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Abstract

This paper details the calculation steps, from post-processing experimental data to predicting cooling effi-
ciency of activated carbon (AC)/COz-based adsorption system for specified design temperatures. Regression anal-
ysis was conducted using advanced Python packages. The results identified the best model to describe adsorption
isotherms, with optimal parameters verified using alternative methods implemented via Excel’s solver. The study
considered a nonlinear equations with two independent variables, specifically Langmuir and T oth adsorption iso-
therms, to fit thermogravimetric data representing six equilibrium uptake curves measured at various temperatures
and pressures for the COy/activated carbon working pair. Physical adsorption is highly relevant for industries re-
leasing low-temperature heat to the environment. The derived model parameters facilitated the estimation of the
isosteric heat of adsorption and the development of a pressure-temperatureequilibrium uptake (PTW) diagram,
essential for predicting the performance of ideal adsorption cooling cycles. The specific cooling effect (SCE) and

coefficient of performance (COP) were determined for selected design temperature conditions.
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1. Introduction

Global scientific efforts increasingly focus on de-
veloping and promoting carbon-free or carbon-neutral
technologies. Also of particular interest are autono-
mous systems that do not depend on the central power
supply. Adsorption refrigerators, which operate waste-
free using thermal energy sources such as solar power,
are a key component of this movement. Several widely
used solid static adsorbents, including activated carbon,
zeolites, and metalorganic frameworks, play a crucial
role in adsorption cooling systems (ACS). Simultane-
ously, ongoing research aims to enhance these materi-
als’ adsorption capacity and thermal efficiency and op-
timize the compactness and design of adsorption beds
and the overall system performance.

Driving temperature, evaporation temperature, co-
efficient of performance (COP), and specific cooling
power (SCP) are basic parameters for choosing a work-
ing adsorbent-refrigerant pair for the ACSs [1]. Let’s
consider a few working pair cases with application lim-
its and desirable characteristics.

Activated carbon (AC)/methanol is the most com-
mon working pair [1]. For example, in [2], the basics of
a solar-powered adsorption ice-maker were presented.
The authors conclude that the adsorption pair of acti-
vated carbon and methanol is preferred more than the
water/ammonia pair. The limitation while applying

methanol CH3sOH is that the methanol decomposes at
120°C, so the desorbing temperature shouldn’t exceed
this value. The experimental prototype had a solar re-
frigeration COP of 0.10-0.12 and produced 4-5 kg of
ice per day from the flat-plate collector area of 0.92 m?,
Another effect on methanol decomposition is the alloys
used in system construction, as the methanol contacts
with it while operating [3]. Aluminum alloys were re-
vealed to have a stronger catalytic effect on the decom-
position reaction, so copper alloys are preferred. In
such systems, the methanol is in the 0.02-0.2 bar pres-
sure range and at -10°C to 110°C temperature range. In
addition, some demonstration systems exhibit very
good performance when they are newly built, and per-
formance declines after a year or less of operation. The
performance decline is associated with the loss of the
vacuum in the system, so re-evacuation, or in other
words, repeated vacuuming on an annual basis, is nec-
essary to restore system functionality. The long-term
performance deterioration is the main reason behind the
cessation of solar refrigerator commercialization. Still,
solar-powered refrigeration systems are the most prom-
ising technology, with low cost, simple manufacturing,
and low maintenance requirements.

Activated carbon (AC)/ammonia (NHs) pair
demonstrates high COP that may reach 0.45 for ice-
making and 0.61 for air-conditioning [4]. The highest
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SCP (of order 60 — 200 W kg * for different systems) is
achieved with an AC/ammonia pair. Ammonia’s ther-
modynamic properties make it suitable for heating and
cooling applications, but it is also a toxic and corrosive
substance.

Cryocooler is a refrigerator that can reach temper-
atures below -153°C (or 120 K). Nitrogen as a refriger-
ant with ACF (Activated carbon fibers) as an adsorbent
is good for cryocooling applications. The adsorption
capacity is about 0.75 g g *at an adsorption temperature
of -196°C. The adsorption capacity with operating tem-
perature varies. For typical cooler applications with rel-
atively higher temperatures, nitrogen has a low adsorp-
tion capacity. For example, the highest adsorption ca-
pacity for the nitrogen/AC pair was 0.00756 g g* at
adsorption temperature and pressure of 30 °C and 100
kPa, respectively.

AC/R134a pair has the highest adsorption capacity
of 2 g g *at adsorption temperature and pressure of 30
°C and 800 kPa. The boiling temperature of R134a is (-
26.55 °C). R-134a is a hydrofluorocarbon CF;CH2F
with insignificant ODP (0zone depletion potential) and
a relatively lower GWP (global warming potential).
The gas is non-flammable and primarily used in house-
hold refrigerators with conventional vapor-compres-
sion cycles.

AC/CO, CO2 pair is about a relatively high-pres-
sure system. The highest adsorption capacity at 30 °C
and 100 kPa is only 0.0844 g g%, so the higher working
pressures preferred, say at 4586 kPa and 25 °C the ad-
sorption capacity was 1.135 g g [1]. The thermody-
namics performance of the CO./activated carbon
(Maxsorb Il1-based composite) pair is of order COP =
0.16 for the system with the evaporator temperature
Tevap = 5°C and the condenser temperature Teong = 25°C
[5]. CO2is a non-toxic and non-flammable natural re-
frigerant. Maxsorb 11 is a highly recognized material
for good thermal properties and high capacity among
activated carbon samples.

A new class of microporous materials, PCPs (po-
rous coordination polymers) and MOFs (metal-organic
frameworks) have recently become available as alter-
natives to AC. There is another class of carbon-based
adsorbents. In [6], the authors examined one of them -
nitrogen-enriched nanostructured carbon (UFZ-700).
Unlike activated carbon, this type of carbon can be de-
rived using inexpensive, widely available sources.
MOFs show a huge surface area and large pore volume.
The surface areas of typical MOFs range from 1000 to

10,000 m?g?, which can exceed those of traditional po-
rous materials such as zeolites and carbons. Also, the
average pore size is tunable due to a much wider variety
of chemical compositions. Table 1 illustrates some
common microporous materials for comparison.

Thus, the main pros and cons of popular adsor-
bent-adsorbate pairs for ACSs are listed above. Addi-
tionally, a brief summary of the necessary features is
provided when choosing a working pair based on the
intended installation environment for the system as
well as the target temperature in the cooled chamber. A
number of factors that have a long-term cumulative im-
pact on the refrigerator’s operation are also covered, in-
cluding toxicity, corrosion, leak proofness, vacuum
tightness, maximum adsorption capacity deterioration,
explosiveness risks due to high working pressures, etc.

There is endless room for improvement in the var-
ious heating and cooling systems designed for different
purposes. Such systems usually contain many parts that
can be considered and studied separately. The system
performance can be enhanced by employing multi-beds
and a complex piping network. Advancing the cycles
from single to two-bed configurations may improve the
COP by at least 35% and, at most, even double [4]. In
addition, new materials are developed by combining
or/and compressing various existing materials to im-
prove the compactness and characteristics of adsorption
beds in thermal systems.

The current paper describes the calculation steps
from the post-processing of experimental data to pre-
dicting the cooling efficiency of ACS. Part of the re-
gression analysis was performed using emerging capa-
bilities of Python packages. Alternative methods were
implemented using the Excel solver. Based on the pre-
vious work done by various authors, this paper also pre-
sents an approach to calculating the cooling efficiency
parameters, SCE, and COP. The cooling cycle perfor-
mance of any solid-gas adsorption system is normally
studied using the PTW (pressure-temperature-concen-
tration) diagram [7]. The derived model parameters al-
lowed the development of a PTW-graph diagram, es-
sential for predicting the performance of ideal adsorp-
tion cooling cycles. Thermodynamic analysis of
CO2/AC-based cooling systems is well discussed in [8].
Another motivation for research work is that the estab-
lished isotherm model is also used in simulation studies
of the dynamics of the adsorption process. Here are
some examples of simulation studies [9, 10].



32

Norwegian Journal of development of the International Science No 183/2026

Table 1.

Porous properties of different types of microporous materials

Adsorbent SS5A Pore Average Thermal References

[m*g~!]  volume pore di-  stable

[em® g=!]  ameter, up to
Qave [Nm]

MOF-NU-1000 2320) 1.4 0.8-3.1 [11]
MOF-5 1077 (.49 1.8 400 °C [12]
ZIF-8 1700 (.662 1.2 550 °C [13, 14|
Activated  car- 3140 1.7 2.008 [15]
bon Maxsorb II1
Activated  car- 1500 0.62 1.69 |16]
bon fiber ACFC-
1500
Zeolite Na-P1CS 23.0 (.13 11.1 [17]
Natural zeolite 27 0.1 17 [18]
ZN

2. Adsorption isotherm models

Quoting the work [19], the Langmuir isotherm
model is the most straightforward and practical for both
physical and chemical adsorptions. Pressure p and tem-
perature T are two independent variables of Langmuir
Equation 1 and To’th Equation 2 isotherm models.
Equilibrium adsorption C is the dependent variable, and
is the amount adsorbed [g g*]. The Langmuir model
has three fitting parameters, while the To th model has
four. The list of correlated parameters or regression fea-
tures is shown in Table 2, Table 3. Theoretically, at zero
pressures, absorption is zero; therefore, zero points are
added to the calculation.

c _ by exp (R_%) P
Co 1+ byexp (% P
C bo exp (R%) p

5 =
0 (1 + (bo exp (R_%”)p)L) )

The coefficient of determination (R?), Equation 3,
and the root-meansquare deviation (RMSD), Equation

1)

1/t

4, are used as a measure of prediction error to compare
both methods.

R —1_ S (i — i)
> i (Yi — 5)2

n ~ . 2
RMSD = -\/Zi=l (y7 - y:')

n 100%  (4)

The experimental data represents 6 equilibrium
uptake curves measured with varying temperatures and
pressures for activated carbon/carbon dioxide working
pair, see Figure 1.

Python (Version 3.11.5) is used for calculations.
Optimal parameters of the isotherm models were ob-
tained using two alternative methods. The calculation
results in Table 2, Table 3 revealed that the To"th model
better describes adsorption isotherms with the lowest
root mean square deviation of 0.441%. The surface plot
illustrated in Figure 2. The side view demonstrated in
Figure 3 shows fitted adsorption isotherms and experi-
mental data.

©)

Table 2.
Optimal parameters of To th isotherm obtained using Method 1: Python curvefit and Method 2: Ex-
cel Solver
Estimated parameters  Unit Value Value
Method 1 Method 2

Saturated amount ad- [gg | 3.625 2.6307

sorbed. O

[sosteric heat of adsorp-  |kJmol™!|] 18.27 19.024

tion, E

Equilibrium constant, by [kPa~!] 2.112E-07 1.387E-07

Heterogeneity  parame- -] 0.4107 (.4774

ter, f

RMSD %] 0.441 0.5635

Coefficient of determina- ||
tion, R*

(0.99964 (1.999410)
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Table 3.
Optimal parameters of Langmuir isotherm obtained using Method 1 — Python curve-fit, Method 2 —
Excel Solver
Estimated parameters  Unit Value Value
Method 1 Method 2
Saturated amount ad- [gg'| 1.274 1.1357
sorbed, O
[sosteric heat of adsorp-  |[kJmol™!| 18.652 20.722
tion, E
Equilibrium constant, by |kF‘a'l] 2 096E-07 1.217TE-07
RMSD Ve 1.426 1.877
Coefficient of determina- [ 0.99630 0.99357
tion, R*
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Fig. 1. Equilibrium uptake data for activated carbon/CO; pair

3. Clapeyron diagram of ideal solid-adsorption
cycle

The PTW graph shows the thermodynamic rela-
tion between equilibrium pressure, adsorption temper-
ature, and adsorption uptake (see Figure 4). The graph
is essential for predicting the ideal adsorption cooling
cycle performance, so to say, to calculate SCE and
COP. Thermodynamic analysis of AC/CO»-based cool-
ing systems is well discussed in [8]. Let’s consider the
case of temperatures closer to those taken in the paper.
The waste heat or solar energy as a heat source is sup-
plied at 80°C, and the heat sink temperature is 30°C

(maximum and minimum temperatures in the collec-
tor).
The evaporator temperature is Tevap= 5°C, the
condenser temperature

Teond = 25°C, respectively, the evaporator pressure
Pevap = 3,9695 MPa, and the condenser pressure Peong =
6,4342 MPa. The amount of adsorbate per adsorption
cooling cycle varies from Wmax t0 Wmin. Wmax (adsorp-
tion) is measured as a function of Pevap (Which is the sat-
uration pressure of the cooling load temperature Tevap),
and the heat sink temperature Tags= 30°C
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Fig. 4. PTW-graph for AC/CO2working pair

[20, 21]. By analogy, Wmin (desorption) is found as
a function of Pcong (Which is the saturation pressure of
condenser temperature Teong = 25°C), and the heat
source temperature Tges= 80°C. Maximum and mini-
mum uptakes during the working cycle are Wmax =
0,7282gg* and Wmin= 0,5517gg*. Carbon dioxide has
a critical temperature of 31,1°C (or 304,13K) and a crit-
ical pressure of 7,377MPa.

Wmax = fipsat(Tevap), Tads) %)

Wmin = f{psat(Tcond), Tdes) (6)

The enthalpy of vaporization, also known as the
latent heat of vaporization for carbon dioxide at
3.9695MPa and at the boiling point of Tevap = 5°C is
AHyap=2.94 x 10°J kg1 [22]. The specific heat capacity
of the adsorbent (composite AC) was taken as a con-
stant for the range of temperature utilized, cpac =

SCE = (W,

max

The system efficiency, coefficient of performance:

o i I 1:;1'11 \-I

0.8212J gt K% Latent heat of desorption (theoreti-
cally, should be the same as the heat of adsorption, E),
Hges = 18.27kgmol*. The specific heat capacity of re-
frigerant (liquid COz), Cprer is taken as a function of
temperature [7, 22].

The Clapeyron diagram of the ideal solid-adsorp-
tion cycle consists of 4 stages, see Figure 4:

® 1. A—B Isosteric pre-heating

® 2. B—D Isobaric desorption

® 3. D—F Isosteric pre-cooling

® 4 F—A Isobaric adsorption.

The specific cooling power (SCP) has a unit of [W
kg™'] and is calculated differently; do not confuse it
with the SCE. SCP is the ratio of cooling energy to the
product of adsorbent mass and cycle time [23]. The spe-
cific cooling effect (SCE) is given by Equation 7 and
found to be 44.7 kJ kg™*. The SCE is the same as the
total energy output Qc in some other papers, both are
used equally.

.

acs

AH (7)

vap

T

SV

r.l.l.l: ef anJ
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: e
COP = — ]
Or (8)
Qr=Qa-s+Ue-p (9)
Ty Ta
{2.-\—3 = /’r.p.iﬂ.]b t'ilT T 1.il-nl.l.x/’r'_;.'.lrf “l'T rl[]]
T
In o
{-.)li—l) — [r.JJ.iitlb dl 4 [11- * Cp ref dTl’ f {]171“4:\'. - ilvtm'u::l HI.JH'\- Irll]
T Ty
COP value is found to be 0.27.
Table 4.
CO2 gas-specific isobar heat capacity vs. temperature and pressure
Temperature| Temperature| Pressure Specific Heat
T |degC] T |K] p |MPa] cp [k kg™t K7

A A0 J03.15 39695 1.3350405

B 5l.6 324.75H 6.4342 16562359

D 2 353.15 6.4542 13050357

F 5d.a7 327.72 39695 1.1640829

4. Conclusions

The present study evaluates the performance effi-
ciency of the novel material in an adsorption refrigera-
tor based on the results of the TGA experiment. It spe-
cifically examines the case of carbon dioxide and acti-
vated carbon as a working pair.

Firstly, the equilibrium uptake parameters were
correlated using a multivariable nonlinear regression
method and two alternative calculation tools. The study
results are in agreement with each other, and the results
are given in the literature on similar systems. The
choice of loss function or inner hyperparameter set may
cause negligible deviations. The best fit was achieved
when using Python curve-fit, with RMSD of 0.441%
for To’th isotherm.

Secondly, performance metrics, such as specific
cooling effect and coefficient of performance, are dis-
cussed in relation to prior research and projected for se-
lected operating temperatures. SCE and COP are pre-
dicted to be 44.7 kJ kgt and 0.27, respectively. The
PTW diagram for the composite AC/CO; pair is con-
structed. The stages of the ideal cooling cycle are de-
scribed in detail to better understand the fundamentals
of solid-gas ACS’s operation principle. Thus, the study
details the calculation of cooling efficiency, encom-
passing the progression from post-processing experi-
mental data to forecasting outcomes for specific system
design temperatures.

Thirdly, the paper illustrates the potential for more
precise computations with the help of available and
modern tools. Most engineers and researchers have en-
countered similar optimization problems at some point
or another, and Python packages for resolving them are
rapidly evolving. It is noteworthy to mention the signif-
icance of the completed review on adsorption-based

working pairs and related features during use. The pre-
sent results are relevant as a reference for future related
studies.
Declaration of Competing Interest

The authors declare that they have no known com-
peting financial interests or personal relationships that
could have appeared to influence the work reported in
this paper.

Acknowledgement

The author (BB) wishes to acknowledge the finan-
cial support received from JSC Center for International
Programs — Bolashaq, and the research was performed
on scope of 500 scholars fellowship program.

References:

1. Askalany AA, Salem M, Ismael I, Ali A,
Morsy M, Saha BB. An overview on adsorption pairs
for cooling. Renewable and Sustainable Energy Re-
views 2013;19:565-72. URL.: https://www. sciencedi-
rect.com/science/article/pii/S1364032112006491.
doi:https://doi.org/10.1016/j.rser.2012.11.037.

2. Sumathy K, Zhongfu L. Experiments with so-
lar-powered adsorption ice-maker. Renewable Energy
1999;16(1):704-7. URL: https://www. sciencedi-
rect.com/science/article/pii/S0960148198002560.
doi:https://doi.org/10.1016/S0960-1481(98)00256-0;
renewable Energy Energy Efficiency, Policy and the
Environment.

3. Hu EJ. A study of thermal decomposition of
methanol in solar powered adsorption refrigeration sys-
tems. Solar Energy 1998;62(5):325- 9. URL:
https://www.sciencedirect.com/science/article/pii/
S0038092X98000127.
doi:https://doi.org/10.1016/S0038-092X(98) 00012-7.

4. Tamainot-Telto Z, Metcalf S, Critoph R,
Zhong Y, Thorpe R. Carbon-ammonia pairs for ad-


https://www.sciencedirect.com/science/article/pii/S1364032112006491
https://www.sciencedirect.com/science/article/pii/S1364032112006491
https://www.sciencedirect.com/science/article/pii/S1364032112006491
https://www.sciencedirect.com/science/article/pii/S1364032112006491
https://www.sciencedirect.com/science/article/pii/S1364032112006491
http://dx.doi.org/https:/doi.org/10.1016/j.rser.2012.11.037
http://dx.doi.org/https:/doi.org/10.1016/j.rser.2012.11.037
https://www.sciencedirect.com/science/article/pii/S0960148198002560
https://www.sciencedirect.com/science/article/pii/S0960148198002560
https://www.sciencedirect.com/science/article/pii/S0960148198002560
https://www.sciencedirect.com/science/article/pii/S0960148198002560
https://www.sciencedirect.com/science/article/pii/S0960148198002560
http://dx.doi.org/https:/doi.org/10.1016/S0960-1481(98)00256-0
http://dx.doi.org/https:/doi.org/10.1016/S0960-1481(98)00256-0
https://www.sciencedirect.com/science/article/pii/S0038092X98000127
https://www.sciencedirect.com/science/article/pii/S0038092X98000127
https://www.sciencedirect.com/science/article/pii/S0038092X98000127
https://www.sciencedirect.com/science/article/pii/S0038092X98000127
http://dx.doi.org/https:/doi.org/10.1016/S0038-092X(98)00012-7
http://dx.doi.org/https:/doi.org/10.1016/S0038-092X(98)00012-7
http://dx.doi.org/https:/doi.org/10.1016/S0038-092X(98)00012-7

Norwegian Journal of development of the International Science No 183/2026 37

sorption refrigeration applications: ice making, air con-
ditioning and heat pumping. International Journal of
Refrigeration 2009;32(6):1212-29. URL.: https://www.
sciencedirect.com/science/arti-
cle/pii/S0140700709000061.
doi:https://doi.org/10.1016/j.ijrefrig.2009.01.008.

5. Rupa MJ, Pal A, Saha BB. Activated carbon-
graphene nanoplatelets based green cooling system:
Adsorption kinetics, heat of adsorption, and thermody-

namic performance. Energy 2020;193:116774.
URL: https://www.sciencedirect.com/science/arti-
cle/pii/ S0360544219324697.

doi:https://doi.org/10.1016/j.energy.2019. 116774.

6. Tiwari D, Bhunia H, Bajpai PK. Adsorption
and thermodynamic studies of pure and binary co2 and
n2 gas components on nitrogen enriched nanostruc-
tured carbon adsorbents. The Journal of Chemical
Thermodynamics 2018;125:205-13. URL:
https://www. sciencedirect.com/science/arti-
cle/pii/S0021961418303835.
doi:https://doi.org/10.1016/j.jct.2018.06.009.

7. Jribi S, Chakraborty A, El-Sharkawy Il, Saha
BB, Koyama S. Thermodynamic analysis of activated
carbon-co2 based adsorption cooling cycles. Interna-
tional Journal of Mechanical, Industrial and Aerospace
Sciences 2008;1(7).
doi:https://doi.org/10.5281/zenodo.1328392.

8. Singh VK, Kumar EA. Experimental investi-
gation and thermodynamic analysis of co2 adsorption
on activated carbons for cooling system. Journal of
CO2 Utilization 2017;17:290-304. URL: https://www.
sciencedirect.com/science/arti-
cle/pii/S2212982016302499.
doi:https://doi.org/10.1016/j.jcou.2016.12.004.

9. Berdenova B. Simulation of carbon dioxide
adsorption onto consolidated activated carbon in 2d ax-
isymmetric system. Journal of Mathematics, Mechan-
ics and Computer Science 2024;121(1):89-98.
doi:https://doi. org/10.26577/IMMCS202412119.

10. Pongtornkulpanich A. Dynamic simulation of
solid adsorption solar refrigerator system with ac/ch3oh
as a working pair. Energy and Power Engineering
2014;6(12):459-65. doi:doi:10.4236/epe.2014.612038.

11. Kinik FP, Ortega-Guerrero A, Ongari D, Ire-
land CP, Smit B. Pyrenebased metal organic frame-
works: from synthesis to applications. Chem Soc Rev
2021;50:3143-77. URL: http://dx.doi.org/10.1039/
D0CS00424C. doi:10.1039/D0CS00424C.

12. Peng MM, Jeon UJ, Ganesh M, Aziz A,
Vinodh R, Palanichamy M, et al. Oxidation of
ethylbenzene using nickel oxide supported metal or-
ganic framework catalyst. Bulletin of the Korean
Chemical Society 2014;35(11):3213-8.
doi:https://doi.org/10.5012/bkcs.2014. 35.11.3213.

13. Bergaoui M, Khalfaoui M, Awadallah-F A,
Al-Muhtaseb S. A review of the features and applica-
tions of zif-8 and its derivatives for separating co2 and
isomers of ¢3- and c4- hydrocarbons. Journal of Natural
Gas Science and Engineering 2021;96:104289. URL:
https://www.sciencedirect.com/science/ arti-
cle/pii/S187551002100487X.
doi:https://doi.org/10.1016/j. jngse.2021.104289.

14. Benedetti FM, Angelis MGD, Esposti MD,
Fabbri P, Masili A, Orsini A, et al. Enhancing the sep-
aration performance of glassy ppo with the addition of
a molecular sieve (zif-8): Gas transport at various tem-
peratures. Membranes 2020;10(4).
doi:https://doi.org/10.3390/membranes10040056.

15. Ghazy M, Harby K, Askalany AA, Saha BB.
Adsorption isotherms and kinetics of activated car-
bon/difluoroethane adsorption pair: Theory and exper-
iments. International Journal of Refrigeration
2016;70:196-205. URL:  https://www.sciencedi-
rect.com/science/ article/pii/S0140700716000189.
doi:https://doi.org/10.1016/j. ijrefrig.2016.01.012.

16. Balanay J, Lungu CT. Morphologic and sur-
face characterization of different types of activated car-
bon fibres. Adsorption Science and Technology
2012;30(4):355-67. doi:https://doi.org/10.1260/0263-
6174. 30.4.355.

17. Ko lodyn’ska D, Ju Y, Franus M, Franus W.
Zeolite nap1l functionalization for the sorption of metal
complexes with biodegradable n-(1,2dicarboxyethyl)-
d,l-aspartic acid. Materials 2021;14(10). URL:
https.//www.mdpi.com/1996-1944/14/10/2518.
d0i:10.3390/ma14102518.

18. De Souza VC, Villarroel-Rocha J, De Arau’jo
MJG, Sapag K, Pergher SBC. Basic treatment in natu-
ral clinoptilolite for improvement of physicochemical
properties. Minerals 2018;8(12). URL.:
https://www.mdpi. com/2075-163X/8/12/595.
d0i:10.3390/min8120595.

19. Benkhedda J, Jaubert JN, Barth D, Perrin L,
Bailly M. Adsorption isotherms ofm-xylene on acti-
vated carbon: measurements and correlation with dif-
ferent models. The Journal of Chemical Thermody-
namics 2000;32(3):401-11. URL: https://www. sci-
encedirect.com/science/article/pii/S002196149990613
4. doi:https://doi.org/10.1006/jcht.1999.0613.

20. Fan W, Chakraborty A, Kayal S. Adsorption
cooling cycles: Insights into carbon dioxide adsorption
on activated carbons. Energy 2016;102:491- 501.
URL: https://www.sciencedirect.com/science/arti-
cle/pii/ S0360544216301748.
doi:https://doi.org/10.1016/j.energy.2016.02.112.

21. Miyazaki T, Saha BB, and SK. Analytical
model of a combined adsorption cooling and mechani-
cal vapor compression refrigeration system. Heat
Transfer Engineering 2017;38(4):423-30. URL:
https://doi.org/10.1080/01457632.2016.1195135.
d0i:10.1080/01457632.2016.1195135.
arXiv:https://doi.org/10.1080/01457632.2016.119513
5.

22. 2024;URL: https://www.carbon-dioxide-
properties.com/ co2tablesweb.aspx.

23. Bahrehmand H, Bahrami M. Optimized sorber
bed heat and mass exchangers for sorption cooling sys-
tems. Applied Thermal Engineering 2021;185:116348.
URL: https://lwww.sciencedirect.com/science/ arti-
cle/pii/S1359431120338266.
doi:https://doi.org/10.1016/j. ap-
plthermaleng.2020.116348.


https://www.sciencedirect.com/science/article/pii/S0140700709000061
https://www.sciencedirect.com/science/article/pii/S0140700709000061
https://www.sciencedirect.com/science/article/pii/S0140700709000061
https://www.sciencedirect.com/science/article/pii/S0140700709000061
https://www.sciencedirect.com/science/article/pii/S0140700709000061
https://www.sciencedirect.com/science/article/pii/S0140700709000061
http://dx.doi.org/https:/doi.org/10.1016/j.ijrefrig.2009.01.008
http://dx.doi.org/https:/doi.org/10.1016/j.ijrefrig.2009.01.008
https://www.sciencedirect.com/science/article/pii/S0360544219324697
https://www.sciencedirect.com/science/article/pii/S0360544219324697
https://www.sciencedirect.com/science/article/pii/S0360544219324697
https://www.sciencedirect.com/science/article/pii/S0360544219324697
http://dx.doi.org/https:/doi.org/10.1016/j.energy.2019.116774
http://dx.doi.org/https:/doi.org/10.1016/j.energy.2019.116774
http://dx.doi.org/https:/doi.org/10.1016/j.energy.2019.116774
https://www.sciencedirect.com/science/article/pii/S0021961418303835
https://www.sciencedirect.com/science/article/pii/S0021961418303835
https://www.sciencedirect.com/science/article/pii/S0021961418303835
https://www.sciencedirect.com/science/article/pii/S0021961418303835
https://www.sciencedirect.com/science/article/pii/S0021961418303835
http://dx.doi.org/https:/doi.org/10.1016/j.jct.2018.06.009
http://dx.doi.org/https:/doi.org/10.1016/j.jct.2018.06.009
http://dx.doi.org/https:/doi.org/10.5281/zenodo.1328392
http://dx.doi.org/https:/doi.org/10.5281/zenodo.1328392
https://www.sciencedirect.com/science/article/pii/S2212982016302499
https://www.sciencedirect.com/science/article/pii/S2212982016302499
https://www.sciencedirect.com/science/article/pii/S2212982016302499
https://www.sciencedirect.com/science/article/pii/S2212982016302499
https://www.sciencedirect.com/science/article/pii/S2212982016302499
https://www.sciencedirect.com/science/article/pii/S2212982016302499
http://dx.doi.org/https:/doi.org/10.1016/j.jcou.2016.12.004
http://dx.doi.org/https:/doi.org/10.1016/j.jcou.2016.12.004
http://dx.doi.org/https:/doi.org/10.26577/JMMCS202412119
http://dx.doi.org/https:/doi.org/10.26577/JMMCS202412119
http://dx.doi.org/https:/doi.org/10.26577/JMMCS202412119
http://dx.doi.org/doi:%2010.4236/epe.2014.612038
http://dx.doi.org/doi:%2010.4236/epe.2014.612038
http://dx.doi.org/10.1039/D0CS00424C
http://dx.doi.org/10.1039/D0CS00424C
http://dx.doi.org/10.1039/D0CS00424C
http://dx.doi.org/10.1039/D0CS00424C
http://dx.doi.org/10.1039/D0CS00424C
http://dx.doi.org/10.1039/D0CS00424C
http://dx.doi.org/https:/doi.org/10.5012/bkcs.2014.35.11.3213
http://dx.doi.org/https:/doi.org/10.5012/bkcs.2014.35.11.3213
http://dx.doi.org/https:/doi.org/10.5012/bkcs.2014.35.11.3213
https://www.sciencedirect.com/science/article/pii/S187551002100487X
https://www.sciencedirect.com/science/article/pii/S187551002100487X
https://www.sciencedirect.com/science/article/pii/S187551002100487X
https://www.sciencedirect.com/science/article/pii/S187551002100487X
http://dx.doi.org/https:/doi.org/10.1016/j.jngse.2021.104289
http://dx.doi.org/https:/doi.org/10.1016/j.jngse.2021.104289
http://dx.doi.org/https:/doi.org/10.1016/j.jngse.2021.104289
http://dx.doi.org/https:/doi.org/10.3390/membranes10040056
http://dx.doi.org/https:/doi.org/10.3390/membranes10040056
http://dx.doi.org/https:/doi.org/10.3390/membranes10040056
https://www.sciencedirect.com/science/article/pii/S0140700716000189
https://www.sciencedirect.com/science/article/pii/S0140700716000189
https://www.sciencedirect.com/science/article/pii/S0140700716000189
https://www.sciencedirect.com/science/article/pii/S0140700716000189
http://dx.doi.org/https:/doi.org/10.1016/j.ijrefrig.2016.01.012
http://dx.doi.org/https:/doi.org/10.1016/j.ijrefrig.2016.01.012
http://dx.doi.org/https:/doi.org/10.1016/j.ijrefrig.2016.01.012
http://dx.doi.org/https:/doi.org/10.1260/0263-6174.30.4.355
http://dx.doi.org/https:/doi.org/10.1260/0263-6174.30.4.355
http://dx.doi.org/https:/doi.org/10.1260/0263-6174.30.4.355
http://dx.doi.org/https:/doi.org/10.1260/0263-6174.30.4.355
https://www.mdpi.com/1996-1944/14/10/2518
https://www.mdpi.com/1996-1944/14/10/2518
https://www.mdpi.com/1996-1944/14/10/2518
https://www.mdpi.com/1996-1944/14/10/2518
http://dx.doi.org/10.3390/ma14102518
http://dx.doi.org/10.3390/ma14102518
https://www.mdpi.com/2075-163X/8/12/595
https://www.mdpi.com/2075-163X/8/12/595
https://www.mdpi.com/2075-163X/8/12/595
http://dx.doi.org/10.3390/min8120595
http://dx.doi.org/10.3390/min8120595
https://www.sciencedirect.com/science/article/pii/S0021961499906134
https://www.sciencedirect.com/science/article/pii/S0021961499906134
https://www.sciencedirect.com/science/article/pii/S0021961499906134
https://www.sciencedirect.com/science/article/pii/S0021961499906134
https://www.sciencedirect.com/science/article/pii/S0021961499906134
http://dx.doi.org/https:/doi.org/10.1006/jcht.1999.0613
http://dx.doi.org/https:/doi.org/10.1006/jcht.1999.0613
https://www.sciencedirect.com/science/article/pii/S0360544216301748
https://www.sciencedirect.com/science/article/pii/S0360544216301748
https://www.sciencedirect.com/science/article/pii/S0360544216301748
https://www.sciencedirect.com/science/article/pii/S0360544216301748
http://dx.doi.org/https:/doi.org/10.1016/j.energy.2016.02.112
http://dx.doi.org/https:/doi.org/10.1016/j.energy.2016.02.112
http://dx.doi.org/https:/doi.org/10.1016/j.energy.2016.02.112
https://doi.org/10.1080/01457632.2016.1195135
https://doi.org/10.1080/01457632.2016.1195135
https://doi.org/10.1080/01457632.2016.1195135
http://dx.doi.org/10.1080/01457632.2016.1195135
http://dx.doi.org/10.1080/01457632.2016.1195135
http://dx.doi.org/10.1080/01457632.2016.1195135
http://arxiv.org/abs/https:/doi.org/10.1080/01457632.2016.1195135
http://arxiv.org/abs/https:/doi.org/10.1080/01457632.2016.1195135
http://arxiv.org/abs/https:/doi.org/10.1080/01457632.2016.1195135
https://www.carbon-dioxide-properties.com/co2tablesweb.aspx
https://www.carbon-dioxide-properties.com/co2tablesweb.aspx
https://www.carbon-dioxide-properties.com/co2tablesweb.aspx
https://www.carbon-dioxide-properties.com/co2tablesweb.aspx
https://www.sciencedirect.com/science/article/pii/S1359431120338266
https://www.sciencedirect.com/science/article/pii/S1359431120338266
https://www.sciencedirect.com/science/article/pii/S1359431120338266
https://www.sciencedirect.com/science/article/pii/S1359431120338266
http://dx.doi.org/https:/doi.org/10.1016/j.applthermaleng.2020.116348
http://dx.doi.org/https:/doi.org/10.1016/j.applthermaleng.2020.116348
http://dx.doi.org/https:/doi.org/10.1016/j.applthermaleng.2020.116348
http://dx.doi.org/https:/doi.org/10.1016/j.applthermaleng.2020.116348

