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Among numerous methods developed in purification and separation industries, the adsorption process has re-
ceived considerable attention due to its inexpensive, facile, and eco-friendly nature. The importance of the ad-
sorption process causes extraordinary endeavors for modeling the adsorption isotherms during the years;
thus, myriads of research have been conducted and many reviews have been published. In this paper, we have
attempted to gather the most widely used adsorption isotherms and their related definitions, along with exam-
ples of correlated work of the recent decade. In the present review, 37 adsorption isotherms with about 400 ref-
erences have been collected from the research published in the period of 2010–2020. The adsorption isotherms
utilized are alphabetically organized for ease of access. The parameters of each isotherm, aswell as the applicable
definitions, are presented in the table, in addition to being discussed in the text. Another table is provided for the
practical use of researchers, featuring the usage of the related isotherms in peer-reviewed studies.
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1. Introduction

Among various methods evolved in purification and separation in-
dustries, the adsorption process has received remarkable attention
due to its inexpensive, uncomplicated and eco-friendly nature. IUPAC
defines adsorption as “the increase in the concentration of a substance
at the interface of a condensed and a liquid or gaseous layer owing to
the operation of surface forces” (Calvert, 1990). Adsorbate is the sub-
stance in the solid, liquid or gas phase, which is adsorbed, and the sub-
stance (surface) into which the adsorbate is adsorbed is called
adsorbent. Adsorption processes are categorized into physical and
chemical classes based on the nature of forces between adsorbate and
adsorbent. Van der Waals forces play a critical role in physical ad-
sorption, whereas chemical bonds are associated with chemical ad-
sorption. The importance of the adsorption process encourages
researchers from many disciplines to better understand this process.
Numerous experimental and theoretical studies (molecular dynam-
ics study and density functional theory (DFT) methods) have been
conducted for this purpose (Ahmad et al., 2020; Majd et al., 2017;
Zhuang et al., 2020). Among these various data, the adsorption iso-
therms and their corresponding equations characterize the adsorp-
tion processes in a complete and thorough manner. The adsorption
isotherm describes and predicts the amount of adsorbed material
as a function of pressure (or concentration) at a constant tempera-
ture (Karri and Sahu, 2018; Karri et al., 2017). Remarkable endeavors
have been made for modeling the adsorption isotherms within the
2

past decade and the efforts will continue to discover the unknown
aspects of them.

About 15% of world's energy consumes in industrial separation pro-
cesses especially in oil and gas refineries, food processing, and water
treatment industrieswhich include adsorption processes. The industrial
adsorption process can be classified into two categories of bulk separa-
tion process and purification process. The bulk separation process in-
cludes processes like separation of paraffin/aromatics, N2/O2, water/
ethanol, p-xylene/o-xylene, fructose/glucose and etc. The purification
approach especially considers removing substances from different
streams such as organic compounds from air, water from natural gas,
sulfur compounds from hydrogen, solvents and odors from air, odor
and taste from drinking water, and the decolorizing of sugar syrups,
vegetable oils and petroleum fractions. The industrial adsorption pro-
cess can be implemented in two modes of batch and continuous
counter-current. In the batch process the feed stream passes through a
fixed bed adsorbent stage until the adsorbent's saturation be ob-
tained. After the saturation achieved the adsorbent bed is regener-
ated or replaced by fresh ones. The continuous adsorption process
considers two parallel fixed beds that runs at adsorption and desorp-
tion modes simultaneously which their modes changed in turn by
achieving saturation. Additionally, the moving bed method is
known as a continuous process in which the adsorbent particles
move in different zones of the adsorption equipment. The fluidized
and expanded bed processes is also introduced for improving the
process time and efficiency. The pressure swing adsorption (PSA)
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and the temperature swing adsorption (TSA) are two procedure that
applied in industrial gas adsorption processes for establishing a con-
tinuous operation.

In the all mentioned industrial adsorption processes it is crucial to
know the equilibrium data, the adsorption capacity of adsorbent, and
the kinetics of the process for designing and optimizing purposes.
Therefore, the adsorption isotherms provide valuable estimate data in
different operation condition for researcher and engineers which can
be applied for designing, optimizing and troubleshooting of an adsorp-
tion process.

In this paper, the most widely used adsorption isotherms and their
related definitions, along with correlated research conducted in the re-
cent decade are gathered. The adsorption isotherms presented are al-
phabetically organized for ease of access in Table 1. The parameters of
each isotherm, as well as the applicable definitions, are defined in
Table 2, in addition to being discussed in the text. Table 3 presenting dif-
ferent adsorption processes is provided for the practical use of re-
searchers, featuring examples of the isotherms used in peer-reviewed
studies. In all isotherm models qe and Ce are defined as equilibrium
adsorption capacity of adsorbent and equilibrium concentration of
adsorbate, respectively.

To the best of our knowledge, this is themost comprehensive review
that has been published to date on adsorption isotherms, and we
hope that this review will be useful for researchers working in the
related area.

2. Isothermmodels

2.1. Aranovich isotherm model

The Aranovich isotherm is based on the theory of polymolecular ad-
sorption isotherm and can be properly used for calculating the specific
surface areas of disperse and porous adsorbents (Aranovich, 1992).
The assumptions that Aranovich isotherm takes into account can be
summarized as follows: the adsorbent surfaces are even, level and
homogeneous; merely the interaction of “closest neighbors” exists;
the energy of desorption is dependent upon layer's numeral value;
and just configurational components of free energy are taken into
consideration. Aranovich isotherm model can be considered as the
modified form of BET model. This equation is the same as BET equa-
tion (Eq. (4)) (Wjihi et al., 2019) in all terms except for the power of
the term (1 − Ce/Cs) which is 0.5 for Aranovich while in the BET
model it equals to 1. Furthermore, it can be applied to the broader
range of adsorbate concentrations compared to BET model. The
Aranovich equation can be expressed as (Aranovich, 1992; Do,
1998):

qe ¼
qm,ArCAr

Ce
CS,Ar

1− Ce
CS,Ar

� �1
2
1þ CAr

Ce
CS,Ar

� � ð1Þ

In which CAr, CS, Ar, and qm, Ar are the Aranovich isotherm constant,
saturation concentration of Aranovich isotherm and maximum
adsorption capacity of Aranovich isotherm, respectively.

Furthermore, researchers (Szatanik-Kloc et al., 2018) studied the soil
compaction impact on the surface properties of different cereal roots.
They measured the water vapor adsorption-desorption isotherms and
fitted the experimental data of the quantity of adsorbed water vapor
per root'smass to Aranovich isothermmodel to findout the specific sur-
face area.

Using carbon adsorbents for adsorbing benzene and pyridine vapors
was investigated elsewhere (Belyaeva and Krasnova, 2016). By means
of the BET and Aranovich equations, general characteristics of adsorp-
tion were determined. It was concluded that it is more accurate to de-
scribe the adsorption isotherm of benzene vapors by the Aranovich
model and pyridine vapors by the BET model.
3

Humpola and Odetti (Humpola et al., 2013) developed a method
centered on gas isotherm measurements (nitrogen, carbon dioxide,
methane, oxygen and argon) to calculate the adsorption capacities of
different solid materials. They applied the method to characterize two
granular activated carbons and a graphitized carbon black surface.
They investigated the conformity of the system with the BET and the
Aranovich isotherms. They conclude that the Aranovich isotherm can
appropriately describe the adsorption behavior of granular activated
carbon at high pressures.

2.2. Baudu isotherm model

The Baudu isotherm model considers the Langmuir coefficients
(Eq. (37) (Langmuir, 1918) as a function of concentration (if KL =
b0, BaCe

xBa, qmL = qm0, BaCe
yBa) (Baudu, 1990; Baudu et al., 1989). By

substituting these functionalities in the Langmuir model, the four-
parameter Baudu model will be obtained (Eq. (2)). This equation
was proposed in 1990 by Baudu to model an adsorption system for
removing various organic pollutants in aqueous solution using acti-
vated carbon. The xBa and yBa defines as Baudo constants and the
terms of (1 + xBa + yBa) and (1 + xBa) should have a value under
unity for model validity (Saadi et al., 2015). The qm0, Ba(mg/g) is the
maximum adsorption capacity of the model and the b0, Ba is
equilibrium constant. In the systems with low coverage of the
surface, the Baudu model transforms to Eq. (3).

qe ¼
qm0,Bab0,BaC

1þxBaþyBað Þ
e

1þ b0,BaC
1þxBað Þ
e

ð2Þ

qe ¼
qm0,Bab0,BaC

1þxBaþyBað Þ
e

1þ b0,Ba
ð3Þ

The researchers Svilovic et al. applied the Baudu isotherm for
modeling the adsorption of copper cation on fly-ash and zeolite
based adsorbents (Svilović et al., 2019). In the work of Syafiuddin
et al. the adsorption of silver nanoparticles on various adsorbent
such as glass beads, magnetic iron oxide, and biological materials
were investigated and the Baudu isotherm model was determined
as a reliable model for describing the adsorption of silver nano parti-
cles (Syafiuddin et al., 2018). In another research the adsorption of
phenolic compounds and chlorophenols onto granular activated
carbon was investigated. The researchers reported the conformity
of experimental results with the Baudu isotherm (Hamdaoui and
Naffrechoux, 2007).

2.3. Brunauer- Emmet-Teller (BET) isotherm model

In 1938 Brunauer, Emmet, and Teller (Brunauer et al., 1938) pro-
posed an adsorption isotherm based onmultimolecular adsorption the-
ory for gaseous substances. Brunauer et al. defined five types of
isotherm for a physical adsorption system (Khalfaoui et al., 2003).
They considered two pressure regions for adsorbing gas constituents
onto adsorbents. At the temperatures near the point of condensation,
isotherms had concave shape for low pressures, and had convex shape
over the pressure axis for high pressures.

The convex shape of isotherms in high pressure can be related to liq-
uid state of constituents that condensed in capillaries of adsorbent in a
molecular dimension scale. The capillary condensation mechanism
causes a multimolecular adsorption layer occurs for systems comprised
non-polar molecules adsorbate and ionic adsorbent. The adsorbent sur-
face layer induces electrical dipoles to first layer of adsorption and so on
the first layer polarizes the other layers of adsorption. Various forms of
the BET isotherm were proposed (Ebadi et al., 2009). The most general
form of the BET model presented in Eq. (4) (Wjihi et al., 2019):



Table 1
Adsorption isotherm models.

Model name Isotherm equation Model parameters Ref.

1 Aranovich
qe ¼

qm,ArCAr
Ce

Cs,Ar

1− Ce
Cs,Ar

� �1
2

1þCAr
Ce

CS,Ar

� � qm, Ar, CAr, Cs, Ar Aranovich (1992); Do (1998)

2 Baudu
qe ¼ qm0,Bab0,BaC

1þxBaþyBað Þ
e

1þb0,BaC
1þxBað Þ

e

qm0, Ba, b0, Ba, xBa, yBa Baudu (1990); Baudu et al. (1989)

3 Brunauer- Emmet-Teller (BET) qe ¼ qm,BET CBET Ce

Cs,BET−Ceð Þ 1þ CBET−1ð Þ Ce
Cs,BET

� �h i qm, BET, CBET, Cs, BET Wjihi et al. (2019)

4 Brouers-Sotolongo qe ¼ qm;BSð1− expð−KBSC
αBS
e ÞÞ qm, BS, KBS, αBS Brouers et al. (2005)

5 Dubinin-Astakhov (DA) qe ¼ qm,DA − εDA
EDA

� �nDA
h i

, εDA ¼ RTln Cs,DA
Ce

� �
qm, DA, EDA, nDA, εDA, Cs, DA Dubinin and Astakhov (1971)

6 Dubinin-Radushkevich (DR) q ¼ qm,DRe
−KDRεDR2 , εDR ¼ RT 1þ 1

Ce

� �
qm, DR, KDR, εDR Dubinin (1960)

7 Flory-Huggins θFH
C0,FH

¼ KFH 1− θFHð ÞnFH , θFH ¼ 1− Ce
C0

KFH, nFH, C0, FH, θFH Flory (1942); Huggins (1942)

8 Fowler Guggenheim
Ce ¼ θFG

KFGð1−θFGÞ expð2θFGWFG

RT
Þ; θFG ¼ qe=qm,FG
� � θFG, KFG, WFG, qm, FG Fowler (1939)

9 Frenkel-Halsey-Hill (FHH) ln Ce
Cs,FHH

� �
¼ − αFHH

RT
qs,FHH
qedFHH

� �r Cs, FHH, αFHH, qs, FHH, r, dFHH Frenkel (1946); Hill (1952)

10 Freundlich qe ¼ kFC
nF
e KF, nF Freundlich (1906)

11 Fritz-Shluender 3-Parameter qe ¼ qm,FS1KFS1Ce

1þqm,FS1C
mFS1
e

qm, FS1, KFS1, mFS1 Fritz and Schluender (1974); Ramadoss and
Subramaniam (2019)

4-Parameter qe ¼ CFS2C
αFS2
e

1þDFS2C
βFS2
e

CFS2, αFS2, DFS2, βFS2

5-Parameter qe ¼ qm,FS3K1,FS3C
m1,FS3
e

1þK2,FS3C
m2,FS3
e

qm, FS3, K1, FS3, K2, FS3, m1, FS3,
m2, FS3

12 Frumkin
Ce ¼ θFm

KFmð1−θFmÞ expð− f FmθFmÞ, θFM ¼ qe
qm

θFm, KFm, fFm Frumkin (1925a); Grchev et al. (1991)

13 Guggenheim-Andersen-de Boer
(GAB) qe ¼

qm;GABCGABKGABCe

ðCs;GAB−KGCeÞ½1þ ðCGAB−1ÞKG
Ce

Cs;GAB
�

qm, GAB, CGAB, KGAB, Cs, GAB Anderson (1946); De Boer (1953); Guggenheim
(1966)

Modified: qe ¼

q0m,GABC
0
GABK

0
GAB

Ce
C0
s,GAB

� �n0
GAB

1−K 0
GAB

Ce
C0
S,GAB

� �n0
GAB

 !
1þ C0

GAB−1ð ÞK 0
GAB

Ce
C0
s,GAB

� �n0
GAB

" #

qm, GAB′, CGAB′, K′GAB, Cs, GAB′,
nGAB′

Zou et al. (2016)

14 Halsey qe ¼ e
−ð ln KHL− ln Ce Þ=nHL

KHL, nHL Halsey (1948)

15 Harkins-Jura 1
q2e

¼ BHJ

AHJ
−

1
AHJ

logCe
AHJ, BHJ Harkins and Jura (1944)

16 Henderson
qe ¼ ð− lnð1− CeÞ

AHe
Þ
1=nHe

AHe, nHe Henderson (1970)

Modified: qe ¼ ½− lnð1−CeÞ
A0
HeðT þ B0

HeÞ
�
1=n0

He
A′He, B′He, n′He Mehta and Singh (2006)

17 Henry qe ¼ KHNCe KHN Erbil (2006)
18 Hill-De Boer

K1;HBCe ¼ θHB
1−θHB

expð θHB
1−θHB

−
K2;HBθHB

RT
Þ

θHB ¼ qe=qm,HB

K1, HB, K2, HB, θHB, qm, HB De Boer (1953); Hill (1946)

19 Hills
qe ¼ qSH ∙ CnSH

e

KD,SHþC
nSH
e

� �
qSH, nSH, KD, SH Hill (1910)

20 Jossens Ce =
qe
HJs

exp(FJsqePJs) HJs, FJs, PJs Jossens et al. (1978)

21 Jovanovich qe = qm, Jv[1 − eKJvC
e] qm, Jv, KJv Jovanović (1969)

22 Khan qe ¼ qm,KHbKHCe

1þbKHCeð ÞaKH
qm, KH, bKH, aKH Khan et al. (1997); Khan et al. (1996)

23 Kiselev
K1, KVCe =

θKV
ð1− θKV Þð1þ kn;KVθKV Þ, θKV ¼ qe

qS,KV

θKV, K1, KV, Kn, KV, qS, KV Kiselev (1958)

24 Koble-Corrigan qe ¼ aKCC
nKC
e

1þbKC C
nKC
e

aKC, bKC, nKC Koble and Corrigan (1952)

25 Langmuir qe ¼ qm,LKLCe

1þKLCe

qm, L, KL Langmuir (1918)

26 MacMillan-Teller (MET)
qe ¼ qs;MET ð

KMET

lnðCs;MET=CeÞÞ
1
3 qs, MET, KMET, Cs, MET McMillan and Teller (1951)

27 Marczewski-Jaroniec
qe ¼ qm,MJ

KMJCeð ÞnMJ

1þ KMJCeð ÞnMJ

� �mMJ
nMJ

qm, MJ, KMJ, nMJ, mMJ Derylo-Marczewska and Jaroniec (1987)

28 Oswin qe ¼ KOS
Ce

1−Ce

� �nOS KOS, nOS Oswin (1946)

Modified: qe ¼ ðA′OS þ B′OSTÞð Ce

1−Ce
Þ
n0
OS A′OS, B′OS, nOS′ Chen (1990)

29 Radke-Prausnitz
qe ¼

qm;RPKRPCe

ð1þ KRPC
mRP
e Þ

qm, RP, KRP, mRP Radke and Prausnitz (1972)

30 Redlich-Peterson
qe ¼

KRNCe

1þ aRNC
βRN
e

KRN, aRN, βRN Redlich and Peterson (1959)

31 Sips
qe ¼

qm;SPKSPC
nSP
e

1þ KSPC
nSP
e

qm, SP, KSP, nSP Sips (1948)
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Table 1 (continued)

Model name Isotherm equation Model parameters Ref.

32 Smith qe ¼ ðA0
ST þ B0

ST TÞ þ C0
ST lnð1−CeÞ AST, BST Smith (1947)

Modified: qe = (A′ST + B′STT) + C′ST ln
(1 − Ce)

A′ST, B′ST, C′ST Bala and Woods (1991); Nellist (1974)

33 Temkin
qe ¼

RT
bTM

lnKTMCe
bTM, KTM Temkin (1940)

34 Toth
qe ¼

qm;TOCe

ðKTO þ CZTO
e Þ

1=ZTO

qm, TO, KTO, ZTO Toth (2002); Tóth (1995)

35 Vieth-Sladek
qe ¼ KVSCe þ

qm;VSβVSCe

1þ βVSCe

KVS, qm, VS, βVS Vieth and Sladek, 1965b

36 Volmer
Ce ¼ θVL

dVLð1−θVLÞ expð θVL
1−θVL

Þ, θVL ¼ qe
qm;VL

dVL, qm, VL, θVL, qm, VL Volmer (1925)

37 Weber-Van Vliet
Ce ¼ P1,WBq

P2,WBq
P3,WB
e þP4,WB

� �
e

P1, WB, P2, WB, P3, WB, P4, WB Van Vliet et al. (1980)
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qe ¼
qmBETCBETCe

Cs,BET − Ceð Þ 1þ CBET − 1ð Þ Ce
Cs,BET

� �h i ð4Þ

In Eq. (4), the parameters of qmBET
mg
g

� �
, Cs, BET and CBET

L
mg

� �
are

defined as the maximum adsorption capacity of BET isotherm, mono-
layer saturation concentration of isothermand BET adsorption constant,
respectively. The BET model covers relative pressures (P/P0 ) between
the values of 0.05 to 0.3.

In a research the ammonia gas were adsorbed on straw-rice based
biochar and the adsorption system obeyed the BET isotherm (Park
et al., 2019). Other researchers also used hydroxyapatite nanoparticles
for adsorbing water vapor adsorption and found out the BET isotherm
is the best descriptive model for their system (Szałaj et al., 2019).

Some researchers modified the BET model based on statistical phys-
ics and assumed that the molecules of the first layer adsorbed on the
surface with more energy than the remaining layers (Khalfaoui et al.,
2003). In another work (Wjihi et al., 2019) the modified BET isotherm
model was applied for a dye/nanosilica adsorption system. Also it was
found that the methane gas adsorption to shale-oil, chiefly obeys the
BET isotherm model (Yu et al., 2016b).

One of themain applications of the BET isotherm is the estimation of
specific surface area and pore size and shape of porous adsorbents. In a
low temperature instrument, the pressure of a gas is changed (normally
nitrogen gas at 77 K) in an adsorption/desorption route, and partial
pressures were measured. By comparing the shape of the obtained ad-
sorption/desorption isotherm with the five reference BET isotherm
curves, the shape and behavior of pores can be described (Ladavos
et al., 2012).

2.4. Brouers–Sotolongo isotherm model

A state-of-art isotherm was proposed based on considering some
theoretical assumption on the Langmuir isotherm in 2005 by Brouers
et al. In the Brouers–Sotolongo (BS) isotherm model, it is considered
that the adsorbent has sites with distributed sorption energies, which
this distribution obeys from the Levy stable distributions theory
(Brouers et al., 2005). The BS isotherm model is expressed by Eq. (5).
In Eq. (5) the qm, BS is the maximum adsorption capacity (mg/g), the
KBS (L/mg) and αBS are the model constants.

qe ¼ qm,BS 1− exp −KBSC
αBS
e

� �� � ð5Þ

Various research are presented to show the reliability of the BS iso-
therm model. In the work of Unuabonah et al., the adsorption of phos-
phate from water by using modified clay was evaluated, and the BS
isotherm model adequately described the experimental results
(Unuabonah et al., 2017). In addition, it is reported that the adsorption
of the methylene blue (MB) dye onto various activated carbon was in
5

conformity with the BS isotherm model (Selmi et al., 2018; Vargas
et al., 2011).

2.5. Dubinin-Astakhov isotherm model

The Dubinin-Astakov (DA)model is widely deployed in studying the
adsorption of gases onto microporous activated carbons. The DA equa-
tion is written as follows (Dubinin and Astakhov, 1971):

qe ¼ qm,DA −
εDA
EDA

� �nDA� 	
ð6Þ

qm, DA is themaximumadsorption capacity of theDA isotherm(mg/g),
εDA is the DA isotherm adsorption potential (kJ/mol), nDA is the
heterogeneity parameter in DA isotherm model (Burevski, 1982), and
EDA is the characteristic energy of the system in DA isotherm model
(kJ/mol). The expression (7) is used to measure the adsorption poten-
tial (Dubinin and Astakhov, 1971) (Ross and Riley, 1990), where Cs, DA
is maximum solubility of the adsorbate.

εDA ¼ RTln
Cs,DA

Ce

� �
ð7Þ

Yan and Niu developed natural-based adsorbents for the adsorption
of norfloxacinfrom from aqueous solutions (Yan and Niu, 2018). The ex-
perimental results and the DA model were well-matched, and the DA
modelwas applied to determine the site energy distributionmechanism.

Singh and Kumar investigated the CO2 adsorption on a commercially
available activated carbon (the Norit Darco form), which was made
from lignite granular content. (Singh and Kumar, 2016). The Langmuir
and DA isotherm models were applied to describe the CO2 adsorption,
and theDA isothermmodelwas found to be consistentwith experimen-
tal results.

Cheng and Hu worked on the adsorption of acetylene (C2H2) on
different metal organic frameworks (MOFs) (Cheng and Hu, 2016).
Their findings revealed that DA equation was better than Langmuir
and BET models to demonstrate C2H2 adsorption on MOFs.

At various temperatures, Singh et al. studied the adsorption iso-
therms and the kinetics of CO2 on native coconut shell based activated
carbon (CSAC) (Singh et al., 2018). Experimental evidence of CO2

absorption is associated with the Langmuir and the DA models and ac-
cording to obtained results, the DAmodel is appropriate for adsorption
isotherms.

Dhaneswara et al. synthesized a Mesoporous Silica adsorbent with
different concentrations of Pluronic 123 surfactant and studied the ef-
fect of these different concentrations on the N2 adsorption behavior of
silica (Dhaneswara et al., 2018). They mentioned that the DA isotherm
could beutilized to calculate the silica's adsorption potential at a relative
pressure of 0.3.



Table 2
Nomenclature.

Notation Description

AHJ Harkins-Jura isotherm constant
AHe Henderson isotherm constant
AST Smith isotherm constant
AHe′ Modified-Henderson isotherm constant
A′OS Modified-Oswin isotherm parameter
A′ST Modified-Smith isotherm constant
BHJ Harkins-Jura isotherm constant
BST Smith isotherm constant
BHe′ Modified- Henderson isotherm constant
B′OS Modified Oswin isotherm parameter
B′ST Modified-Smith isotherm constant
C0, FH Flory-Huggins isotherm constant
CAr Aranovich isotherm constant
CBET BET adsorption constant
CFS2 Constant of 4-parameters Fritz-Shluender isotherm

CGAB
Chemical potential difference between adsorption layers of GAB
isotherm

Cs, Ar Saturation concentration of Aranovich isotherm
Cs, BET Monolayer saturation concentration of BET isotherm
Cs, DA Maximum solubility of the adsorbate
Cs, FHH Frenkel-Halsey-Hill isotherm constant
Cs, GAB GAB isotherm constant
Cs, MET Monolayer saturation concentration of MET isotherm

C′GAB
Chemical potential difference between adsorption layers of
modified-GAB isotherm

C′s, GAB Modified-GAB isotherm constant
C′ST Modified-Smith isotherm constant
DFS2 Constant of 4-parameters Fritz-Shluender isotherm
EDA Characteristic energy of the system of Dubinin-Astakhov isotherm
FJs Jossens isotherm constant
HJs Jossens isotherm constant
K1, FS3 5-parameters Fritz-Shluender isotherm constant
K1, HB Hil-De Boer isotherm constant
K1, KV Kiselev isotherm constant
K2, FS3 5-parameters Fritz-Shluender isotherm constant

K2, HB
Energetic constant of the interaction between adsorbed molecules of
the Hil-De Boer isotherm

KBS Brouers–Sotolongo isotherm model constant
KD, SH Hill isotherm constant
KDR Dubinin-Radushkevich isotherm constant
KF Fitting constant of Freundlich isotherm
KFG Fowler Guggenheim isotherm Equilibrium consta
KFH Flory-Huggins isotherm equilibrium constant
KFS1 3-parameters Fritz-Shluender isotherm equilibrium constant
KFm Frumkin isotherm equilibrium constant

KGAB
Free enthalpy of adsorbate molecules in the second layer of adsorption
of GAB isotherm

KHL Halsey isotherm constant
KHN Henry adsorption constant
KMET MET isotherm constant
KMJ Marczewski–Jaroniec isotherm equilibrium constant
Kn, KV Kiselev isotherm constant
KOS Oswin isotherm parameter
KRN Redlich-Peterson isotherm constant
KRP Radke-Prausnitz isotherm equilibrium constant
KSP Sips isotherm constant
KTM Temkin isotherm constant
KTO Toth isotherm constant
KVS Vieth-Sladek isotherm constant
KL Langmuir isotherm equilibrium constant
KJv Jovanovich constant

K′GAB
Free enthalpy of adsorbate molecules in the second layer of adsorption
of modified-GAB isotherm

P1, WB Weber-Van Vliet isotherm parameter
P2, WB Weber-Van Vliet isotherm parameter
P3, WB Weber-Van Vliet isotherm parameter
P4, WB Weber-Van Vliet isotherm parameter
PJs Jossens isotherm constant
R Universal gas constant
T Absolute Temperature

WFG
Interaction energy between adsorbed substances of Fowler
Guggenheim isotherm

ZTO Toth dimensionless parameter
aKC Koble-Carrigan isotherm constant
aKH Khan isotherm exponent

Table 2 (continued)

Notation Description

aRN Redlich-Peterson isotherm constant
b0, Ba Baudu isotherm Equilibrium constant
bKC Koble-Carrigan isotherm constant
bKH Khan isotherm constant
bTM Temkin isotherm constant
dFHH Sign of the interlayer spacing of Frenkel-Halsey-Hill isotherm
dVL Volmer affinity constant
fFm Adsorbate interaction coefficient of the Frumkin isotherm
m1, FS3 5-parameters Fritz-Shluender isotherm constant
m2, FS3 5-parameters Fritz-Shluender isotherm constant
mFS1 3-parameters Fritz-Shluender isotherm constant
mMJ Marczewski–Jaroniec isotherm equilibrium constant
mRP Radke-Prausnitz isotherm exponent
nDA Dubinin-Astakhov isotherm heterogeneity parameter

nFH
The number of adsorbates that occupies adsorption sites of the
Flory-Huggins isotherm

nHL Halsey isotherm constant
nHe Henderson isotherm constant
nKC Koble-Carrigan isotherm exponent
nMJ Marczewski–Jaroniec isotherm equilibrium constant
nOS Oswin isotherm constant
nSH Hill isotherm constant
nSP Sips isotherm exponent
n′He Modified- Henderson isotherm constant
n′OS Modified-Oswin isotherm constant
n′GAB Modified-GAB isotherm constant
qm, Ar Maximum adsorption capacity of Aranovich isotherm
qm0, Ba Maximum adsorption capacity of Baudu model
qm, BET Maximum adsorption capacity of BET isotherm
qm, BS Maximum adsorption capacity of the Brouers–Sotolongo isotherm
qm, DA Maximum adsorption capacity of the Dubinin- Astakhov isotherm
qm, DR Maximum adsorption capacity of the Dubinin-Radushkevich isotherm

qm, FS1
Maximum adsorption capacity of the 3-parameters Fritz-Shluender
isotherm

qm, FS3
Maximum adsorption capacity of the 5-parameters Fritz-Shluender
isotherm

qm, GAB Maximum adsorption capacity of the GAB isotherm
qm, GAB′ Maximum adsorption capacity of the modified-GAB isotherm
qm, FG Maximum adsorption capacity of the Flory-Huggins isotherm
qm, HB Maximum adsorption capacity of the Hill-De Boer isotherm
qm, Jv Maximum adsorption capacity of Jovanovich isotherm
qm, KH Maximum adsorption capacity of Khan isotherm
qm, MJ Maximum adsorption capacity of Marczewski–Jaroniec isotherm
qm, RP Maximum adsorption capacity of the Radke-Prausnitz isotherm
qm, SP Maximum adsorption capacity of Sips isotherm
qm, TO Maximum adsorption capacity of the Toth isotherm
qm, VL Maximum adsorption capacity of the Volmer isotherm
qm, VS Maximum adsorption capacity of the Vieth-Sladek isotherm
qs, FHH Frenkel-Halsey-Hill isotherm constant
qs, MET Theoretical saturation capacity of the MET isotherm
qS, KV Maximum monolayer adsorption capacity of Kiselev isotherm
qSH Maximum adsorption capacity of the Hill isotherm

r
Inverse power of distance from the surface of the Frenkel-Halsey-Hill
isotherm

xBa Baudo isotherm constant
nF Freundlich isotherm fitting constant
yBa Baudo isotherm constant
αBS Brouers–Sotolongo isotherm constant
αFHH Frenkel-Halsey-Hill isotherm constant
αFS2 4-parameters Fritz-Shluender isotherm constant
βFS2 4-parameters Fritz-Shluender isotherm constant
βRN Redlich-Peterson isotherm exponent
βVS Vieth-Sladek isotherm constant
εDA Adsorption potential of Dubinin-Astakhov isotherm
εDR Polanyi potential of Dubinin-Radushkevich isotherm
θFG Surface coverage degree of the Fowler Guggenheim isotherm
θFH Surface coverage degree of the Flory-Huggins isotherm model
θFm Surface coverage degree of Frumkin isotherm
θHB Surface coverage degree of the Hill-De Boer isotherm
θKV Surface coverage degree of Kiselev isotherm
θVL Surface coverage degree of the Volmer isotherm

M. Mozaffari Majd, V. Kordzadeh-Kermani, V. Ghalandari et al. Science of the Total Environment 812 (2022) 151334

6

2.6. The Dubinin–Radushkevich isotherm model

The Dubinin–Radushkevich (DR) isotherm model assumes that the
adsorption is related to the volume of adsorbent pores. In this model,



Table 3
Isotherm models for different adsorbents and adsorbates.

Isotherm model Adsorbent Adsorbate Ref.

1 Aranovich Carbon (granular activated charcoal)
Carbon (crushed activated semi-coke)

Benzene vapor, pyridine vapor Belyaeva and Krasnova (2016)

2 Baudu Fly ash-based geopolymer, fly
ash-based geopolymer

Copper ions Svilović et al. (2019)

Glass beads, aged iron oxide magnetic
particles, Fe3O4@ polydopamine
core-shell microspheres, Aeromonas
punctata

Silver nanoparticles Syafiuddin et al. (2018)

Granular activated carbon Phenol, chlorophenols Hamdaoui and Naffrechoux
(2007)

Cystoseira myricaas Hg(II) Zarei and Niad (2017)
Ulva lactuca Praseodymium Vijayaraghavan (2015)
SD/MnFe2O4 composite As(III) and As(V) Podder and Majumder (2015c)
Leurotus platypus Zn(II) Das et al. (2014)
Activated carbon Basic red 9 Sivarajasekar and Baskar

(2014a)
Dead biomass of yeast Zn(II) Das et al. (2012)
Caryota urens seeds Zn(II) Saravanan et al. (2018)

3 BET Nanosilica Crystal violet Wjihi et al. (2019)
Rice straw-derived biochar NH3-N Park et al. (2019)
Hydroxyapatite nanoparticles H2O Szałaj et al. (2019)
Marcellus Shale CH4 Yu et al. (2016a)
Fly Ash Moisture Navea et al. (2017)
Date kernels Moisture Alyousef et al. (2020)
Graphite nanoplatelets Toxic dyes Oliveira et al. (2019)
Polysaccharide-based MTBE Tsui et al. (2018)
Saccharomyces cerevisiae Cr (VI) De Rossi et al. (2018)

4 Brouers–Sotolongo Activated carbons MB and methyl orange Selmi et al. (2018); Vargas
et al. (2011)

Triple-metal nanosorbent Reactive Blue 19 Kostić et al. (2018)
Low-cost lignocellulosic Basic red 2 and basic violet 3 Wakkel et al. (2019)
Modified durian seed Methyl red dye Ahmad et al. (2015)
Coconut shell-activated carbon 2,4-Dichlorophenoxyacetic acid Njoku et al. (2015)
Pomegranate peel activated carbon Remazol brilliant blue reactive dye Ahmad et al. (2014b)
Magnetite nanoparticles Organic dyes Madrakian et al. (2012)
Reed-based beads Cd(II) Karoui et al. (2021)
Algae Pb(II) Brouers and Al-Musawi (2015)
Activated carbons MB and methyl orange (MO) Brouers and Al-Musawi (2015)

5 DA Barley straw-based adsorbents Norfloxacin Yan and Niu (2018)
Macroporous resin Chloride, nitrate, sulfate ions Dron and Dodi (2011)
Activated carbons methane Luo et al. (2011)
Activated carbons Toluene, acetone, n-hexane, n-decane, methanol Ushiki et al. (2013)
Coconut shell derived carbon (CDC) Toluene and chlorobenzene Zhao et al. (2018)
Microporous activated carbon powder
of type Maxsorb III

CO2 Jribi et al. (2017)

Activated carbons CO2 Singh and Kumar (2017)
6 DR Common Reed (CR) activated

(Activated carbons)
Cu(II), Cd(II) Abdelnaeim et al. (2016)

Moroccan natural clays MB, malachite green (MG), methyl orange (MO) Elmoubarki et al. (2015)
Carbon-magnetite composite (CB-FM) CO2 Raganati et al. (2018)
Irvingia gabonensis nut (ADN) Cu(II) Inyinbor et al. (2019)
Biochar (BC) Trichloroethylene (TCE) Ahmad et al. (2013)
Babassu coconut (Orbignya speciosa)
epicarp (BCE) (biomass)

textile dyes(Blue Remazol R160 (BR 160), Rubi S2G (R S2G), Red Remazol
5R (RR 5), Violet Remazol 5R (VR 5), Indanthrene Olive Green (IOG) dye)

Vieira et al. (2011)

Activated carbon Fluoride Araga et al. (2017)
7 Flory-Huggins Activated lignin-chitosan blend MB Rezakazemi and Shirazian

(2019)
Stainless steel Pyrazolo [3,4-b] Pyridine James et al. (2011)
Concrete steel-reinforcement Phyllanthus muellerianus leaf-extract Okeniyi et al. (2014)
Peanut hulls MB Farooq et al. (2019)
Chikni Mitti (Kaolinite) Ni+2, Cr+6 Jalees et al. (2019a)
Mild steel Three imidazole derivatives (benzimidazole, 2-methyl benzimidazole

and 2-aminobenzimidazole)
Ghanbari et al. (2010)

Microwave activated carbonized
coconut shell

Urea Pillai et al. (2014)

Chir pine leaves (Pinus roxburghii) Arsenic ions Shafique et al. (2012)
Cellulose membranes Phosphate anions Nechifor et al. (2015)
Palm oil fruit shells Copper ions Hossain et al. (2012)
Aluminum Gloriosa superba gum Eddy et al. (2014)
Mild steel Euphorbia heterophylla L.extract Akinbulumo et al. (2020)
Marine sediment Mn(VII) Mahmoud et al. (2020)
Kaolinite Rhodamine B Khan et al. (2012)
Polymeric adsorbent (Amberlite XAD
7)

Oil Albatrni et al. (2019)

(continued on next page)
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Table 3 (continued)

Isotherm model Adsorbent Adsorbate Ref.

8 Fowler-Guggenheim Recycled Concrete Phosphate Wu et al. (2019)
Ocimum gratissimum Indigo carmine dye Dada et al. (2020)
Graphene oxide nanomaterials Non-ionic surfactant Prediger et al. (2018)
Compost Heavy metals Pennanen et al. (2020)
Agro-waste Hexavalent chromium Mokkapati et al. (2018)
Microcrystalline cellulose Xyloglucan Myśliwiec et al. (2016)
Graphene Br2 Chen et al. (2014)
Dealuminated Faujasite Zeolite Aromatic Compounds Koubaissy et al. (2011)
Natural Clays α-Endosulfan Yonli et al. (2014)

9 Frenkel-Halsey-Hill Namontmorillonite and illite clay Water Hatch et al. (2014)
glass Moisture, Ethanol Laaksonen (2015)
Zeolite 3A and Zeolite 13X Water vapor Kim et al. (2016)
Superporous hydrogel composites Water vapor Mittal et al. (2020)

10 Freundlich Polyaniline (PAn) nanocomposite Manganese ion Hallajiqomi and Eisazadeh
(2017)

Activated carbon (AC) Rhodium 6G, MB Jarrah (2017)
Superparamagnetic nanoparticles
(Fe3O4)

Polysaccharide Nanta et al. (2018)

Sylopute Paclitaxel Kim and Kim (2019)
MCM-41/PD composite Cr(VI) Selim et al. (2018)
Rice husk, Palm leaf, Water hyacinth Cu(II), Co(II), Fe(III) Sadeek et al. (2015)
Alginate-Au-Mica bionanocomposite Pb(II) Ahmad and Mirza (2017)
Bentonite and modified Bentonite clay Cu2+, Cd2+ Akpa and Unuabonah (2011)
Modified natural bentonit Congo red (CR) Toor and Jin (2012)
Modified zeolite Reactive Red 239 (RR-239),Reactive Blue 250 (RB-250) Alver and Metin (2012)
Modified bentonite clay (organoclay) MB, crystal violet (CV), Rhodamine B(RB) Anirudhan and Ramachandran

(2015)
Iron oxide activated red mud Cd(II) Khan et al. (2015)
Hg(II)-ion-imprinted polymer (IIP) Hg(II) Singh and Mishra (2010)
AB-8 resin Polyphenols Gao et al. (2013)
Trichoderma reesei Co2+, Cu2+, Ni2+, Pb2+, Zn2+ Ghaedi et al. (2013)
Crystalline tin oxide nanoparticle Uranium and thorium ions Nilchi et al. (2013)
Filamentous green algal Spirogyra sp. C.I. Acid Orange 7(AO7), C.I. Basic Red 46(BR46) and C.I. Basic Blue 3

(BB3) dyes
Khataee et al. (2013)

Banana peel MB Amela et al. (2012)
Graphene Acid red 1 and MB dyes Kim et al. (2015)
Sugar beet pulp MB Vučurović et al. (2012)
Rice bran (RB) composites Malachite Green (MG) dye Bhatti et al. (2017)
Activated carbon Tartrazine Gautam et al. (2015)
Brown macroalga Stoechospermum
marginatum

Acid Blue 25(AB25), Acid Orange 7(AO7), Acid Black 1 (AB1) Daneshvar et al. (2012)

Ground burnt patties Phosphate Rout et al. (2014)
Rice hull-based activated carbon Eriochrome Black T (EBT) de Luna et al. (2013)
Oil palm (Elaeis guineensis) leaves MB Setiabudi et al. (2016)

11 Fritz-Shluender Treated Martil sand Cu(II) Nebaghe et al. (2016)
Sulfur-chelating based cellulose Cd (II) Zheng et al. (2019)
Colpomenia sinuosa Cd (II) Zarei and Niad (2020)
Cu2O Azo dyes Nassaji Jahromi et al. (2020)
Camelorum tree particles Hg(II) Hashem et al. (2016)
P. eldarica leaves Pb(II), Cu(II), Ni(II) Asgarzadeh et al. (2016)
Orange peel Gray BF-2R dye Nascimento et al. (2014)
Metallurgical slag As(III), As(V) Schouwenaars et al. (2017)
Silver-doped TiO2 Reactive Blue 255 Fard and Fazaeli (2018)
Saccharum Bengalense Pb(II) Din et al. (2014)

12 Frumkin Mild steel Three imidazole derivatives (benzimidazole, 2-methyl benzimidazole,
2-aminobenzimidazole)

Ghanbari et al. (2010)

Concrete steel-reinforcement Phyllanthus muellerianus leaf-extract Okeniyi et al. (2014)
Pterospermum
acerifolium shells

MB, hexavalent
chromium

Rangabhashiyam and
Balasubramanian (2018)

Glycerol-based carbon MB Narvekar et al. (2018)
Mild steel Azadirachta indica extract Sharma et al. (2010)
Sandstone and carbonate rock Zwitterionic surfactant Kumar and Mandal (2019)
Ag nanoparticles dispersed in agarose
gel

Methamphetamine hydrochloride Souza et al. (2018)

Moderate density fiberboard saw dust Cyanide Hisham et al. (2016)
Aluminum alloy Commiphora pedunculata gum Ameh and Eddy (2014)
Hydromagnesite stromatolite Basic Yellow 28, Acid Red 336 Karakuş et al. (2020)
Carboxymethylated bacterial cellulose Lead Rossi et al. (2018)

13 GAB Soy-melon H2O Oluwamukomi (2009)
Template carbon Ethane Zou et al. (2016)
Shale rocks Moisture Shen et al. (2018)
Euterpe oleracea Moisture García-Tejeda and

Barrera-Figueroa (2019)
Longmaxi shale Moisture Ma et al. (2020)
Potato Moisture Singh and Talukdar (2020)
Microencapsulated extra virgin olive oil Moisture Zungur Bastıoğlu et al. (2017)
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Table 3 (continued)

Isotherm model Adsorbent Adsorbate Ref.

Sugar beet seeds Moisture de Oliveira et al. (2017)
Nano-tailored mesoporous silica Moisture Mikšík et al. (2020)

14 Halsey Multi-walled carbon nanotubes
(MWCNTs)

Ammonium ions (NH4
+) Moradi (2016)

Derived and thiourea-functionalized
silica

Cadmium Omotunde et al. (2018)

Water chestnut (Trapa natans L.) peel Rhodamine B Khan et al. (2013)
MWCNT–COOH–cellulose–MgO NP
nanocomposite

MB Khalili et al. (2018)

Nanobentonite impregnated
Nanocellulose/Chitosan aerogel

Cr (VI), Co (III), Cu (II) Shahnaz et al. (2020)

Perovskite lanthanum aluminate Fluoride & Direct Blue 53 dye Manjunatha et al. (2019)
15 Harkins-Jura Ag-Cr-AC nanocomposites Binary dye system of Reactive Red,Crystal Violet Saad et al. (2017)

Cereus sp.(biosorbent) Congo red Jeyavishnu and Alagesan
(2020)

Natural bentonite, zeolite, and
sepiolite

Acid Orange 95 (AO 95) (Tümsek and Oz, 2013)

16 Henderson Hydromagnesite stromatolite Basic Blue 3, Basic Yellow 28, Acid Red 336 dyes Karakuş et al. (2020)
Freeze-dried powders (avocado,
maltodextrin, inulin)

Moisture Stępień et al. (2020)

Modified cassava flour Moisture Hawa et al. (2020)
Quinoa grains Moisture Arslan-Tontul (2020a)
Air-dried papaya Moisture Thalerngnawachart and

Duangmal (2016)
Bamboo Moisture Chen et al. (2020)
Untreated lignite MB Gürses et al. (2014)
Penaeus Vannamei meat Moisture Shi et al. (2016)
Soil Moisture Arthur et al. (2016)

17 Henry Zeolite ITQ-29. CO2 and CH4 Poursaeidesfahani et al. (2019)
18 Hil-De-Boer Trimellitated-sugarcane bagasse

(STA)
Auramine-O (AO) and safranin-T (ST) Fideles et al. (2018)

19 Hill Biocomposite powder Ciprofloxacin and MB Karoui et al. (2020)
Biochar Trichloroethylene (Ahmad et al., 2014a)
Municipal solid waste biochar
(MSW-BC)

Ciprofloxacin (CPX) Ashiq et al. (2019)

Chitosan/zeolite composite Reactive Red 120 Dehghani et al. (2017)
Modified corn husk leaves Hg(II) Lin et al. (2019)

20 Jossens Polyamide 6.6 fibers Red Astrazon 5BL Makhlouf et al. (2012)
Polyamide 6.6 microfibres Astrazon Red 5 BL Makhlouf et al. (2015)
Arachis hypogea husk Cr(VI) Bayuo et al. (2020)

21 Jovanovic Waste activated sludge Eriochrome Black T Aly-Eldeen et al. (2018)
Clay minerals Thiamine Ghaleh et al. (2020)

22 Khan Activated lignin-chitosan blend MB Rezakazemi and Shirazian
(2019)

Ion exchange resin DOWEX HCR-S Zink Fil et al. (2012)
Activated carbon derived from
immature cotton seeds

Basic red 9 Sivarajasekar and Baskar
(2014b)

Quaternary amine modified orange
peel powder

Reactive Red 120 azo dye Munagapati et al. (2019)

Granular activated carbon 4-Chlorophenol adsorption Bilgili et al. (2012)
Palm-date stones Cationic dyes (basic violet 3, basic red 2) Wakkel et al. (2019)
Granular activated carbon/MnFe2O4

composite
As(III), As(V) Podder and Majumder (2016b)

Marine sediment Mn(VII) Mahmoud et al. (2020)
Graphene oxide nanoparticles Antidiabetic pharmaceutical (metformin) Balasubramani et al. (2020)
Functionalized nano-clay composite Naproxen Rafati et al. (2016)
Nano zero valent iron stacked
activated carbon

Malachite green dye Kumar et al. (2018)

Amino functionalized silica nano
hollow sphere

Imidacloprid pesticide Kalhor et al. (2018)

Sandstone minerals A novel saponin-based surfactant (Glycyrrhiza Glabra) Arabloo et al. (2015)
23 Kiselev Titanium dioxide Phenol, Copper, Zinc, Cadmium and Iron Bekkouche et al. (2012)

Banana bunch, sorghum stem and
casuarinas fruit

Cr(VI) Mokkapati et al. (2018)

G blue-green marine algae Divalent nickel Ramadoss and Subramaniam
(2019)

Cereus sp. Congo red Jeyavishnu and Alagesan
(2020)

24 Koble–Corrigan Cashew nut shell Congo red Kumar et al. (2010b)
Bentonite and zeolite Pb(II) Hamidpour et al. (2011)
Lotus leaf MB Han et al. (2011)
Bamboo charcoals Yellow 161 dye Wang and Yan (2011)
Bark of Eucalyptus tereticornis L. Imidacloprid and atrazine Mandal and Singh (2016)
Martil sand Copper(II) Nebaghe et al. (2016)
Salix psammophila Activated carbon-based sulfamethazine sodium (Liu et al., 2019b)

(continued on next page)
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Table 3 (continued)

Isotherm model Adsorbent Adsorbate Ref.

Citrate modified sugarcane bagasse MB Mpatani et al. (2020)
Coal fly ash MB Supelano et al. (2020)

25 Langmuir Brewers' spent grain (BSG) Congo Red (CR) dye, Malachite Green (MG) dye Chanzu et al. (2019)
Faujasite-type Y zeolite (NaY) wa Phenol Mohammed et al. (2019)
Fe3O4@BDC@AGPA nanocomposite Pb(II) ion Alsuhybani et al. (2020)
Boron doped carbon nanotubes
(BCNTs)

Hydrogen Sawant et al. (2019)

TMS-SMSs(thiol-modified
mesoporous silica submicrospheres)

Tl(I) ion Soltani et al. (2019)

Magnetic-SBA-15/CPAA Acid Blue 25 Ghanei et al. (2018)
Carbon composite lignin-based Congo Red (CR) dye, Eriochrome blue black R dye Wang et al. (2018)
Activated carbon Toluene Pei and Zhang (2012)
Citric acid-magnetite Ni(II) ions Baseri and Tizro (2017)
Meso-porous silica SBA-3 Disulfiram Sandberg et al. (2018)
Ag modified calcium hydroxyapatite
(CaHAp)

Pyridine Srilakshmi and Saraf (2016)

Sandstone rock surface Hydrolyzed polyacrylamide (HPAM) polymers Ali and Mahmud (2015)
Graphene Nitrate ion Ganesan et al. (2013)
Indion NSSR resin Nitrate ion Milmile et al. (2011)
Orange peel activated carbon (OPAC) chlorophenoxyacetic acid herbicides Pandiarajan et al. (2018)
Carbon steel Ascorbyl palmitate (AP) Deyab (2014)
Ash and Fe nanoparticles loaded ash
(nFe-A)

Pb(II) ion Ghasemi et al. (2014)

Mild steel Cefazolin Singh and Quraishi (2010)
MgO decked few layer Graphene
Coated Fullers' Earth (MgO-FLG-FE)

Acid Blue 9 (AB9) and Safranin O (SO) dye Reddy et al. (2018)

Palm shell activated carbon supported
with cerium oxide (Ce/PSAC)

SO2 and NO Sumathi et al. (2010)

Bone char Cr(VI) Hyder et al. (2015)
Unmodified groundnut hull (UGS) and
the modified groundnut hull (MGS)

Cr(VI) Owalude and Tella (2016)

Hydroxyapatite (HA) Bovine serum albumin (BSA) Swain and Sarkar (2013)
Empty bunch- activated carbon
(EBC-AC)

MB Egbosiuba et al. (2020)

Sodium alginate
lginate–carboxymethyl cellulose
(SA-CMC)

Pb(II) ion Ren et al. (2016)

Organobentonite Rhodamine B(RhB), Acid red 1 Huang et al. (2017)
NaOH-modified rejected tea (N-RT) MB Nasuha and Hameed (2011)

26 MET Metallurgical slag Arsenic ions Mercado-Borrayo et al.
(2014a)

Iron nanoparticles Boron Mercado-Borrayo et al.
(2014b)

27 Marczewski-Jaroniec Cotton seeds (activated carbon) Basic red 9 Sivarajasekar and Baskar
(2014b)

Activated Gossypium hirsutum seeds Basic violet 10 Sivarajasekar and Baskar
(2015)

SD/MnFe2O4 composite As(III) and As(V) Podder and Majumder
(2015a); Podder and
Majumder (2015b)

Sawdust/MnFe2O4 composite As(III) and As(V) Podder and Majumder (2016a)
Blue-green marine algae Ni(II) Ramadoss and Subramaniam

(2019)
Colpomenia sinuosa Cadmium Zarei and Niad (2020)
Cellulose biochar Cr (VI), As (V), Cu (II), and Pb (II) Neeli et al. (2020)

28 Oswin Tunisian clay Moisture Jhider and Bagané (2019)
Chili pepper Moisture Getahun et al. (2020)
Full-fatted grape seeds flour Moisture Bogoeva and Durakova (2020)
Coffee blends Moisture (GHH et al., 2020)
Pd- and Ru-Doped C60 Fullerene Hydrogen Saha and Deng (2011)
Red onion slices Moisture Gazor and Eyvani (2011)
Autoclaved aerated concrete Moisture Gazor and Eyvani (2011)
Ficus deltoidea leaves Moisture Jamaluddin et al. (2020)

29 Radke–Prausnitz Flamboyant pods (Delonix regia) MB Vargas et al. (2011)
Exfoliated graphite C.I. Acid Blue 92 Goshadrou and Moheb (2011)
Bentonite, sepiolite, and zeolite Acid Orange 95 (Tümsek and Oz, 2013)
Nano-clay composite Ibuprofen Rafati et al. (2018)
Carbon nanotubes Pb2+ Eyni et al. (2019)
Graphene oxide nanosheets Total Organic Carbon Parsa et al. (2020)

30 Redlich–Peterson Pistachio shell activated carbons MB and basic brown Wu et al. (2010)
Kraft lignin Cr(VI) Brdar et al. (2012)
Raw and modified Ball clay MB Auta and Hameed (2012)
Buckwheat hulls Hg(II) Wang et al. (2013)
Kaolinite Zn(II) and Cu(II) Shahmohammadi-Kalalagh and

Babazadeh (2014)
Powdered activated carbon Remazol Brillant Yellow 3GL Açıkyıldız et al. (2015)
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Table 3 (continued)

Isotherm model Adsorbent Adsorbate Ref.

Poly(AA-co-VPA) hydrogel
cross-linked with N-maleyl chitosan

Crystal violet and MB Nakhjiri et al. (2018)

Polyacrylic acid-based Hydrogel and
Chitosan-based Hydrogel

Cadmium ions Vilela et al. (2019)

Fibrous silica nanospheres Crystal violet Roghanizad et al. (2020)
Olive stone and date pit Cr(VI) Mangwandi et al. (2020)
Yeast β-glucan Hexanal, 1-octen-3-ol and nonanal Zhang et al. (2020)

31 Sips Thiol-functionalized silica nano
hollow sphere

Hg2+, Pb2+ and Cd2+ Rostamian et al. (2011)

Date stones MB Ahmed and Dhedan (2012)
Aminated pumpkin seed powder Methyl orange Subbaiah and Kim (2016)
Activated carbon Amoxicillin de Franco et al. (2017)
Superparamagnetic nanoparticles Polysaccharide Nanta et al. (2018)
Lanthanum and cerium modified
mesoporous alumina

Fluoride ions He et al. (2019)

Piaçava fibers MB Marques et al. (2019)
Biomass-based carbon Bisphenol A Juhola et al. (2020)
NaY Zeolite CO2, CO, N2, CH4, and H2 Feng et al. (2020)
Activated carbon N2, CH4 and CO2 Bagheri et al. (2021)

32 Smith Crambe grain Moisture Cruz et al. (2017)
Canola Moisture Zare et al. (2011)
Pomegranate arils Moisture Mundada and Hathan (2012)
Manihot esculenta Crantz Moisture Contreras et al. (2017)
Hemerocallis Fulva Moisture Ma et al. (2016)
Extruded snack product (rice and corn
flour)

Moisture Sharma et al. (2019)

Tapioca flour Moisture Chisté et al. (2012)
Piper retrofractum Vahl Moisture Sun et al. (2017)
Whole chia seeds Moisture Arslan-Tontul (2020b)

33 Temkin Cashew nut shell Congo red Kumar et al. (2010b)
Ethylenediamine-modified
cross-linked magnetic chitosan

Chromium (VI) Hu et al. (2011)

Unmineable coal CO2 and CH4 Garnier et al. (2011)
Almond shell Toluidine blue O Duran et al. (2011)
Sugar beet pulp MB Vučurović et al. (2012)
Rice hull based activated carbon Eriochrome Black T (EBT) dye de Luna et al. (2013)
Lignite and coconut shell-based
activated carbon fiber

Zn (II) Shrestha et al. (2013)

Spinel magnesium aluminate
nanoparticles

MB Ismail et al. (2013)

Tragacanth gum-graft-polyamidoxime Co(II), Zn(II), Cr(III), Cd(III) Masoumi and Ghaemy (2014)
Lagerstroemia speciosa bark Cr(VI) Srivastava et al. (2015)
Algal biochar Co (II) Bordoloi et al. (2017)
Aspergillus niger Zn(II), CO(II), Cd(II) Hajahmadi et al. (2015)
MgO nanomaterials Textile dye Mahmoud et al. (2016)
Diaion HP-20 Paclitaxel Shin and Kim (2016)
Chitosan (prawn shells) Malachite green, Reactive red, Direct yellow Subramani and Thinakaran

(2017)
Lobeira fruit (Solanum lycocarpum) Pb(II) Araújo et al. (2018)
Sawdust Chromium (VI) Chakraborty et al. (2021)
Chikni Mitti (Kaolinite) Pb+2 and Ni+2 Jalees et al. (2019b)
magnetic spinel ZnFe2O4
nanomaterial

Evans Blue dye Vergis et al. (2019)

Pine cone Malachite green Kavci (2021)
Haloxylon recurvum Plant Acid Brown Hassan et al. (2020)
Eichhornia crassipes Crystal violet Patil et al. (2020)
Boron doped ordered mesoporous
carbon

Pb (II) Liu et al. (2020)

34 Toth Modified silica gel CO2, N2, O2, Ar Wilson et al. (2020)
Polymerized ionic liquid composite CO2 Rocky et al. (2019)
Carbon based adsorbents (activated
carbon, multi-walled carbon
nanotubes)

H2 Feng et al. (2019)

Activated carbon (Maxsorb III) HFC404A Ghazy et al. (2020)
Carboxylated Camelthorn Biomass Cd(II) Hashem et al. (2020)
Carbon-magnetite composite CO2 Raganati et al. (2018)
Zeolite 13× H2O Son et al. (2019)
MOF-5 H2 Sridhar and Kaisare (2020)
Ajuga Pseudo-Iva Methyl violet Behloul et al. (2018)
Lipophilic activated carbons Sudan-IV Diaz de Tuesta et al. (2020)

35 Vieth-Sladek Activated lignin-chitosan
blend

MB Rezakazemi and Shirazian
(2019)

Activated carbon obtained from
immature cotton seeds

Basic red 9 Sivarajasekar and Baskar
(2014b)

Eucalyptus camaldulensis Bisphenol-A Balci and Erkurt (2017)

(continued on next page)
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Table 3 (continued)

Isotherm model Adsorbent Adsorbate Ref.

bark/magnetite composite
Activated carbons derived by the
pyrolysis of cassava peel

Copper ions Moreno-Piraján and Giraldo
(2010)

Activated carbon developed by
pyrolysis of potato peel

Copper (II) Moreno-Piraján and Giraldo
(2011)

Nutraceutical industrial fennel seed
spent

Ethidium bromide (EtBr) Sulthana et al. (2018)

Activated carbon taken from
flamboyant pods (Delonix regia)

Food dyes (Acid Yellow 6, Acid Yellow 23, and Acid Red 18) Vargas et al. (2012)

Activated carbon produced from
flamboyant pods (Delonix regia)

MB Vargas et al. (2011)

Palm oil fruit shells Copper ions Hossain et al. (2012)
Granular activated carbon/MnFe2O4

composite
As(III) and As(V) Podder and Majumder (2016b)

Graphene oxide nanoparticles Antidiabetic pharmaceutical (metformin) Balasubramani et al. (2020)
36 Volmer Stainless steel Pyrazolo [3, 4-b] Pyridine James et al. (2011)

Aluminum Gloriosa superba gum Eddy et al. (2014)
granular activated carbons Benzene, Phenol, Toluene, Nitrobenzene, and Chlorobenzene Davoudinejad and Ghorbanian

(2013)
37 Weber-Van Vliet Macrofungus Pleurotus platypus Ag(I) Das et al. (2010)

Cotton seeds (activated carbon) Basic red 9 Sivarajasekar and Baskar
(2014b)

Clinoptilolite and Bentonite Cd(II) Kashi et al. (2017)
Graphene oxide nanoparticles Antidiabetic pharmaceutical Balasubramani et al. (2020)
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the structure of pores in adsorbent is considered and it is applicable for
heterogeneous surfaces (Dubinin, 1960; Hu and Zhang, 2019). The DR
isotherm model is commonly used to describe physical or chemical ad-
sorption processes (Alberti et al., 2012). The corresponding equation is:

qe ¼ qm,DRe
−KDRε2DR ð8Þ

εDR ¼ RT 1þ 1
Ce

� �
ð9Þ

where qm, DR is the maximum adsorption capacity of the DR isotherm
model, KDR is constant of the DR isotherm model (mol2/kJ2), εDR is
Polanyi potential DR isotherm model (kJmol−1).

Abdelnaeim et al. prepared activated carbon from Common reed
(P. australis) and evaluated its ability to remove Cu and Cd ions from
aqueous solutions. (Abdelnaeim et al., 2016). Both heavy metal ions
were observed to be strongly adsorbed because the surface of the acti-
vated carbonwas enrichedwith phosphorous andquinones groups dur-
ing the synthesis process and the equilibrium data are better defined by
the DR model.

Using Moroccan natural clays, Elmoubarki et al. investigated the
elimination of dyes from aqueous solutions (Elmoubarki et al., 2015).
ThepHof the solution played a significant role, and in the case of anionic
dyes, the DR isotherm fitted well.

Under fixed bed operating conditions, Raganati et al. researched the
adsorption of carbon dioxide (CO2) on carbon blackwith finemagnetite
particles (CB-FM) composite (Raganati et al., 2018). Among a variety of
isotherm models, the DR model was successful, and it provided infor-
mation on the mechanism of CO2 adsorption on CB-FM.

Inyinbor et al. used a novel adsorbent made from the Irvingia
gabonensis nut (ADN)waste to scavenge the copper ions from an aque-
ous solution reaching over 90% extraction efficiency (Inyinbor et al.,
2019). Eventually, the DR isotherm described a chemical adsorption
process for their systems.

2.7. Flory-Huggins isotherm model

Flory-Huggins solution theory provides an effective and simple
mathematical model for the thermodynamics of polymer mixtures.
The dissolution process is obtained by putting together entropy and en-
thalpy, where it could be defined by the Flory-Huggins equation
12
(Senichev and Tereshatov, 2014). This theory presumes that polymer
segments and solvent species occupy lattice sites and single sites, re-
spectively; hence, the calculation of the entropy of varied long-chain
molecules will become possible.

Flory–Huggins model (Flory, 1942; Huggins, 1942), which is able to
demonstrate whether the adsorption process is feasible and spontane-
ous, describes the surface coverage degree characteristics of the adsor-
bate onto the adsorbent. This model can be stated as:

θFH
C0,FH

¼ KFH 1− θFHð ÞnFH ð10Þ

In which θFH represents surface coverage degree (θFH ¼ 1− Ce
C0
), nFH

shows the number of adsorbates that occupy adsorption spots, and
KFH denotes the Flory-Huggins equilibrium constant. Furthermore, KFH

is often employed for the determination of the spontaneity free Gibbs
energy due to its relation to the following equation (Augustus et al.,
2017; Vijayaraghavan et al., 2006):

ΔG� ¼ −RT ln KFH ð11Þ

In one research, themicrowave activated carbon taken from coconut
shell was utilized for urea removal from human urine (Pillai et al.,
2014). The adsorption data was fitted to five different isothermmodels,
among which the Flory–Huggins isotherm was the best match due to
error analysis. Furthermore, the negative value of ΔG° obtained by this
model confirmed the adsorption was feasible and spontaneous.

Shafique et al. also investigated Chir pine leaves (Pinus roxburghii)
application as an adsorbent for arsenic removal from aqueous solutions
(Shafique et al., 2012). They reported that Langmuir and Flory–Huggins
were the best ones based on the coefficient of correlation.

Moreover, Okeniyi et al. employed electrochemical techniques to
study Phyllanthus muellerianus leaf-extract performance for inhibiting
concrete steel-reinforcement corrosion within H2SO4 solution
(Okeniyi et al., 2014). Additionally, their adsorption isotherm
modeling indicated that the experimental results coincided with the
Flory-Huggins and Frumkin models which both propose the physical
adsorption process of the extract on the steel-rebar surface.
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2.8. Fowler Guggenheim isotherm model

The Fowler-Guggenheim (F-G) isotherm model was proposed in
1939 as a simple route for adsorption modeling by lateral interaction
consideration of the adsorbed molecules (Fowler, 1939). The F-G iso-
therm is expressed by Eq. (12).

Ce ¼ θFG
KFG 1− θFGð Þ exp

2θFGWFG

RT

� �
ð12Þ

In the Eq. (12) the parameterKFGdefine as the equilibriumconstant (L/
mg) and WFG is the energy of interaction between adsorbed substances.
The θFG parameter is the Surface coverage degree and is defined as the
ratio of the number of adsorbed molecules to the number of active sites
of adsorbent in a unit surface area (Brancher et al., 2019; Mbaye et al.,
2016). In the reference (Liu et al., 2019a) it is mentioned that the
fractional surface coverage can be calculated by (θFG = qe/qm), where qm
is the maximum capacity of adsorption calculated by Langmuir
isotherm. This isotherm model is valid for the range of (θFG > 0.6)
(Jeyavishnu and Alagesan, 2020). TheWFG has a positive value when the
adsorbate-adsorbate interaction is attractive and indicates the heat of ad-
sorption increases by increasing adsorption capacity. Also, the negative
value of the WFG expresses the adsorbate-adsorbate interaction is repul-
sive and the heat of adsorption decreases by increasing adsorption capac-
ity. By neglecting lateral interaction between adsorbate molecules
(WFG = 0), the F-G isotherm is transformed to the Langmuir model.

Some researchers introduced a modification for the F-G isotherm by
considering the surface tension effect, using thermodynamic models
and imposing surface structure coefficient, and applied it for the system
which included adsorbing oxygen molecules by liquid metals (Ricci
et al., 1988).

In the study of Wu et al., the removal of phosphate from polluted
water by using recycled concrete was investigated. It was found that
the F-G successfully describes the system behavior in a wide range of
pH (Wu et al., 2019).

Another research examined the F-G isotherm in a system for adsorp-
tion of indigo carmine dye onto special plant leaves. The researchers
expressed an exothermic biosorption process as the result of the F-G
model (Dada et al., 2020). Also, the F-G model provided a suitable fit for
the equilibrium adsorption results of a system for adsorbing non-ionic
surfactant (TritonX-100) fromanaqueous solution (Prediger et al., 2018).

2.9. Frenkel-Halsey-Hill isotherm model

The Frenkel-Halsey-Hill (FHH) isotherm is a popular isotherm,
which was introduced to characterize the process of multilayer adsorp-
tion on the smooth solid surface. The isotherm's equation can bewritten
as follows (Frenkel, 1946) (Hill, 1952):

ln
Ce

Cs,FHH

� �
¼ −

αFHH

RT
qs,FHH
qedFHH

� �r

ð13Þ

In this equation, αFHH, dFHH, Cs, FHH and r are the isotherm constant,
the indication of the interlayer distance, Frenkel-Halsey-Hill isotherm
constant and the inverse power of spacing from the surface, respec-
tively.

Hung et al. measured the adsorption capacity of kaolinite, black car-
bon, and montmorillonite, which are insoluble components, utilizing
FHH and BET isotherm theories. At high saturation conditions, the ad-
sorbent's surfacewas analyzed using FHH and BET isotherms to demon-
strate the multilayer adsorption process (Hung et al., 2015). Liu an Nie
applied Frenkel-Halsey-Hill isotherm to study the fractal characteristics
and dimensions of several coal samples, which were utilized to adsorb
CH4. The finding revealed that samples had various abilities for CH4

adsorption, and the FHH model is suitable for characterizing the pores
heterogeneity (Liu and Nie, 2016). One type of zeolite and superporous
hydrogel of polyacrylamide were made to adsorb moisture of the air.
13
These adsorbents displayed type-III isotherm and followed FHH iso-
thermmodel. Themoisture adsorption capacity was observed to reduce
when the temperature increases (Mittal et al., 2020).

2.10. Freundlich adsorption isotherm model

Freundlich isotherm is the first isothermmodel proposed by Herber
Freundlich based on experimental results. This model is applicable in
the studies of adsorption on rough and multisite (heterogonous) sur-
faces (Freundlich, 1906). Freundlich isotherm is as follows:

qe ¼ kFC
nF
e ð14Þ

where kF and nF are adsorption potential and strength constants of
Freundlich isotherm model, respectively. By having the (nF)
parameter, Freundlich isotherm can describe the heterogeneity of the
surface, i.e., the homogenous surfaces have nF = 1, which represents
the adsorption is proportional to the percent of sites occupied.

Hallajiqomi and Eisazadeh investigated the polyaniline (PAn) nano-
composite's ability to extract manganese under various conditions (pH,
adsorbent dosage, and contact time) in their study (Hallajiqomi and
Eisazadeh, 2017). The Freundlich adsorption isotherm model was
more successful in predicting the amount of adsorbed manganese on
polyaniline nanocomposite.

Jarrah utilized residual fuel oil to make mesoporous activated char-
coal which then he used to adsorb the MB and rhodamine 6G (R6G)
from their single and binary aqueous solutions (Jarrah, 2017). The first
layer of dye was adsorbed due to the electrostatic attraction and the
second layer was then mechanically adsorbed on top of the first.
Freundlich isotherm model was fitted very well to the obtained results
of this research.

Nanta et al. used superparamagnetic nanoparticles as adsorbents
to remove high polysaccharide concentrations from rice noodle
manufacturing wastewater (Nanta et al., 2018). Their study showed
that the Freundlich isotherm better suited the equilibrium data. Addi-
tionally, the experiments of Kim et al. confirmed that the Freundlich ad-
sorption isotherm was the best fit for the paclitaxel drug adsorption on
commercial synthetic adsorbent (Sylopute) (Kim and Kim, 2019).

Selim et al. studied Cr(VI) adsorption from aqueous solutions by a
synthetic PD/MCM-41 composite (Selim et al., 2018). The findings of
this study verified the conformity of the adsorption isotherm with the
Freundlich isotherm.

2.11. Fritz-Shluender isotherm model

In the research of Fritz and Schlunder, the competitive adsorption of
p-nitrophenol and phenol on activated carbon was investigated. They
proposed empirical mathematical isothermmodels for bisolute and sin-
gle solute adsorption for a wide range of applications. The three, four,
and five-parameter Fritz-Shluender (F-S) isotherm models are
expressed in Eqs. (15)–(17) (Fritz and Schluender, 1974; Ramadoss
and Subramaniam, 2019).

qe ¼
qm,FS1 KFS1Ce

1þ qm,FS1C
mFS1
e

ð15Þ

qe ¼
CFS2C

αFS2
e

1þ DFS2C
βFS2
e

ð16Þ

qe ¼
qm,FS3K1,FS3C

m1,FS3
e

1þ K2,FS3C
m2,FS3
e

ð17Þ

In the three-parameter model (Eq. (15)) the qm, FS1 define as the
maximum adsorption capacity (mg/L) and the KFS1 is equilibrium
constant (L/mg). The four-parameter model (Eq. (16)) was obtained
from the Langmuir-Freundlich model and the αFS2 and βFS2 parametrs
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have the value lower than unity (α,β<1). By adjusting theαFS2 andβFS2

to the value of unity, the model transforms to the Langmuir model. The
K1, FS3, K2, FS3,m1, FS3 andm2, FS3 are the constants for the five-parameter
(Eq. (17)) F-S model and the qm, FS3 shows the maximum adsorption
capacity (mg/g) (m1, m2 < 1).

Nebaghe et al. proposed a modification for the F-S model by adding
additional parameters to themodel. They validate theirmodel by exper-
imental results from adsorption of Cu(II) onto treated sand with a good
agreement (Nebaghe et al., 2016).

In some research the three and four-parameter F-S were applied for
reliable estimation of the adsorption of Cd(II) onto treated cellulose-
based and other bio-based adsorbent (Zarei and Niad, 2020; Zheng
et al., 2019).

2.12. Frumkin isotherm model

The Frumkin isotherm represents the monolayer adsorption onto a
homogenous surface, considering the interaction among the adsorbed
species. Its equation is depicted below (Frumkin, 1925b; Grchev et al.,
1991):

Ce ¼ θFm
KFm 1− θFmð Þ exp − f FmθFmð Þ ð18Þ

In which θFm θFM ¼ qe
qm

� �
is the surface coverage degree (0 ≤ θFm≤ 1),

and KFm and fFm describe Frumkin equilibrium constant and adsorbate
interaction coefficient of the Frumkin equation, respectively.
Parameter fFm correlates with the attractive or repulsive forces
between the adsorbed molecules based on the amount of its positive
or negative values, respectively; but providing that fFmequals to zero,
meaning no interaction exists among adsorbate molecules, the
Frumkin model turns to the Langmuir equation.

The adsorption characteristics of Azadirachta indica extract in terms
of a mild steel corrosion inhibitor in nitric acid solutions have been an-
alyzed in a study (Sharma et al., 2010), and it turned out that the
Frumkin model described it the best.

Narvekar et al. (Narvekar et al., 2018) investigated the MB adsorp-
tion on a synthesized glycerol-based carbon. They came to conclusion
that at higher equilibrium concentration, Frumkin adsorption model
was the bestmatch of the adsorption data, potentially because of the ex-
istence of large interaction between the adsorbate species.

Souza et al. (Souza et al., 2018) examined the methamphetamine
hydrochloride (MA) adsorption on dispersed Ag nanoparticles in aga-
rose gel. Their obtained results revealed that MA adsorbed onto the Ag
nanoparticle surface, making ionic pairs with the adsorbed chloride
and followed the Frumkin model with positive fFm parameter
representing the attractive lateral interaction.

In another study, the adsorption behavior of zwitterionic surfactant
onto sandstone and carbonate samples was studied by Kumar and
Mandal (Kumar and Mandal, 2019). They found out that the surfactant
adsorption onto sandstone followed the Frumkin model, indicating at-
traction forces between the adsorbed molecules, while the surfactant
adsorption onto carbonate surface followed Sips model.

2.13. GAB (Guggenheim-Andersen-de Boer) isotherm model

The three-parameter GAB isotherm model is generally defined as a
modification and refinement for the BET model by considering the
heat of adsorption (Anderson, 1946; De Boer, 1953; Guggenheim,
1966). By using the GAB model, the broader range of relative pressures
and chemical activities will be considered that makes it more practical
in water adsorption systems. The GAB model has an additional KGAB

parameter and is expressed by eq. 19. By making a regression of a
dataset over these two models and adjusting a predetermined value
for the KGAB parameter, it is always observed that the (qm, BET < qm, GAB)
14
and (CBET > CGAB). This deviation highlights the importance of a
modification for the BET model (Timmermann, 2003).

qe ¼
qm,GABCGABKGABCe

Cs,GAB − KGCeð Þ 1þ CGAB − 1ð ÞKG
Ce

Cs,GAB

h i ð19Þ

For this purpose, Anderson had made efforts by adsorbing nitrogen
on spheres of glass (at 78 K), while de Boer proposed (KGAB < 1) for a
nitrogen-TiO2 adsorption system. Also, Guggenheim tried to adsorb
nitrogen on Fe/Al2O3 and finally van der Berg analyzed the adsorption
of water on wheat starch and proposed the acronym of GAB for the
modified model (CVD, 1981). The KGAB expressed the free enthalpy of
adsorbate molecules in the second layer of adsorption and it always
had a value lower than unity. The CGAB parameter shows the chemical
potential difference between adsorption layers. By adjusting (KGAB =
1) the GAB model will transform to the BET model.

The GABmodel has becomevery popular in thefield of food technol-
ogy (Maroulis et al., 1988). It has been applied in several food, fruit and
cereal materials for modeling and estimating the equilibrium moisture
content (Maroulis et al., 1988; Oluwamukomi, 2009; San Martin et al.,
2001). In a paper, researchers performed a modification for the GAB
model by addition and applying the nGAB′ parameter as the power of

the Ce
Cs,GAB

� �
parameter in the Eq. (19) and transformed it to a four-

parameter model. The modified form of the GAB model is expressed
by Eq. (20), and it was applied for modeling the adsorption of ethane
on templated carbon in different temperatures (Zou et al., 2016).

qe ¼
q0m,GABC

0
GABK

0
GAB

Ce
C0
s,GAB

� �n0GAB
1− K 0

GAB
Ce

C0
S,GAB

� �n0
GAB

� �
1þ C0

GAB − 1
� �

K 0
GAB

Ce
C0
s,GAB

� �n0GAB� 	 ð20Þ

2.14. Halsey isotherm model

The Halsey isotherm is applicable for heterogeneous surfaces and
multilayer adsorption processes (Halsey, 1948). The following is the
Halsey equation:

qe ¼ e− lnKHL− ln Ceð Þ=nHL ð21Þ

where KHL and nHL are Halsey isotherm model constant. Using multi-
walled carbon nanotubes (MWCNTs), Moradi investigated methods to
remove ammonium ions from an aqueous solution (Moradi, 2016). Ex-
perimental results of this research showed that the Halsey isotherm
model could better describe the adsorption process. Omotunde et al. in-
vestigated the adsorption of cadmium from an aqueous solution using
derived and thiol-functionalized silica (Omotunde et al., 2018). The
equilibrium adsorption effects are matched well in the Halsey,
Freundlich, Langmuir and Temkin isotherms.

2.15. Harkins-Jura isotherm model

Harkins-Jura isotherm model is based on the concept of multilayer
adsorption on adsorbents with heterogeneous pores. It is applicable
for adsorption processes involving adsorbents of varying pore sizes
(Harkins and Jura, 1944; Jeyavishnu and Alagesan, 2020). In Eq. (22),
AHJ and BHJ are Harkins Jura isotherm model constants:

1
q2e

¼ BHJ

AHJ
−

1
AHJ

log Ce ð22Þ

Saad et al. conducted research on the removal of binary dye systems
of Reactive Red and Crystal Violet using Ag-Cr-AC nanocomposites as an
adsorbent (Saad et al., 2017). It was shown that among the examined
isotherms, twodyes had twodifferent adsorption systems. The Langmuir
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isotherm has described the Reactive Red adsorption, and the adsorption
of Crystal Violet followed the Harkins-Jura isotherm model.

In another study, the removal of Congo red from aqueous solution
media was investigated using a novel adsorbent prepared from Cereus
sp. by Jeyavishnu and Alagesan. They verified the experimental data
adherence to many isotherm models, including the Harkins-Jura
(Jeyavishnu and Alagesan, 2020).

2.16. Henderson isotherm model

In 1952 Henderson proposed an empirical isotherm model for
estimating moisture content of biomaterials (Henderson, 1970).
The biomaterials generally have capillaries in their structure and
these capillaries show different behavior in the adsorption process.
In a humid atmosphere, biomaterials have different adsorption-
desorption isotherm (hysteresis) and the capillaries' structure may
have reformed during adsorption-desorption cycles, and the pres-
ence of inert gases may affect the adsorption process. Henderson
performed experiments to evaluate equilibrium moisture content
of a special variety of rice in different humid conditions. The main
application of Henderson model is in food drying systems. The
Henderson isotherm model is expressed by Eq. (23), where the AHe

and nHe define as model constants related to adsorbent material
(Karakuş et al., 2020).

qe ¼
− ln 1− Ceð Þ

AHe

� �1=nHe ð23Þ

A modification for Henderson isotherm model was introduced by
Thompson et al. (1968)) for the corn drying system by considering the
temperature effect in the model. The modified Henderson model is
showed by Eq. (24) and the AHe′, BHe′and nHe′ are the model constants
(Mehta and Singh, 2006).

qe ¼
− ln 1− Ceð Þ
A0
He T þ B0

He

� �
" #1=n0

He

ð24Þ

In the research of (Karakuş et al., 2020), the adsorption of different
dyes onto hydromagnesite stromatolite was studied and the Henderson
isotherm showed an appropriate description for the system. Also, it was
found that the Henderson isotherm can be applied for adsorption of
moisture on freeze-dried powdery food material and various flours
(Hawa et al., 2020; Stępień et al., 2020). Additionally, tomato pulp was
dried in different drying equipment and the modified Henderson iso-
therm was determined as the best model for estimating moisture con-
tent in all drying systems (Chawla et al., 2008). Moreover, the drying
of cucumber seeds obeyed the modified Henderson isotherm as well
(Corrêa et al., n.d.).

2.17. Henry isotherm model

Henry adsorption isotherm model is the most basic adsorption iso-
therm and it is represented by Eqs. (25) and (26) for liquid and gaseous
systems, respectively (Erbil, 2006):

qe ¼ KHNCe ð25Þ

qe ¼ KHNP ð26Þ

where KHN is defined as the Henry adsorption constant. In 2018,
Poursaeidesfahani et al., investigated the adsorption of an equimolar
mixture of carbon dioxide and methane onto a zeolite-based adsorbent
(ITQ-29). The obtained Henry coefficient were in agreement with ex-
perimental results (Poursaeidesfahani et al., 2019). The findings of
Soukup et al. on hydrogen adsorption research were well matched by
Henry adsorption isotherm (Soukup et al., 2017).
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2.18. Hill-De Boer isotherm model

The Hill-De Boer isothermmodel is represented by Eq. (27), and de-
scribes the case of mobile adsorption and lateral interaction among
adsorbed molecules (De Boer, 1953; Hill, 1946):

K1,HBCe ¼ θHB
1− θHB

exp
θHB

1− θHB
−

K2,HBθHB
RT

� �
ð27Þ

where K1, HB is the Hill-De Boer constant (L/mg), θHB is the Surface
coverage degree (θHB = qe/qm, HB, and qm, HB is maximum adsorption
capacity of the Hill-De Boer isotherm), and K2, HB is the energetic
constant of the interaction between adsorbed molecules (kJ/mol).
Research of Ludmila Vidoca et al. on the extraction of carotenoids
from hybrid palm oil by adsorption onto polymeric resin Diaion HP-20
confirmed that Jovanovich and Hill-De Boer are the best models exam-
ined in their study (Vidoca et al., 2020).

2.19. Hill isotherm model

The Hill isotherm model considers adsorption as a cooperative pro-
cess. In this view, adsorbed adsorbate on adsorbent could have affected
other sites (Hill, 1910). This adsorption isotherm model equation is
originally derived from the non-ideal competitive adsorption (NICA)
isotherm (Koopal et al., 1994). The non-linear form of the Hill isotherm
model is written as follows:

qe ¼
qSH ∙ CnSH

e

KD,SH þ CnSH
e

� �
ð28Þ

where qSH is Hill isotherm maximum uptake saturation (mg/L), nSH is
Hill cooperativity coefficient of the binding interaction, and KD, SH

defines the Hill isotherm constant.
The experiments of Karoui et al. on extracting binary ciprofloxacin

antibiotic (CIP) and MB dye showed that the Hill isotherm was one of
the isotherm models which can explain biosorption process of MB
(Karoui et al., 2020).

2.20. Jossens isotherm model

The energy distribution of adsorbent-adsorbate interactions is used
by the Jossens isotherm model to anticipate the adsorption process in
adsorption sites. This isothermpresumes the surface of adsorbent is het-
erogeneous with adherence to the interactions that exist among the ad-
sorbate and the adsorbent. The equation of Jossen isotherm is given by
the following expression (Jossens et al., 1978):

Ce ¼ qe
HJs

exp FJsq
PJs
e

� �
ð29Þ

In this equation, HJs, FJs, which only vary with temperature, and PJs
are the parameters of the Jossens isotherm. It should be noted that
Jossens model becomes Henry's law at low concentrations. Jossens
isotherm model was used to describe the influence of hot water on
dyeing process (Makhlouf et al., 2015). The capacity of an unmodified
biosorbent for adsorbing chromium (VI) from an aqueous solution
was analyzed by Bayuo et al. In this work, Jossens and Redlich–
Peterson isotherms were utilized to evaluate the biosorption of
hexavalent chromium onto the unmodified biosorbent (Bayuo et al.,
2020).

2.21. Jovanovich isotherm model

Jovanovich isotherm model can be considered as a modification
of the Langmuir model (Langmuir, 1918) in which adsorption-
adsorption interactions are added. The equation for this adsorption iso-
thermmodel is less often used in physical adsorption and it can be used
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for both mobile and monolayer localized adsorption (Jovanović, 1969).
At high concentration the Jovanovich equation model will approach
equilibrium, and as the concentration reduces; it approaches to Henry's
law. Additionally, the Jovanovich equation approaches saturation more
slowly than the Langmuir equation. The non-linearized version of the
Jovanovich equation is:

qe ¼ qm,Jv 1− eKJvCe

 � ð30Þ

where, qm, Jv describes the maximum adsorption capacity of Jovanovich
isotherm and KJv is Jovanovich constant (L/g). Using the factorial
modeling method, Aly-Eldeenn et al. investigated the sorption of
Eriochrome Black T dye from aqueous solution on awaste sludge adsor-
bent (Aly-Eldeen et al., 2018).Their experimental results were fitted the
Jovanovic model better than the Halsey model. Ghaleh et al. investi-
gated the thiamine adsorption on sodium montmorillonite (Mt). Their
results showed that the Jovanovich isotherm adsorption model fitted
appropriately to the experimental data (Ghaleh et al., 2020).
2.22. Khan isotherm model

Khan isothermmodel (Khan et al., 1997; Khan et al., 1996) is a gen-
eral model recommended for the pure solutions; i.e., its equation is for
bi-adsorbate adsorption from pure dilute aqueous solutions. This
model owns a distinguishing feature like reflecting both characteristics
of Langmuir isotherm on the one hand and the Freundlichmodel on the
other hand. Khan isotherm was developed for single and multicompo-
nent adsorption systems and it is written as follows:

qe ¼
qm,KHbKHCe

1þ bKHCeð ÞaKH ð31Þ

where qm, KH expresses the maximum adsorption capacity of Khan
isotherm, and bKH and aKH are Khan isotherm constant and exponent,
respectively. Providing that aKH is unity, the equation turns to the
Langmuir model and in high equilibrium concentrations it approaches
the Freundlich isotherm.

Quaternary aminemodified orange peel powder (QAMOPP)was ap-
plied as an adsorbent for Reactive Red 120 (RR120) adsorption in one
study. Adsorption data of RR120 were fitted with non-linearized iso-
therms and it was detected that the Langmuir and Khan were the best
to predict RR120 removal by QAMOPP (Munagapati et al., 2019).

Furthermore, 4-chlorophenol (4-CP) adsorption onto granular acti-
vated carbon (GAC) was investigated and modeled by six isotherm
equations. It was observed that even though, except for Freundlich
model, all of the other applied equilibrium models coincided well with
empirical findings, Khan isothermmodelwas thefinest for representing
the 4-CP adsorption on GAC based on the R2 values. Also, since all iso-
therm models were applicable to this system, it can be deduced that
both heterogeneous surface conditions and monolayer adsorption
occur in the study (Bilgili et al., 2012).

In order to remove the cationic dyes (basic violet 3 (BV3) and basic
red 2 (BR2)) from wastewater Wakkel et al. developed an inexpensive
and environment-friendly adsorbent named as palm-date stones. Be-
tween the applied models, Toth, Khan and Redlich–Peterson adapted
properly to basic violet 3 equilibrium results while Hill and Koble–
Corrigan were the best representatives of BR2 adsorption (Wakkel
et al., 2019). In another work, the ability of an ion exchange resin to
remove zinc from aqueous solution was examined at different
conditions. By using nine isotherm models, the adsorption data were
analyzed, and Khan isotherm model turned out to be the most fitted
model (Fil et al., 2012).
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2.23. Kiselev isotherm model

In the concentrated monomolecular layer, the Kiselev isotherm is
recognized as the adsorption model, and it is given by the following ex-
pression (Kiselev, 1958):

K1,KVCe ¼ θKV
1− θKVð Þ 1þ Kn,KVθKVð Þ ð32Þ

In this equation, K1, KV, Kn, KV and θKV are the constant of Kiselev
equilibrium, the complex formation constant and the Surface coverage
degree which is equal to (qe/qS, KV), respectively.

Titaniumoxidewasused to adsorb phenol and, four heavymetals in-
cluding copper, zinc, cadmium and iron. Kiselev isotherm proved that
the adsorption behavior of phenol and other metals ions onto TiO2 is
different, and adsorption energy values were obtained by Temkin
model. This work gives a better comprehension of adsorption onto the
surface of TiO2 so as to specify bisolute and single-solute adsorption of
metallic ions (Marczewski, 2011). Kiselev model isotherm as well as
several isotherm models were employed to assess the potential of a
powerful resin (cation-exchange) to remove nickel from aqueous me-
dium. In the study of Yousef et al. the Hill isotherm had an strong agree-
ment with the experimental results (Yousef et al., 2016).

2.24. Koble–Corrigan isotherm model

Koble-Carrigan isotherm model contains three parameters, and it is
obtained as consequence of combining Freundlich and Langmuir iso-
therms to represent adsorption equilibrium data (Alahmadi et al.,
2014). The following expression indicates the nonlinear form of the
Koble-Corrigan isotherm equation (Koble and Corrigan, 1952):

qe ¼
aKCC

nKC
e

1þ bKCC
nKC
e

ð33Þ

Koble-isotherm Carrigan's constants are aKC and bKC in this equation,
and nKC is an exponent of this isotherm. Koble-Carrigan isotherm be-
comes Freundlich isotherm at high concentrations of adsorbate. If nKC
is smaller than 1, it means that it is unable to specify the experimental
data considering high concentration coefficient or small error
amounts; therefore, the isotherm is reliable when nKC is more than or
equal to 1 (Koble and Corrigan, 1952). Natural bentonite and zeolite
were evaluated to eliminate lead (Pb(II)) from aqueous solutions.
Although the removal of lead ions by bentonite and zeolite involves
several mechanisms and complicated, experimental equilibrium data
demonstrated that the Koble–Corrigan isotherm is able to explain the in-
teraction between lead andotherminerals significantly. The results indi-
cated that natural bentonite and zeolite utilized in this work have a
suitable adsorption capacity for lead; hence, it may be capable to
remove lead from polluted environment (Hamidpour et al., 2011). The
idea of using lotus leaf to eliminate MB from the aqueous medium was
investigated by Han et al. under various conditions. The experimental
data demonstrated that lotus leaf could be capable adsorbent to elimi-
nate MB significantly. In addition, the adsorption mechanism was
discussed using Koble–Corrigan, Langmuir, and Freundlich, and the find-
ing showed that system's adsorption behavior were appropriately pre-
dicted by Koble–Corrigan model (Han et al., 2011). Wang et al. showed
that the bamboo activated carbons could be used to eliminate dyes
and color from wastewater as a capable and economic adsorbent. In
this work, Koble-Corrigan, Jovanovic, Freundlich, Langmuir, and Khan
isotherms were used to fit with equilibrium results, and among these
isotherms, Koble-Corrigan and Jovanovic isotherm models had the best
and worst performance, respectively. Relying on thermodynamic
criteria, the adsorption mechanism was spontaneous and endothermic
with a physical essence (Wang and Yan, 2011). In a research, a bio-
based activated carbon (derived from Salix psammophila) was utilized
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to eliminate sulfamethazine sodium from aqueous medium. To explain
the adsorption mechanism of the system, multiple isotherm models
were used, and the isotherm model of Koble-Corrigan matched well
with the experimental equilibrium results. Also, this work illustrated
that this adsorbent is an efficient and low-cost adsorbent to adsorb sul-
famethazine sodium from aqueous solution (Liu et al., 2019b).

2.25. Langmuir isotherm model

The Langmuir isotherm model, one of the first proposed isotherm,
assumes the adsorbate and adsorbent in ideal manner and this model
is deployed for homogenous surfaces. Another assumption of this iso-
therm model is the reversibility of adsorption-desorption process
(Langmuir, 1916; Langmuir, 1918). The Langmuir isotherm can be ob-
tained from these assumptions, implying that:

qe ¼
qm,LkLCe

1þ kLCe
ð34Þ

where qm, L is maximum adsorption capacity of Langmuir isotherm
(mg/g), kL is Langmuir isotherm constant or affinity constant (dm3/mg).

The results of Chanzu et al. research demonstrated the exothermic
adsorption of Congo Red (CR) and malachite green dyes (MG) from
aqueous solution on Brewer's spent grain (BSG). Their resultswerefitted
closely to the Langmuir adsorption isothermmodel (Chanzu et al., 2019).

Mohammed et al. studied phenol adsorption onto zeolite NaY adsor-
bent from a synthetic wastewater at various temperatures and pH
(Mohammed et al., 2019).Their findings verified that the phenol ad-
sorption on zeolite NaY conformed to the Langmuir adsorption iso-
therm model.

Alsuhybani et al. studied the ability of modifiedmagnetic nanoparti-
cles to remove harmful lead ions from aqueous solutions and found the
success of Langmuir adsorption isotherm model for describing the
adsorption mechanism (Alsuhybani et al., 2020). Sawant et al. synthe-
sized boron doped carbon nanotubes (BCNTs) and investigated their
hydrogen adsorption behavior in comparison to undoped single and
multiwalled carbon nanotubes (Sawant et al., 2019). They discovered
a significant improvement in the hydrogen storage value of doped
CNTs as compared to other undoped CNTs. The Langmuir adsorption
isothermwas discerned to be appropriate for explaining adsorption iso-
therm.

Soltani et al. used thiol-modified mesoporous silica sub micro-
spheres (TMS-SMSs) to remove poisonous Tl(I) ions from aqueous
solution (Soltani et al., 2019). The adsorption of Tl(I) onto TMS-
SMSs confirmed a Langmuir adsorption isotherm. Ghanei et al.and
investigations on the adsorption of Acid Blue 25 on their synthesized
Magnetic-SBA-15/CPAA revealed the Langmuir adsorption isotherm
is the best choice for explaining this adsorption process (Ghanei
et al., 2018).

Wang et al. investigated the adsorption ability of lignin-based carbon
composite to remove various dyes (Wang et al., 2018). Obtained results
verified that under neutral conditions, the adsorbent has strong adsorp-
tion properties. The adsorption Congo red of (CR) and Eriochrome blue
black R dyes were well-matched to Langmuir adsorption isotherm. The
research of Ahsaine et al. confirmed the best match of experimental
evidence from adsorption of MB and Crystal Violet on their synthesized
activated carbon for the Langmuir isothermmodel, suggesting homoge-
neous distribution of adsorption sites (Ahsaine et al., 2018).

2.26. MacMillan-Teller (MET) isotherm model

MET isotherm model (McMillan and Teller, 1951) is derived from
the insertion of the effects of surface tension into the BET isotherm; in
other words, the model, which is correct in the multilayer adsorption
region, considers both effects of the adsorbate surface energy and inclu-
sion of the attractive forces of adsorbent over the first layer. Although
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this isotherm is tested in aqueous solutions, its utilization is for gases.
The model's equation is defined as:

qe ¼ qs,MET
KMET

ln Cs,MET=Ceð Þ
� �1

3

ð35Þ

where qs, MET is theoretical saturation capacity of the isotherm, KMET is
MET isotherm constant, and CS, MET indicates the monolayer saturation
concentration of adsorbate. When Cs, MET/Ce comes close to unity, the
logarithmic part may be estimated as follows:

qe ¼ qm,MET
KMETCe

Cs,MET − Ce

� �1
3

ð36Þ

It is worth mentioning that the experimental data would fit appro-
priately to the isotherm model when the relative pressure is higher
than 0.8. In one research, for adsorption of arsenic, metallurgical slag
was practiced as a functional low-cost adsorbent. Then the adsorption
data was modeled with 12 nonlinear isotherm models, including the
MET model, to estimate data and analyze them statistically to find the
best fit (Mercado-Borrayo et al., 2014a).

Furthermore, boron removal bymetallurgical slag and iron nanopar-
ticles was studied byMercado-Borrayo et al. (2014b). They appliedMET
model along with 11 other adsorption isotherm models to find the one
that described the experimental data more properly.

Rezakazemi and Shirazian (2019) applied MET isotherm as well as
23 other isotherm models to do a thorough analysis of numerous ap-
proaches for the MB removal from water by the lignin and chitosan
blend.

2.27. Marczewski-Jaroniec isotherm model

The Marczewski-Jaroniec isotherm model is hypothesized to be
based on the local Langmuirmodel and energy distribution in the adsor-
bent's active sites. The equation of this isotherm is expressed as follows
(Derylo-Marczewska and Jaroniec, 1987):

qe ¼ qm,MJ
KMJCe
� �nMJ

1þ KMJCe
� �nMJ

 !mMJ
nMJ

ð37Þ

In this equation, qm, MJ is the maximum adsorption capacity that
obtained by this model, KMJ is the equilibrium constant, and nMJ and
mMJ are the model's parameters, which specify the surface's
heterogeneity of adsorbent. Also, the distribution in the direction of
higher and lower adsorption energy is also defined by nMJ and mMJ.
Marczewski-Jaroniec Isotherm becomes Langmuir-Freundlich isotherm
when nMJ = mMJ, and it becomes Langmuir isotherm when nMJ and
mMJ = 1. The low-cost blue-green marine algae (BGMA) adsorbent
thatwas utilized to removeNi(II) from aqueousmedium. The results in-
dicated that the competition between Ni(II) and solvent to occupy the
BGMA's active sites is weak because the isotherm is L-shaped based
on equilibrium experimental data. The Marczewski–Jaroniec isotherm
model and several other isotherms were utilized to specify the mecha-
nism of adsorption (Ramadoss and Subramaniam, 2019).

2.28. Oswin isotherm model

The empirical two parameter Oswin isotherm model was proposed
by Oswin in 1946 to estimate the moisture in water-sensitive materials
and foods in packagings (Oswin, 1946). The Oswin isotherm model is
shownbyEq. (38). TheKOS and nOS are defined as themodel parameters.

qe ¼ KOS
Ce

1− Ce

� �nOS

ð38Þ
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Chen introduced a modification for the Oswin isotherm model in
1990 by considering the KOS as a function of temperature. He validated
the model by estimating the water adsorption and moisture content of
several biological and cereal materials in a limited range of humidity.
The modified Oswin isotherm model is expressed by Eq. (39), where
the A′OS, B′OS and n′OS are the model parameters and the T is the
temperature in (°C) (Chen, 1990).

qe ¼ A0OS þ B 0OST
� � Ce

1− Ce

� �n0OS
ð39Þ

In a study, researchers evaluated the moisture adsorption of the
Tunisian clay as a hygroscopic material and compare the results with
different isotherms. They reported the Oswin model as a mathematical
description of the system and found that the system behavior was
highly depended on the temperature (Jhider and Bagané, 2019). The
modified Oswin model also applied for modeling the moisture content
of food materials. It has been used for estimating equilibrium moisture
content of grape seeds flour, coffee blends and chili pepper (Bogoeva
and Durakova, 2020; Getahun et al., 2020; Henrique Horta de Oliveira
et al., 2020).

2.29. Radke–Prausnitz isotherm model

For modeling adsorption systems, the Radke-Prausnitz isotherm is
widely used as it has some special properties at low adsorbate concen-
trations. The following expression describes the Radke-Prausnitz iso-
therm (Radke and Prausnitz, 1972):

qe ¼
qm,RPKRPCe

1þ KRPC
mRP
e

� � ð40Þ

In this equation, qm, RP, KRP and mRP are maximum adsorption
capacity, equilibrium constant, and model exponent of Radke-
Prausnitz isotherm, respectively. This isotherm becomes a linear iso-
therm at low adsorbate concentrations, while it converts to the
Freundlich isotherm at high adsorbate concentrations, and even con-
verts to the Langmuir isotherm if mRP = 0. The other special
characteristic of Radke-Prausnitz isotherm is that it can use in a vast
range of concentration. The parameters of this model are acquired by
nonlinear statistical fit of experimental data (Subramanyam and
Ashutosh, 2012) (Ravnote and Adsorpcijo, 2013).

Exfoliated graphite was utilized to remove C.I. Acid Blue 92 dye, and
the experimental data demonstrated that this adsorbent can adsorb the
dye effectively. To examine the adsorption equilibrium data, Radke-
Prausnitz, Langmuir, and Freundlich isotherms were utilized, and the
results indicated that the adsorption mechanism was nonlinear and
could be predicted by the models of Radke-Prausnitz and Langmuir
(Goshadrou and Moheb, 2011).

For the elimination of MB and tartrazine from the aqueous me-
dium, activated charcoal was used. To analyze dye adsorption data,
several isotherm models were utilized, and various non-linear
error functions were tested for isotherm equations. Based on the re-
sults, Radke- Prausnitz isotherm, which is a three-parameter model,
has good agreement with equilibrium data, and non-linear regres-
sion produced the optimum parameter values (Sarici-Özdemir and
Önal, 2014).

Rafati et al. studied the ability of a functionalized nano-clay
composite to adsorb ibuprofen under various conditions. Experi-
mental data proved that this adsorbent is able to remove ibuprofen
from water and wastewater. In addition, nine isotherm were used
to assess the adsorption equilibrium data, and results showed that
Radke–Prausnitz was one of the optimum models that can
be described the behavior of adsorption system (Rafati et al., 2018).
Sahin et al. studied the possibility of using Zr-based MOF/graphene
nanoplatelets for recovering the β-carotene from n-hexane
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solution. Under optimum conditions, the highest adsorption
efficiency was observed (about 60%). It was a process of
nonspontaneous, endothermic and chemisorption, which was
evaluated by Radke−Prausnitz isotherm models (Şahin and SaS,
2020).

2.30. Redlich–Peterson isotherm model

As a result of combining Freundlich and Langmuir isotherms,
Redlich–Peterson model is obtained that include three parameters.
The empirical equation of model includes an exponential and a linear
concentration relationships in the denominator and numerator re-
spectively that shows the equilibrium of adsorption over a wide
variety of concentration, which may be implemented both in homo-
geneous and heterogeneous systems of adsorption (Redlich and
Peterson, 1959) (Prasad and Srivastava, 2009) (Ng et al., 2002).
Redlich–Peterson model approaches Freundlich model when the
βRN value tends to zero, while at low concentration it approaches
Langmuir model since the βRN value tends to one. The model of the
Redlich-Peterson isotherm is described by the following (Redlich
and Peterson, 1959):

qe ¼
KRNCe

1þ aRNC
βRN
e

ð41Þ

In this equation KRN and aRN are the constants of Redlich-Peterson
model, and βRN is exponent, which can be varied from 0 to 1.

A significant number of research indicated that theRedlich–Peterson
isotherm model is more accurate compared with Freundlich and Lang-
muir isotherm models. Wu et al. proposed an effective exponential lin-
ear equation that was suitable and accurate to fit with adsorption
experimental data in compare to logarithmical linear equation of
Redlich–Peterson isotherm. The proposed equation was used for
predicting the behavior of three dyes adsorption on certain kinds of pis-
tachio shell activated carbons, and its performance was appropriate
(Wu et al., 2010).

An investigation found that it is possible to use the Redlich-Peterson
isotherm to obtain the function of site energy distribution which could
be used to specify the surface heterogeneity of various adsorbents
(Kumar et al., 2010a). Isotherm models were utilized to explain Kraft
lignin's behavior in equilibrium condition to adsorb Cr (VI), and the re-
sults indicated that Redlich–Peterson isotherm is the effective model
among three-parameter models (Brdar et al., 2012).

To assess the removal of an anionic dye on an industrial activated
charcoal, the linear and non-linear shape of the Redlich-Peterson,
Freundlich and Langmuir isothermswere utilized. The findings revealed
that the experimental data are correctly matched to the isotherms of
Redlich-Peterson and Langmuir. In addition, the obtained coefficients
from non-linear equation were less than the obtained coefficients
from linear equation (Açıkyıldız et al., 2015). Nakhjiri et al. studied the
possibility of removal of crystal violet and MB from aqueous mediums
by one type of hydrogel. The Redlich-Peterson, Langmuir, Freundlich,
and Temkin models were utilized in various temperature to test the
system's adsorption behavior, and it is observed that the experimental
data can be described well by Redlich-Peterson model (Nakhjiri et al.,
2018).

2.31. Sips isotherm model

Sips isotherm model, which is obtained by combining Freundlich
and Langmuir isotherms, is a hybridmodel. It is an appropriate isotherm
to predict the adsorption behavior of the heterogeneous structures, and
avoiding from the restriction of the increasing concentration of adsor-
bate that Freundlich isotherm is encountered. Sips isotherm becomes
Freundlich and Langmuir isotherms at low and high concentrations re-
spectively; hence, it can predict a monolayer adsorption system
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properly (Pérez-Marín et al., 2007) (Günay et al., 2007). Generally, the
operating conditions of system, like pH, concentration, and temperature
govern the parameters of Sips model. The isotherm model of Sips is
given by the following (Sips, 1948):

qe ¼
qm,SPKSPC

nSP
e

1þ KSPC
nSP
e

ð42Þ

In this equation, qm, SP, KSP and nSP are the maximum adsorption
capacity, Sips isotherm constants, and Sips isotherm exponent,
respectively.

A novel nano hollow sphere was used by Rostamian et al. to remove
heavy toxic metals from water in batch mode. Sips and Redlich-
Peterson models were fitted with the experimental data, and these iso-
therms indicated a good performance to predict the adsorption equilib-
rium data (Rostamian et al., 2011).

Zinc chloride was used for chemical activation of an activated car-
bon, which was made from agricultural wastes, and this activated car-
bon was applied to adsorb MB dye at a fixed temperature. Three
isotherm models were used to evaluate the equilibrium adsorption
data, including Sips, Freundlich, and Langmuir isotherms, and the re-
sults showed that the Sips model represented the adsorption equilib-
rium data well (Ahmed and Dhedan, 2012).

For the adsorption of CO2 at high pressures, two commercial
activated carbons, modified by KOH and ZnCl2, were used. Among the
various isotherm models, Sips was the best isotherm model that
offered the best consistency of experimental data fitting. (Sreńscek-
Nazzal et al., 2015).

The potential of two kind of modified mesoporous alumina to re-
move fluoride ion (F−) was evaluated in column and batch adsorption
systems. Thermodynamic results showed the adsorption of F− is endo-
thermic and spontaneous. Moreover, Sips isotherm model fitted well
with equilibrium experimental data (He et al., 2019). Piaçava fibers
were used to adsorb theMBdye, and the resultswerefittedwith various
isotherms. Based on adsorption results, the piaçava fibers are appropri-
ate adsorbents for removing MB dye from colored effluents. In this re-
search, Elvoich model provided sufficient fit to experimental kinetic
data, and also the Sips model predicted the equilibrium data properly
(Marques et al., 2019).

The capacity of two commercial activated carbons for N2, CH4 and
CO2 adsorption was experimentally and theoretically tested by
Ghalandari et al. In this research, the Sips isotherm was used to
evaluate the equilibrium data and it was observed that it is an
appropriate isotherm to predict the adsorption mechanism of high-
pressure systems. Furthermore, the extended Sips model was used to
predict the multi-component adsorption of three binary mixtures of
CO2/N2, CH4/N2 and CO2/CH4 and its performance was effective
(Ghalandari et al., 2020).

2.32. Smith isotherm model

The Smith adsorption isothermwas introduced by Smith in 1947 for
estimating thewater adsorption of somepolymericmaterials. He devel-
oped the model by using the results of the adsorption of water vapor
onto the cellophane, nylon, and cotton materials and also compared
the model with the BET model. The Smith equation properly model
the sigmoid shape isotherms (Maleki Majd et al., 2013). The Smith iso-
therm model is expressed by Eq. (43) (Smith, 1947). The AST and BST
define as the model constants.

qe ¼ AST þ BST ln 1− Ceð Þ ð43Þ

A modification for the Smith isotherm was proposed by Nellist in
1974 based on the results from drying the grass seeds experiments
and evaluating the adsorption/desorption behavior ofmaterial that con-
sidered the temperature in the model. The modified Smith equation is
19
shown by Eq. (47) (A′ST, B′ST and C′ST are model constants) (Bala and
Woods, 1991; Nellist, 1974).

qe ¼ A0ST þ B0STTð Þ þ C0ST ln 1−Ceð Þ ð44Þ

The Smith isothermand theModified smith isothermwere generally
applied for calculating the moisture adsorption/desorption of food ma-
terials. Some researchers reported that these models can successfully
modeled the drying Pomegranate Arils, Canola (Brassica napus L.),
Crambe grains materials (Cruz et al., 2017; Mundada and Hathan,
2012; Zare et al., 2011).

2.33. Temkin isotherm model

The adsorption process is assumed as a multi-layer process by the
Temkin model that includes a factor, which clearly considers interac-
tions between adsorbent and adsorbate (Temkin, 1940). The Temkin
model ignores the very high and low amount of concentrations, and
also it presumes that the differential adsorption heat could reduce line-
arly in the layer for entiremolecules as a consequence of increment cov-
erage (Aharoni and Ungarish, 1977) (Kim et al., 2004). Although the
Temkinmodel is not appropriate to predict the liquid phase adsorption,
which is complicated adsorption system, it is suitable to anticipate the
gas phase adsorption. The Temkin model equation is expressed as fol-
lows (Krishni et al., 2014):

qe ¼
RT
bTM

lnKTMCe ð45Þ

In this equation, bTM and KTM are constants of Temkin isotherm (bTM
is related to sorption heat). Hadi et al. used several two-parameter iso-
therms to predict the adsorption behavior of several acid dyes on Gran-
ular Activated Carbon. The finding indicated that the experimental data
are better matched to the isotherms of Langmuir and the Temkin (Hadi
et al., 2010).

Hu et al. synthesized the tragacanth gum-graft-polyamidoxime to
make a significant adsorbent to eliminate metal ions, which existed in
an aqueous medium. They found that the Temkin isotherm has appro-
priate performance to correlate the experimental data, and Co (II) was
adsorbed more than Zn(II), Cr(III) and Cd(II) (Hu et al., 2011).

In a batch system,Aspergillus nigerwas used to remove Zn (II), Co (II)
and Cd (II) from an aqueous medium, and the obtained data were used
for multicomponent competitive isotherms. The result indicated that
Temkin and Langmuir were the best isotherms, which demonstrated
the biosorption data (Srivastava et al., 2015). To eliminate Pb(II) from
aqueous systems, Lobeira fruit was used, and the results illustrated
that it is a suitable adsorbent for this system. Furthermore, the Temkin
isotherm was used to obtain the value of adsorption heat that demon-
strates the ionic interaction does not exist between and Pb(II) and the
lobeira fruit, and their interaction is maybe physical in nature (Araújo
et al., 2018).

Paluri et al. used the zinc chloride to active the banana root to pro-
duce a biomass activated carbon capable of adequately adsorbing MB
in an aqueous medium, appropriately. In order to achieve the optimal
isotherm, the linear and non-linear equations of Temkin, Freundlich
and Langmuir isothermswere fittedwith the equilibriumdata, and sev-
eral various error functions were utilized. The finding showed that the
nonlinear equations has better performance in terms of determination
coefficient or functions of error, and the best model was Temkin iso-
therm (Paluri et al., 2020).

2.34. Toth isotherm model

Toth isothermmodel was introduced in 1995 by scientist József Tóth
as an empirical model based on quasi Gaussian energy distribution
theory (Toth, 2002; Tóth, 1995). This model modifies the Langmuir
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model and improves the accuracy of predications by considering
submonolayer coverage. The model is mainly used for gaseous systems
with low and high range of substrates concentration on heterogeneous
surfaces,while othermodels like Freundlich and Sips have limitations in
high and lowpressures. The Tothmodel has three parameters and is de-
scribed by Eq. (46). In the Toth isotherm it is assumed that themajor ac-
tive sites for adsorption have lower energy the mean value.

qe ¼
qm,TOCe

KTO þ CzTO
e

� �1=zTO ð46Þ

The qm, TO is defined as the maximum adsorption capacity (mg/g).
The parameter KTO is defined as a constant for the model and the zTO is
a dimensionless parameter that is known as Toth constant and
represents the inhomogeneity of the adsorbent surface and usually
has a quantity lower than 1. If the value of the z is equal to 1, the Toth
model transforms to Langmuir model that shows a homogeneous
adsorption were occurred.

Recently, researcherswere imposedmodification on the Tothmodel.
In the work of (Forssén and Fornstedt, 2015) the effect of small pertur-
bation on the Toth isothermwere investigated and (Serna-Guerrero and
Sayari, 2010) separated the Toth equation model as two chemical and
physical separate parts. Also some researchers rearranged the model
for use in the aqueous solution systems and applied it for modeling of
organic adsorption systems (Terzyk et al., 2003).

The Toth isothermmodel showed a good representation for adsorp-
tion systems like hydrogen-activated carbon and carbon nanotube,
chlorofluorocarbons-activated carbon and carbon dioxide- polymer
composite systems(Feng et al., 2019; Rocky et al., 2019; Wilson et al.,
2020). It also had applications in adsorption cooling systems (Ghazy
et al., 2020).

2.35. Vieth-Sladek isotherm model

Vieth-Sladek isotherm model (Vieth and Sladek, 1965) includes
two different sections to simultaneously compute both equilibrium
solubilities and the diffusion rates through solid adsorbents from
transient sorption. The initial section is expressed by means of a
linear component (Henry's law) and the second part happens to be
a non-linear component (Langmuir isotherm). The linear part illus-
trates the physisorption of gas particles over the amorphous adsor-
bent surfaces and the non-linear part describes the adherence of
gas particles to the sites present on the surfaces of porous adsorbent.
This model is shown as follows:

qe ¼ KVSCe þ
qm,VSβVSCe

1þ βVSCe
ð47Þ

where qm, VS indicates the maximum adsorption capacity and KVS and
βVS show the Vieth–Sladek constants. This model is considered applica-
ble widely not only in the measurement of diffusion through polymers
but also in the quantification of effective gas diffusivities into porous
catalysts(Vieth and Sladek, 1965).

Vargas et al. (2012) used ten isotherm models for fitting the exper-
imental results of the adsorption of three commonly used food dyes in-
cluding Acid Yellow 6 (AY-6), Acid Yellow 23 (AY-23), and Acid Red 18
(AR-18) on activated carbon developed from flamboyant pods and they
concluded that the Vieth–Sladek isotherm was characterized as the
most efficient model to define the adsorption process.

In another work, Eucalyptus camaldulensis bark/magnetite
composite was employed as an inexpensive adsorbent for the
Bisphenol-A removal (Balci and Erkurt, 2017). Between the applied
adsorption isotherms, the best prediction of maximum adsorption
capacity based on the experimental findings is attained by means
of the Vieth–Sladek isotherm model. Additionally, for adsorbing As
(III) and As(V) in the synthetic wastewater, Podder and Majumder
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(2016b)) used the granular activated carbon/MnFe2O4 composite.
In their work, 30 different isotherm models were applied, and it
was found that the Vieth–Sladek model is the most appropriate
model to estimate the equilibrium adsorption behavior of As(III)
and As(V). They came to the conclusion that the adsorption of both
As(III) and As(V) follows the monolayer adsorption process and
will not establish a multilayer onto the aforementioned composite.
Furthermore, in another research, a nutraceutical industrial fennel
seed spent adsorbent was applied for removing ethidium bromide
(EtBr) out of an aqueous solution (Sulthana et al., 2018). By using
nine isothermmodels (including two- and three-parameter models)
to analyze the equilibrium results, the Vieth-Sladek model was
known to be a good match to the measurements.

2.36. Volmer isotherm model

The Volmer isotherm model, which is a distributed monolayer ad-
sorption model, was developed according to the assumption stating
adsorbed molecules can move on the adsorbent surfaces, but they do
not have any interactions with each other. Its equation is presented as
follows (Do, 1998; Volmer, 1925):

Ce ¼ θVL
dVL 1− θVLð Þ exp

θVL
1− θVL

� �
ð48Þ

In which dVL is the Volmer affinity constant and is dependent on the
temperature, θVL = qe/qm, VL indicates the surface coverage degree

ranging from zero to one. Also, the exp θVL
1−θVL

� �h i
term in Volmer

equation explains the adsorbed molecules' mobility.
Afonso et al. also obtained the Volmer equation bymeans of adsorp-

tion kinetics (Afonso et al., 2016). They calculated the rate of adsorption
by using the kinetic gas theory, and the rate of desorption by consider-
ing desorption as an activated process having the activated energy
equivalent to the heat of adsorption. Finally, by assuming that at adsorp-
tion equilibrium the rate of adsorption and the rate of desorption are
equal, Volmer equation is acquired. Eddy et al. (2014) showed that
Gloriosa superba gum could be a suitable adsorption inhibitor (through
the mechanisms of physical and chemical adsorption) for the corrosion
of Al in HCl solutions. They used several adsorption models to describe
the adsorption behavior ofGloriosa superba gum; however, they utilized
the fitness of Parsons, Flory-Huggins, and Volmer adsorption isotherm
models to clarify the presence of interaction among the particles of in-
hibitor.

In another research, Davoudinejad and Ghorbanian (2013) derived
three new isotherm models using Adsorption Effective Surface (AES)
method by utilizing derivation of Langmuir isotherm in combination
with Kiselev, Volmer, and Fowler-Guggenheim models. They studied
the adsorption equilibrium isotherms of Benzene, Phenol, Toluene, Ni-
trobenzene, and Chlorobenzene from solutions on granular activated
carbons and modeled the experimental data with AES models and
other corresponding equations. One of their findings was that in high
adsorption values the Volmer model, in comparison with Langmuir
and AES models, offers better outcomes.

Furthermore, photocatalytic degradation of Direct Red 264 azo dye
in typical wastewater with CdS and Ag/CdS nanophotocatalysts using
UV-C and visible light irradiation was studied by Fard et al. (2016). Ad-
ditionally, they analyzed the experimental isothermic results using
Volmer isotherm model along with 18 other two-, three-, and four-
parameter isotherm models.

2.37. Weber-Van Vliet isotherm model

Weber and Van Vliet proposed an empirical equation, which con-
tains four parameters, and it can predict the action of adsorption for a



M. Mozaffari Majd, V. Kordzadeh-Kermani, V. Ghalandari et al. Science of the Total Environment 812 (2022) 151334
vast range of systems. The following expression is used to indicate this
isotherm (Van Vliet et al., 1980):

Ce ¼ P1 q
P2q

P3
e þP4

� �
e ð49Þ

TheWeber-VanVlietmodel parameters that can be specified by sev-
eral nonlinear curve fitting approaches are P1, P2, P3, and P4 (Van Vliet
et al., 1980; Vijayaraghavan, 2015) (Parker, 1995).Weber–van Vliet iso-
therm model was utilized to anticipate the equilibrium biosorption of
silver on macrofungus Pleurotus platypus. The findings revealed that
this adsorbent is capable of eliminating silver from aqueous phase as
an efficient and inexpensive biosorbent (Das et al., 2010). One type of
high surface activated carbons, which was made from cotton seeds,
was used to adsorb the basic red 9 (BR9) from the aqueous medium.
Several isotherm models, like Weber-van Vliet were employed to eval-
uate the adsorption system (Sivarajasekar and Baskar, 2014b).

Elmi Fard et al. demonstrated that Weber–Van Vliet and 5-
parameter Fritz–Schlunder are the best isotherms to explain the
equilibrium behavior of degradation of RB 255 dye with Ag/TiO2

nanoparticles under light irradiation(Fard and Fazaeli, 2018). The
capacity of blue-green marine algae (BGMA) to adsorb Ni(II) under
batch condition was studied by Ramadoss et al. The experimental data
indicated that BGMA is not a capable adsorbent to adsorb Ni(II), and
the isotherm of the adsorption system is L-shaped. Weber–van Vliet,
Marczewski–Jaroniec, and Baudu were tested to predict experimental
data (Ramadoss and Subramaniam, 2019).

3. Industrial approach and optimization

As mentioned before, the adsorption isotherms play important role
in industrial problems. In the following, some examples of applying
the adsorption isotherms for industrial simulation and optimization
purposes are described. In the work of Jareteg et al. an industrial
temperature-swing adsorption process was numerically simulated
using finite-volume method. The simulation was conducted for a
fixed-bed activated carbon which applied for eliminating benzene
from biomass-derived gases in an isothermal and steady conditions.
They applied the nonlinear DR isotherm for mass transfer calculations
and applied it for a cyclic adsorption/desorption sequence. Additionally,
theymentioned that this isotherm can be successfully describe the non-
linear behavior of such industrial systems (Jareteg et al., 2020a; Jareteg
et al., 2020b).

In the research of Kuah et al. a multi-stage pressure vacuum swing
adsorption was proposed for propane and polymer grade propylene
gases. They applied 4A zeolite adsorbent for this purpose and the mod-
ified Langmuir isotherm was applied for simulating the adsorption
units. They optimized their process economically based on an industrial
feed at a 99.34% efficiency, and estimated that the proposed process can
halve the production price of propylene in comparisonwith the conven-
tional distillation method (Kuah et al., 2018).

Jafari et al. mathematically modeled the industrial natural gas dehy-
dration unit using 3A zeolite to investigate the temperature effect on the
regeneration process as well as the competing of different species. They
utilized the Langmuir adsorption isotherm, performed amolecular sim-
ulation, and concluded that by lowering, the regeneration temperature
the regeneration time of the adsorbent was reduced, which decreased
the flaring gas considerably (Jafari et al., 2020).

The adsorption of ammonia from air was investigated and analyzed
in the research of Cardenas et al. for designing and optimizing an indus-
trial process. They considered the zinc sulphate-doped activated carbon
as adsorbent and applied the Sips adsorption isotherm for predicting
equilibrium data. They modeled the process by considering a fixed
bed column structure and validated their model using industrial data.
They proposed their model for industrial approaches of studying differ-
ent operating conditions and optimization (Cardenas et al., 2021).
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4. Conclusion

The importance of the adsorption process causes extraordinary
endeavors for modeling the adsorption isotherms over the years.
Numerous adsorption isotherms have been proposed and this path con-
tinues. Henry's isotherm, the most basic adsorption isotherm, is
applicable for low concentrations of the adsorbate. Freundlich (the
first proposed isotherm equation based on empirical results) and
Langmuir (the first scientifically derived isotherm) are more compli-
cated isotherms compared to Henry's isotherm, but they have limita-
tions. So, every other model that has been proposed after them has
tried to overcome the limitations of previous models. The Langmuir
model is applicable for homogenous surface and ignores adsorbate/ad-
sorbate interactions, where Freundlich, Harkins-Jura, Halsey, Dubinin–
Radushkevich, Sips, Jossens, andMarczewski–Jaroniec and Toth models
are appropriate for heterogeneous adsorption systems. BET, MET,
Halsey, Harkins-Jura, Temkin, FHH and GAB are examples of isotherm
models applied for multilayer adsorption. Our findings show that MET,
Aronovich, Redlich–Peterson, Radke-Prausnitz, and Jossens models are
more suitable isotherms that can be used in a wide range of adsorbate
concentrations. Weber–van Vliet and Brouers_Sotolongo are the best
fits for vast range of systems. In the case of mobile adsorption using
Hil-De-Boer and Jovanovich are recommended.

The other achievement of this review which should be notified is
that some isotherms are more appropriate for special adsorbate; for
examples, Temkin, Kiselev, and Marczewski–Jaroniec, Vieth-Sladek,
Baudu, Fritz-Schluender, Freundlich models are more suitable for
heavy metals; Redlich–Peterson, Radke-Prausnitz, Jossens, and
Weber–van Vliet, Frumkin, Khan, Vieth-Sladek, are best-fitted models
for different dyes; BET, MET, Aronovich, Sips, Toth, Temkin, GAB are ap-
propriate models for gaseous materials including CH4, CO2; and FHH,
GAB, Henderson, Oswin, Smith models are proper matches for water
vapor.
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