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S1. Methods for validation of kinetic models results 

S1.1. Non-linear kinetic model fitting: 
We used nonlinear kinetic equations to study pseudo-first-order and pseudo-second-

order kinetics in an examination of the data. The equations used are as follows: 𝐪𝐭 = 𝐪𝐞(𝟏 − 𝐞 𝐊𝟏 𝒕)………………. (Non- linear pseudo first order equation) 𝐪𝐭  =  𝐪𝐞   𝟐𝐊𝟐 𝒕𝟏 𝐪𝐞 𝐊𝟐 𝒕…………………….  (Non- linear pseudo second order equation) 
the value of the correlation coefficient (R2) was better fitted for pseudo-second order 

kinetics (0.9922) than pseudo-first order kinetics (0.9747). Also, the theoretical equilibrium 
adsorption capacity (qe = 106.597 mg/g) calculated from pseudo-second order kinetics is 
in close proximity to the experimental data (qe = 104.087 mg/g). Also, the chi square value 
is less for pseudo second order model (6.2785) than pseudo first order model (20.292). 
Based on these results, it was determined that the pseudo-second order kinetics model 
best described the adsorption data (figures 5a and b given in manuscript).  

S1.2. Linear kinetic model fitting  
The data was also analyzed by using linear kinetic equations for pseudo first order 

and pseudo second order kinetics. The equations used are following: 
 𝐥𝐧 𝒒𝒆 − 𝒒𝒕 = 𝐥𝐧 𝒒𝒆 − 𝑲𝟏𝒕…………… (Linear pseudo first order equation) 
 𝒕𝒒𝒆 = 𝟏 𝒒𝒆𝟐𝑲𝟐 + 𝟏𝒒𝒆…………………  (Linear pseudo second order equation) 
 
Following linear regression analysis, we obtained a coefficient of determination (R2) 

value of 0.999 for the pseudo-second-order response model. The R2 value for the pseudo-
first-order reaction model, on the other hand, was significantly lower at 0.203. Also, the 
theoretical equilibrium adsorption capacity (qe = 105.04mg/g) calculated from pseudo-
second order kinetics is in close proximity to the experimental data (qe = 104.087 mg/g) 
(fig.S1).  This huge divergence in R2 and qe values suggested that the data matches the 
pseudo-second-order kinetic model remarkably well, implying that this model provides 
a considerably better explanation of the underlying kinetics of the adsorption process. 



 
Figure S1. linear curve fitting (a) pseudo first order kinetics, (b) pseudo second order kinetics. 

S1.3. Reduced non-linear equation fitting 
 
A distinct approach to nonlinear modeling with PFO and PSO that used fractional 

uptake, F(t), defined as:    𝐅(𝐭) = 𝐪(𝐭)𝐪𝐞  
The PFO and PSO models can be reduced to equations using fractional uptake [1, 2]. 𝐪(𝐭) = (𝟏 − 𝐞 𝐊𝟏 𝒕)…………….. (Reduced pseudo first order equation). 𝐪𝐭  =  ∗𝐊𝟐 𝒕𝟏 ∗𝐊𝟐 𝒕 …………….. (Reduced pseudo second order equation), where∗ 𝐊𝟐  = 𝑲𝟐𝒒𝒆 . 
After performing a nonlinear fitting analysis (fig.S2) and lowering the equation, we 

estimated a coefficient of determination ( R2) of 0.99023 for the pseudo-second-order re-
sponse model. In comparison, the pseudo-first-order reaction model produced a signifi-
cantly lower R2 value of 0.97274. This considerable disparity in R2 values strongly suggests 
that the data matches exceptionally well with the pseudo-second-order kinetic model, im-
plying that this model provides a considerably superior explanation for the kinetics reg-
ulating the adsorption process. 

 
Figure S2. Non-linear curve fitting (a) reduced pseudo first order kinetics, (b) reduced pseudo sec-
ond order kinetics. 

S1.4. Normal probability plots 
The data was analyzed by using normal probability plot (fig.S3); the residuals in a 

normal probability plot should approximate a straight line. When displaying the straight 
line, the center values of the plot should be prioritized over the extremes. Residuals are 
obtained by subtracting the observed values from the predicted ones from a statistical 
model. The construction of these plots was done according to calculations given in [1].  

According to the normal probability plot, the pseudo first order has an unacceptable 
normal probability because the plot does not follow a straight line, whereas the pseudo 
second order, which does follow a straight line, is considered a valid model for studying 



the data. Also, according to the literature, the residuals in a normal probability plot should 
approximately follow a straight line. 

 
Figure S3. Normal probability plots (a) pseudo first order, (b) pseudo second order. 
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