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The Langmuir adsorption model is based on monolayer adsorption that exclusively 

occurs at defined fixed-in number, equivalent, and identical sites. The Langmuir isotherm 

is expressed by equation 1 [1]: 

Ce

qe
 = 

1

qmKL 
 + 

Ce

qm
         (1) 

where qm (mg/g) is the maximum amount of AZM adsorbed per unit weight of the 

AFAC; qe (mg/g) is the equilibrium adsorption capacity, and KL (L/mg) is the Langmuir 

constant that is related to the affinity of the binding sites. qm represents the practical limit 

of the adsorption capacity when the surface is fully covered with AZM molecules. Hence, 

it is used to compare the performance of different adsorbents. qm and KL are calculated 

from the intercept and slope of a straight-line fitting of Ce/qe versus Ce (Figure S1). More-

over, RL is a dimensionless separation factor or equilibrium parameter given by the fol-

lowing equation [2]: 

𝑅𝐿 =  
1

1+𝐶0𝐾𝐿
         (2) 

This parameter indicates the isotherm is favorable (RL<1), unfavorable (RL>1), irre-

versible (RL= 0), or linear (RL= 1).  

 

Figure S1 shows that the Langmuir isotherm cannot describe the adsorption process 

as Ce/qe vs. Ce results at different adsorption temperatures do not follow a linear trend.  
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Figure S1. The plot Ce/qe versus Ce based on Langmuir isotherm. 

Temkin model assumes a uniform distribution of surface binding energy, and that for 

all the molecules, the adsorption heat decreases linearly upon an increase in the adsorbent 

surface coverage; this model is expressed as follows [3]: 

𝑞𝑒  = 𝛽 𝑙𝑛 𝛼 +  𝛽 𝑙𝑛 𝐶𝑒        𝛽 =
𝑅𝑇

𝑏
     (3) 

where α is the binding constant of equilibrium (L/g) identical to the extreme binding 

energy, b is Temkin isotherm constant and is related to the adsorption heat (J/mol), R is 

the universal gas constant (8.314 J/mol K), and T is the absolute temperature (K). α and b 

are the isotherm constants that can be evaluated from qe versus ln Ce's plot. 

For Temkin isotherm, α values of 13.28 to 1.124 L/mg at different temperatures show 

that AZM has higher adsorption potential or binding potential to the AFAC. The Temkin 

heat of adsorption β values of 72.9 to 39.55 J/mol at different temperatures and less than 

80 KJ/mol suggests favorable physical adsorption [4]. 

D-R isotherm data was connected so as is to recognize physical and chemical ad-

sorption through adsorption energies. D-R model is expressed as equation 4 [5]: 

𝑙𝑛 𝑞𝑒  =  𝑙𝑛 𝑞𝑚 –  𝛽𝜀2       (4) 

where β (mol2/kJ2) is the activity coefficient associated with the average free adsorp-

tion energy per mole of AZM when transferred from infinity to the surface of solids in 

solution, qm (mg/g) is a theoretical monolayer and capacity saturation, and ε (J/mol) is the 

Polanyi potential determined by equation 5 [6]: 

𝜀 =  𝑅𝑇 𝑙𝑛 (1 +
1

𝐶𝑒
)       (5) 

The average free adsorption energy E (kJ/mol) is calculated using equation 6 [7]: 

𝐸 =  (−2𝐾)−
1
2         (6) 

From D-R isotherm, the value of E is used to estimate the type of adsorption mecha-

nism. If the E value is between 8 and 16 kJ/mol, this indicates chemical adsorption, while 

the E value is <8 kJ/mol; the adsorption process is physical adsorption [8]. E's mean 

squared energy values for this study are between 0.07 to 0.845 kJ/mol, again suggesting 

the successful physical adsorption. 
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The difference in qm obtained by Langmuir and D-R model may be due to differences 

in the definition of maximum capacity in the two models. In the Langmuir model, qm rep-

resents the maximum adsorption of AZM in the monolayer layer. Still, in the D-R model, 

qm represents the maximum adsorption of AZM molecules' total specific micropore vol-

ume of the AFAC [9]. Therefore, the obtained results indicate the adsorption occurs pref-

erably on the micropores rather than on the AFAC surface. 

Kinetics 

The kinetic of the AZM adsorption on AFAC is analyzed using the pseudo-first-order 

kinetic model, the pseudo-second-order model, and the intra-diffusion model. The inte-

grated form of the pseudo-first-order kinetic equation is given by [10]: 

𝑙𝑛(𝑞𝑒 – 𝑞𝑡)   =  𝑙𝑛 𝑞𝑒 – 𝐾1𝑡      (7) 

Where qe is the equilibrium sorption uptake, qt (mg/g) is the amount of adsorbed 

AZM on the AFAC at time t, and K1 (1/min) is the rate constant of the first-order adsorp-

tion. qe is extrapolated from the experimental data at time t =∞. A straight line of Ln (qe-

qt) versus t suggests the applicability of this kinetic model (Figure S2). K1 and qe can be 

determined from the slope and intercept of the plot, respectively. 

The pseudo-second-order kinetic rate expression in the integrated form is [11]: 

𝑡

𝑞𝑡
=

1

𝑘2 𝑞𝑒2  +
𝑡

𝑞𝑒
        (8) 

Where K2 is second-order rate constants (g/mg.min). The values of different parame-

ters determined from pseudo-second-order and pseudo-first-order kinetic models for 

AZM ions with their corresponding correlation coefficients are presented in Table 1S and 

(Figure S3). The experiments were performed at five different temperatures and with the 

initial AZM concentration of 100 mg/L. The correlation coefficients of the second-order 

kinetic model are very close to 1, showing that this model is better in explaining the ad-

sorption kinetics of the present study. 

Pseudo-first-order kinetic and pseudo-second-order kinetic models cannot deter-

mine the diffusion mechanism. About the diffusion mechanism using the adsorption ki-

netics data. The model is expressed as The intra-particle diffusion as a mechanistic model 

was used to give some information follows [12]: 

𝑞𝑡  = 𝐾𝑑  𝑡
1

2 + 𝐶       (9) 

Where C is the intraparticle diffusion constant, Kd (mg/g.min0.5) is the rate constant 

for intraparticle diffusion. If a straight line resulted from plotting 𝑞𝑡 versus 𝑡0.5 , then the 

adsorption's overall process is exclusively limited to intraparticle mass transfer.  

However, if more than one linear plot resulted from plotting the data, then more than 

one stage of the previously mentioned stages strongly affects adsorption's overall process. 

The existence of a multiline in the plot (Figure S4) indicates several mechanisms that con-

trol the adsorption process. The first step, which has a steeper slope, is named the external 

surface adsorption or momentary adsorption step. The gradual absorption occurs in the 

second step when the intra-particle diffusion phenomenon controls the rate of adsorption. 

Finally, intra-particle diffusion is reduced in the third step due to the very slow adsorption 

rate [13]. Figures S2−4 show the adsorption kinetics for the adsorption of AZM on AFAC 

at under various conditions. 
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Figure S2. The Adsorption kinetics for the adsorption of AZM on AFAC at various temperatures. a) qe vs. time, the Sym-

bols represent the experimental results, and the curves represent the pseudo-first-order model fitting, b) the linearized 

(integral form) of the pseudo-first-order model, and c) the model calculated adsorption capacity vs. the experimentally 

measured adsorption capacity shown the excellent agreement as the data points are on or very near to the 45° line. 

From pseudo-second-order rate constants (K2) and using the Arrhenius equation 

(Equation 10), it is possible to gain some insight into the type of adsorption [14] . 

ln 𝑘1 = ln 𝐴 –
𝐸

𝑅𝑇
      (10) 

where E is the activation energy (J/mol), A the temperature-independent Arrhenius 

factor (g/mol.s). The slope of the plot of ln K2 vs. 1/T can then be used to evaluate E. Low 

activation energies (0–40 KJ/mol) are characteristic of physical adsorption, while higher 

ones (40–800 kJ/mol) suggest chemisorption. The present results give E= 0.033 KJ/mol for 

the adsorption of AZM onto AFAC, indicating that the adsorption process has a low po-

tential barrier and therefore corresponds to physisorption. 

 

   

Figure S3. The Adsorption kinetics for the adosprion of AZM on AFAC at various temperatures. The Symbols represent 

the experimental results, and the curves represent the pseudo-second-order model fitting. The inset shows the linear form 

of the pseudo-second-order model. 
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Figure S4. The Adsorption kinetics for the adsorption of AZM on AFAC at various temperatures. The Symbols represent 

the experimental results, and the curves represent the inter-particle diffusion model fitting. The inset shows the linear 

form of the inter-particle diffusion model. 

Using the Arrhenius equation (Equation 11), the pseudo-first-order rate constant (k1) 

at different adsorption temperatures, the frequency factor (A), and the activation energy 

(E) are determined.  

ln 𝑘1 = ln 𝐴 –
𝐸

𝑅𝑇
     (11) 

and it is possible to gain some insight into the type of adsorption [14]   

Table S1: Kinetic parameters for the adsorption of AZM on AFAC 

T 

(K) 

Pseudo-first-order Pseudo-second-order Inter-particle diffusion 

k1 

min-1 

qe 

mg/g 
R2 

k2  

(mg/g)-1min-1 

Qe, 

mg/g 
R2 

kd 

(mg/g)min-1/2 

C 

mg/g 
R2 

273 0.0449 76.3 0.995 4.51x10-4 94.46 0.983 6.59 0.15 0.863 

288 0.0502 82.3 0.990 5.26 x10-4 98.72 0.987 6.97 0.14 0.843 

303 0.0505 88.7 0.996 5.52 x10-4 104.49 0.991 7.41 0.14 0.840 

318 0.0534 94.0 0.989 5.85 x10-4 109.20 0.993 7.75 0.13 0.834 

333 0.0517 99.6 0.995 5.91 x10-4 114.37 0.996 8.10 0.12 0.836 
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