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Isotherm model

The adsorption isotherm was modeled with linear form of Langmuir, Freundlich, Temkin, Dubinin 

and Radushkevich (D–R) and Sips isotherms as represented in equations 1 – 5 to fit the equilibrium 

data for MG adsorption at room temperature.
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Where qe is the amount of adsorbate adsorbed per unit mass of adsorbent (mg/g), qm is the 

maximum adsorption capacity (mg/g), Ce is the equilibrium concentration of metal ion and dye in 

the solution (mg/L), KL is Langmuir constant related to the affinity of binding sites (L/mg), and is 

the measure of adsorption energy. The parameters KF and n are Freundlich constants which can be 

regarded as the capacity and intensity of adsorption, respectively. B is the Temkin constant related 

to the heat of adsorption (kJ/mol), and KT (L/mg) was the equilibrium binding constant relating to 

the maximum binding energy. KDR (mol2/kJ2) is a constant related to the mean adsorption energy; 

and ε is the Polanyi potential, R (8.314 J/mol. K) is universal gas constant, T (Kelvin) is absolute 

temperature, E (kJ/mol) is mean free energy of adsorption. Ks is Sips equilibrium constant (L/mg), 

and 1/n is Sips model exponent. If the value for 1/n is < one, it shows that it is a heterogeneous 

adsorbent, while values closer to or even one indicates that the adsorbent has relatively more 

homogeneous binding sites.
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Looking at Langmuir model, to evaluate the favorability of the adsorption system, the isotherm 

was categorized with separation factor indicated in equation 7. 
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where Co (mg/L) is the highest initial concentration of dye and KL(L/mg) is the Langmuir constant. 

The parameter RL indicates the shape of the isotherm to be either unfavorable (RL > 1), linear (RL 

= 1), favorable (0 < RL < 1) or irreversible (RL = 0).

Kinetic model

The kinetics of MG adsorption on BP, NiONPs-BP and CuONPs-BP were fitted to five models 

including pseudo-first order (PFO), pseudo-second order (PSO), Elovich, intraparticle diffusion 

(IPD) and Liquid film diffusion (LFD) models to identify and understand the adsorption 

mechanism of the selected adsorbate uptake onto adsorbent surface. The linear fittings of the 

aforementioned kinetic models are represented using the following equations:
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where 𝑞𝑒 and 𝑞𝑡 are the amount of compound adsorbed at equilibrium and at any time 𝑡 (mg/g); 

𝑘1 (min-1), 𝑘2 (g/mg min), Kid (mg/g/min1/2) and KLFD (min-1) are the equilibrium rate constants of 

pseudo-first-order, second-order, intraparticle diffusion and liquid film diffusion adsorption; C 

corresponds to the intercept of IPD and LFD equation; The constant F represents fractional 



attainment to equilibrium, α is initial sorption rate (mg/g min) and β is a desorption constant related 

to the extent of surface coverage and activation energy for chemisorption (g/mg).

Thermodynamics  

The following equations were used for thermodynamic study.

 12∆𝐺𝑜 =  ‒ 𝑅𝑇𝑙𝑛𝐾𝐶 =  ∆𝐻𝑜 ‒ 𝑇∆𝑆𝑜

 =    13𝑙𝑛𝐾𝐶
‒  (∆𝐻𝑜

𝑅𝑇 ) +  (∆𝑆𝑜

𝑅 )
    14

𝑙𝑛𝐾𝐶 =  
𝑞𝑒

𝑐𝑒

where Δ𝐺° is change in standard Gibbs free energy, 𝑅 is a universal gas constant 8.314 J/ (mol. 

K), and 𝑇 = Temperature, ΔH°, ΔG°, and ΔS° denotes change in enthalpy, free energy, entropy, 

respectively, and KC is adsorption thermodynamic equilibrium constant.

Error analysis

To estimate a better fit or accuracy in determining which of the isotherm models is best to describe 

the adsorption process, three statistical error function were utilized as shown in the following 

equations.
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Where qe,exp is the experimental value while qe,cal is the calculated value from the isotherm models 

and n is the number of observations in the experiment


