthermore, it must have innovative systems to fulfill the 20-30%
thermodynamic limit by 2030.

Desalination technology is extensively employed for the reduction of escalating water scarcity.
Currently, membrane and thermal-based desalination technologies are used to address the issue
and freshwater production. Nevertheless, thermal technologies' energy consumption is relatively
high. For example, multi-effect and multistage desalination have an energy consumption of 14-27
kWh/m3. The drawbacks of membrane-based techniques include the chemical consumption in
dechlorination & cleaning and relatively high energy consumption of 1.6-6 kW/h® [124-126].
Similarly, efficient salt removal can be conducted by passing brackish water from the adsorbent
or ion-exchangers-filled columns [127]. Mainly, in the water industry, there is an implementation
of thermo-responsive ion adsorbent-based desalination. The process of ion-adsorption is energy
efficient, but for regeneration, the requirement of thermal energy at increased temperature (i.e.,
80°C) is substantial [126,128-130].

4.4 Multi-effect ADS

A parallel feed MED and AD system integrated is usually employed to replicate the process.
The schematic diagram is shown in Fig. 11 [92]. The details of the AD cycle function can be
studied from the literature [41]. In another study [92], the suggested simulation model by the
authors for the MED system, horizontal tubes falling film evaporators are employed. The feed is
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de-aerated to eliminate the oxygen (through a de-aeration tank with a vacuum pump) before being
fed parallel to all evaporators—built-in pre-heaters route feed-in evaporators before being sprayed
onto a tube bundle through spray nozzles. The first stage, often known as the steam generator, is
utilized to generate initial steam. The hot water is cycled via the tubes, and pressure is controlled
to evaporate the seawater at the appropriate temperature, corresponding to the hot water
temperature. The vapors generated are then allowed to move to the tube side of the subsequent
effect. Condensation heat is utilized to vaporize the feed sprayed at that step. Similarly, vapors are
cascaded in subsequent phases until the final effect is achieved (nth effect). Intermediate steam jet
ejectors are supplied to remove non-condensed vapors from each stage distillate box. The final
stage of MED is linked to AD beds to adsorb the vapors onto adsorbent (silica gel) packaged in
the shape of cakes. Because of the strong affinity of the adsorbent for water vapors, this
combination of MED and AD lowers the temperature of the last stages below ambient, allowing
for more stages and higher recoveries while also reducing the possibilities of corrosion. The vapors
are desorbed and condensed in the condenser with the help of the heat source. A vacuum pump is
introduced to keep the pressure level in the MED stages and the AD machine constant. It also aids
in removing air that has entered the system as a result of a leak. A distillate collecting tank is

supplied to collect distillate across all stages of the MED and the AD condenser.
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Fig. 11. Schematic representation of Multi-Effect Adsorption Desalination System (MEDAD),
reproduced from [92].
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The thermodynamic synergy can hybridize the emerging adsorption desalination systems and
the conventional ADS for their thermodynamic synergy. The authors carried out a similar
hybridization of conventional multi-effect distillation (MED) with an emerging low-energy
adsorption cycle, which resulted in an advanced desalination cycle [92]. As the adsorbent uptakes
the vapor, it yields the cycle integration and extraction from the vapor emanating from the last
effect of MED. Additional evaporation-condensation stages can be accommodated by the system
as the temperature difference range is increased. The study presented the numerical model of the
proposed MEDAD cycle, which comprises the water production rate of the conventional MED
cycle. The hybridized MED scavenges heat from the ambient air and allows the latter stages of
MED to operate at a lesser temperature than the ambient air. The latter stages' reduced saturation
temperatures eradicate the fouling and scaling effects, but improved water recovery from feed
seawater may increase solution concentration. Similarly, a study on efficiency examination was
carried out by the authors [131]. A MED system was investigated, and it was found that seawater
thermocline (ST)-driven MED system can increase the system efficiency 2 folds and be regarded
as the most appropriate ‘green desalination” method.

Some studies were also reported on the thermo-economic analysis of MED systems by
employing exergy analysis and optimization methods [132-137]. In addition, various heat
performance pump coupled MED systems were also studied by researchers [138,139]. For
example, an integrated adsorption vapor compression (ADVC) system was proposed [140]. The
system employs the vapor obtained from the last stage of MED for adsorption, whereas, from
desorption, the regenerated water vapor is forwarded to the first effect of the MED cycle.
Consequently, the MED system condenser is eliminated in the combined cycle, and the
performance ratio is improved to two folds [141-144]. Notwithstanding this, some other research
on similar technologies, such as vacuum multi-effect membrane distillation technology, was
investigated by Chen et al. [145].

A hybrid MEDAD cycle was analyzed by the authors [146]. The system's hybridization allows
the conventional MED cycle to be operated at a low temperature of 5°C. As a result, the MEDAD
cycle resulted in a significant increase in distillate production as the MED can scavenge the
ambient energy whereas, the conventional AD cycle is driven by low-temperature waste heat

obtained from renewable or exhaust sources. The study's experimental setup consisted of MEDAD
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and 3-stage MED plants, assorted and tested at 15°C-17°C temperature from a waste heat source.
An in-depth observation and monitoring of the system result in the MEDAD cycle's synergetic
matching lead to a significant increase in distillate production of about 2.5-3 times compared to
the conventional MED cycle.

A hybrid MEDAD cycle was developed [173], as shown in Fig. 11, operating at sub-
atmospheric temperatures and pressures. A quantum performance enhancement has resulted from
the hybridization of the multi-effect distillation and adsorption desalination cycle. The symbiotic
enhancement resulted in brine heater usage emanated waste heat, which cascaded the adsorbent's
regeneration temperature. Furthermore, the decreased saturation temperature of 5°C was provided
by vapor extraction from the last MED stage by AD cycle, resulting in scavenging of heat leaks
into the MED stages from the ambient. The hybrid desalination system augments the desalination
plant's capacity for water production twice. A simulation of the 8-stage MED cycle was used for
the demonstration of a hybrid cycle. The silica gel's sorption properties were employed as a
mechanical vapor compressor to reduce the saturation temperatures of MED stages. The Kinetics
of adsorbent-adsorbate such as silica gel-water and adsorption isotherm were employed for
modeling energy, mass, and concentration equations. The MEDAD cycle was operated at 65°C-
90°C temperatures, and upon comparison with conventional MED, the cycle exhibited an

augmented water production rate from 60% to two folds and an increase in GOR and RP by 40%.

4.5.Hybrid ADS

In recent years, various studies have been conducted to address the limitations of conventional
ADS by designing some improved designs [147]. The conventional ADS works at a relatively low
temperature where evaporation occurs in the ambient, typically around 5°C to 20°C [72]. Solar
heating was employed to desorb the water vapor, which condenses at high altitudes and produces
pure water without any supply of carbon-based energy. Furthermore, theoretical analysis was
performed on a low-grade solar heat-driven water desalination system [11]. The system possessed
distinction from conventional ADS as natural forces create vacuum conditions incorporated into a
single design consisting of an evaporator, condenser, solar heating systems, and injection. The
numerical simulations of the system resulted in 90% or higher efficiency. The simulation for a
solar-driven adsorption desalination system was performed [14]. The theoretical model combined

with an adsorption heat pump using zeolite was analyzed to determine the system energy

Page 36 of 57



694
695
696
697
698
699
700
701
702
703
704
705
706
707
708
709
710
711
712
713
714
715
716
717
718
719
720
721
722
723
724

consumption and water production. A solar-driven dual effect adsorption cycle was studied by Ng
et al. [93]. The solar AD cycle's performance investigation resulted in desalination and cooling at
low-temperature heat input, i.e., thermal energy from solar collectors. Further mathematical and
experimental modeling resulted in a performance ratio of 0.8-1.1 with producing SDWP of 3-5 m?
per tonne of silica gel per day at a temperature of 7-10 °C. Consequently, a low-grade heat-driven
adsorbent cycle integrated with membrane processes can ensure 150% of chemical rejection and
ensure about 99% energy-saving [148]. Furthermore, as renewable energies are environment
friendly having no negative impact, the desalination systems are driven by renewable technologies
to ensure the future sustainability of water supplies [149].
An innovative pressure swing adsorption cycle (PSAD) was proposed by the authors [150], which
employs a thermal vapor compressor for steam regeneration. The study revealed that primary
steam having 2 bar of pressure can generate a compression ratio of 3-4. Consequently, the
desalination cycle can be operated by re-utilizing the discharged steam, hence maximizing the
exergy of steam. Several other studies were performed for the analysis of AD cycle at different
regeneration temperatures examining the operational strategy, theoretical model, numerical
simulation, and performances at different heat source temperatures [151][152] [44]. Consequently,
a similar study was also reported [153]. To analyze the performance of desalination and cooling
systems concerning time, a study investigated two-half cycle ADS [154]. The effect of time
variation by changing the interval of adsorption-desorption by 200s to 700s and switching interval
of 20-40s. At cooling water inlet, chilled water inlet and hot water temperature of 35°C, 7°C, and
85°C, respectively. The analysis resulted in the SCP, SDWP as 25TR, and 12 m? per ton of silica
gel, respectively. A silica gel-water, 4-bed adsorption desalination system was studied [119]. The
performance evaluation of various condenser temperatures and cycle time was carried out for the
determination of optimum requirements for desalination and cooling. The simulations pointed out
that the time range of the single-stage adsorption desalination system has an optimum half-cycle
time of 600 to 900s to increase the cooling and desalination capacity. Therefore, as the cycle time
is increased, the coefficient of performance is raised.

The studies discussed have shown the performance of silica gel as an adsorbent that can be
utilized in the low heat-driven ADS, usually at a temperature of 85 °C. Various researches were
conducted by Kim et al. [95] to evaluate ferroaluiminophosphate adsorbent for its potential use in

ADS. FAM-Z01 possesses an equilibrium adsorption capacity 5 times higher than the silica gel
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adsorbent at a temperature of 40 °C. The performance of the adsorption desalination cooling cycle
and the subsequent effect of evaporator-condenser temperature were mathematically studied.
Further investigation revealed that when the condenser temperature is 30 °C, and the water inlet
temperature is 10 °C, the system results in SCP and SDWP as 77 TR per ton silica gel and 10 m3

per ton of silica gel, respectively.

5. Economic aspects

The advanced and conventional adsorption desalination plants of different capacities/ flow
rates were analyzed for water production cost as a function of the mass of adsorbent, as shown in
Fig. 12 [155]. It has been observed that the unit production cost of a conventional adsorption
desalination system is nearly four times higher (i.e., ~$1.91/m®) than the advanced cycle (i.e.,
~$0.457/m?®). Factors affecting the unit cost of the AD system are (i) reduction in pumping power,
(ii) design improvement, and (iii) improvement in the overall heat transfer coefficient of
condenser-evaporator integrated design. An AD plant of 1000 m®/day capacity has the unit
production cost (operational cost+capital cost) of $0.457/m* as shown in Fig. 13. The upscaling
of AD plants causes a reduction in capital cost [155]. The specific energy consumption and the
energy cost of water production of the AD cycle are compared with other conventional methods
such as RO, MSF, and MED [96]. The MSF cycle shows the highest energy cost of water
production (i.e., US $0.647 per m®), whereas the AD cycle gives the lowest energy consumption
of about 1.5 kW/m?3, which is equivalent to the production cost US $0.227 per m2. It has been
concluded that the AD technology can desalinate the high salinity feed water and produce low

salinity water at a low cost, i.e., US $0.2/m? [96].
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6. Conclusions

Adsorption desalination (AD) is a emerging technique for obtaining potable water from an
unlimited supply of brackish water. This study discusses adsorption desalination (AD) systems
and subsequent hybridization options. The AD systems are reviewed for energy consumption,
water productivity, and associated performance parameters. The AD system performance has been
improved with the integration of multi-effect AD designs (MED), ejector integrated technology,
evaporator-condenser cascaded technology, solar and hybrid options. For instance, a combined
ejector technology can stabilize the refrigeration system and increase the COP of the desalination
plant. Similarly, the evaporator-condenser AD systems reduce condenser temperature, increase
desalinated water production, and generate cooling power. The specific energy consumption of
ADS is <1.5 kWh/m3. For solar AD systems, the specific cooling capacity is 112 W/kg, and the
COP is 0.45. The SDWP was observed as 66% for a heat and mass recovery process of 2-bed ADS.

The cost of an advanced AD cycle is ~$0.457/m? which is four times less than a conventional AD
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cycle. Compared to standard MED plants, the hybridization of MED+AD improves output more
than 3 times with the same TBT. The AD cost is still a challenge which can be improved with the
further development and research for SDWP enhancement at low heat source temperature. The
AD is emerging as a viable and realistic option for relieving global thirst and thereby going to be

accessible in the global market.
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Appendix A
Table Al. Mathematical expressions for the classification of adsorption isotherms [156].
Classification Name of the model Equation of the model Reference
Empirical adsorption Linear isotherm model q. = KC, [156]
isotherm models (Henry’s law)
Freundlich  isotherm qo = KpC,/™ [157]
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