The equations of the four tested models are summarized in Table 1.
- The Freundlich isotherm is an empirical model that describes adsorption onto energetically inhomogeneous surfaces and onto microporous adsorbents, where the measure of surface heterogeneity is the parameter 1/nF. When 1/nF values approach zero, the surface becomes more heterogeneous, when 1/nF indicates a favorable nature of adsorption and when 1/nF indicates cooperative adsorption (Freundlich 1906; Foo and Hameed 2010; Belhachemi and Addoun 2011).
- The Langmuir isotherm is an empirical model that assumes monolayer adsorption onto homogeneous surfaces with energetically equivalent adsorption sites, in which each molecule possesses constant enthalpy and sorption activation energy with no transmigration of the adsorbate in the plane of the surface. According to this model, adsorption can only occur at a finite number of definite, localized sites that are identical and equivalent, with no lateral interaction and steric hindrance between the adsorbed molecules, even on adjacent sites (Langmuir 1916; Foo and Hameed 2010; Nethaji et al. 2013).
- The Dubinin–Radushkevich isotherm is an empirical adsorption model that is generally applied to express adsorption mechanism with Gaussian energy distribution onto heterogeneous surfaces. It presumes a multilayer character involving Van der Waal’s forces, applicable for physical adsorption processes, and is a fundamental equation that qualitatively describes the adsorption of gases and vapors on microporous sorbents (Dubinin 1960; Ayawei et al. 2017).
- The Sips isotherm is a three-parameter empirical model combining the Langmuir and Freundlich expressions, used for predicting a heterogenous adsorption system and overcoming the drawback associated with the Freundlich isotherm model of a continuing increase in the amount adsorbed with an increase in concentration. At low concentrations, the adsorbate is reduced to Freundlich’s isotherm, while at high concentrations the equation transforms into the Langmuir isotherm, which predicts monolayer adsorption (Sips 1948; Saruchi and Kumar 2019).

Table 1. List of adsorption isotherm models 
	Isotherm
	Nonlinear form
	Equation number
	Parameters
	References

	Freundlich
	         
	(3)
	KF – Freundlich equilibrium constant related to the adsorption capacity and adsorption intensity of the system (mg/g (dm3/mg)1/nF),
1/nF – constant, expresses favorability of sorption (dimensionless)
	Freundlich 1906

	Langmuir
	             
	(4)
	qmax – maximum adsorption capacity (mg/g),
KL – Langmuir isotherm constant related to the affinity of the binding sites and the energy of sorption (dm3/mg),
KL enables computation of the dimensionless constant separation factor RL:
                    (5)
The process is unfavorable if RL > 1, linear if RL = 1, favorable if 0 < RL < 1 and irreversible if RL = 0
	Langmuir 1916

	Dubinin-Radushkevich
	 
	(6)
	qD - theoretical saturation capacity (mmol/g), 
β - constant related to the adsorption energy (mol2/kJ2), 
ε - Polanyi potential, 
           (7) 
R - gas constant (J/mol K), 
T - temperature (K)
	Dubinin 1960

	Sips
	
	(8)
	KS – Sips constant related to affinity constant ((L/mg)1/nS),
1/nS – Sips exponent which represents surface heterogeneity (dimensionless)
	Sips 1948



The constant β of the Dubinin–Radushkevich isotherm allows calculation of the mean free energy (E) of adsorption per molecule of the adsorbate:
           										           	 (9).
A value of E in the range 8–16 kJ/mol indicates the adsorption is a chemical process, while if the value is lower than 8 kJ/mol, the adsorption process is of a physical nature (Özcan et al. 2006).
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