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Fig. S1 (a) Raman spectra of B400 and B600; (b) elemental analysis of the pyrolysed bamboo 

samples at different temperatures.  
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Section S1: Kinetic Models 

In this Section, we provided an as detailed as possible description of the kinetic models used by 

us in this study to investigate the main mechanisms governing the removal of methylene blue 

dye (MB) from MB solution by means a bamboo-derived biochar (B400). 

Zero-Order Kinetic Model 

The zero-order kinetic model (see its descriptive equation and values to be reported on x/y axis 

to have the related dispersion graph, in Table 3, in the main text) in absorption, describes a 

situation where the rate of absorption is constant and does not change with time or concentration. 

When the zero-order kinetic model well fits absorption over time experimental data, it means that 

a fixed quantity of substance is absorbed per unit of time, regardless of the concentration of the 

substance that remains to be absorbed[1–3]. Zero-order kinetics can occur under certain 

conditions, such as with a controlled-release of a substance in solution or when the absorption 

sites on the absorbent are saturated[1,2]. 

First-Order Kinetic Model 

In the first-order kinetics (see its descriptive equation and values to be reported on x/y axis to 

have the related dispersion graph, in Table 3, in the main text), the rate of absorption is instead 

proportional to the concentration of the substance to be absorbed, in our case the concentration of 

MB in solution. This suggest that, if first order kinetic model would well fit experimental data of 

absorption over time, the rate of absorption should decrease over time proportionally to the 

reduction of the substance concentration in solution[2].  

Pseudo-Second Order Kinetic Model 

Pseudo-second order (PSO) model (see its descriptive equation and values to be reported on x/y 

axis to have the related dispersion graph, in Table 3, in the main text) is capable to describe many 

adsorption systems[4] and in our case well fit the most part of experimental data acquired during 

the study of the removal of MB, from MB solutions using biochar B400. The PSO model was 

firstly applied to model the adsorption of lead onto peat[5]. By fitting PSO model to the 

experimental data of absorption over time, it is possible to predict the quantity of absorbed 

substances at equilibrium (q e) and to calculate the adsorption rate constants (K1 and K2). An 

exact correspondence with experimental data, in addition to the R2 values of the linear regression 

associated to the model, confirms that the absorption system is well described by the PSO model. 

A good fit of PSO model with experimental data could depend by a low initial concentration of 

the substance in removal (C0), and generally describes the adsorption by adsorbent materials 

where active sites are abundant, such as modified hydro char with respect to unmodified one [5,6]. 

In fact, the adsorption of pollutants on modified absorbents, thus providing active sites mainly 

responsible of their removal, were best described by the PSO model [5,6].Collectively, in removal 

processes that fit PSO kinetics, electron transfer reactions as occur in presence of PFR, 

electrostatic interactions, and hydrogen bond formation are the main mechanisms governing the 

process. 

Higuchi Kinetic Model 

Usually, the Higuchi model is used to describe the mechanism of drug release[7]. Anyway, in 

some cases in this study, when used to fit with our experimental data of MB removal from MB 

solutions, Higuchi model resulted suitable to describe our system. Collectively, the Higuchi model 

is a law (see its descriptive equation and values to be reported on x/y axis to have the related 



dispersion graph, in Table 3, in the main text) expressing a linear dependence of the 

released/removed amount of a substance, proportional to the square root of time, i.e. t^0.5 [8]. 

Such a linear dependence of the released/removed amount on the square root of time is frequently 

obtained in literature [8]. Since 0.5 represents the diffusional or transport exponent “n” often 

present in the equations of mathematical kinetic models and that for n = 0.5 the main mechanism 

of the release/removal from various non-swellable systems is Fickian diffusional, Higuchi model 

best describe absorption/removal processes mainly governed by physical diffusional mechanisms 

[7].  

Korsmeyer-Peppas Kinetic Model 

The Korsmeyer Peppas model (see its descriptive equation and values to be reported on x/y axis 

to have the related dispersion graph, in Table 3, in the main text) best describes 

absorption/removal processes governed mainly by mechanisms which could be diffusional or 

more complex not chemical processes (Case II or Super Case II transport) depending on the value 

of the diffusional or transport exponent n KP [9]. The value of the release exponent n in the 

Korsmeyer-Peppas model could approach a value of one (n =1), which corresponds to a case II 

transport mechanism, when the absorption/desorption process is predominately controlled by 

adsorbent relaxation and/or erosion[10]. This so-called anomalous diffusion (non Fickian) was 

likely due to swelling and relaxation of the adsorbent in the dissolution media.  

Hixson-Crowell Kinetic Model 

Hixson-Crowell kinetic model (see its descriptive equation and values to be reported on x/y axis 

to have the related dispersion graph, in Table 3, in the main text) describes a system where the 

cube root of removal efficiency on time t is linearly related to that time. It implies physic 

diffusional mechanisms and absorbent surface alteration over time[11]. The removal processes 

which are well described by Hixson Crowell kinetics, are typically characterised by absorbent 

systems whose surface alters over time [11].  

 

 

 

 

 

 



 

Fig. S2 Zero-order kinetic models. 

 

Fig. S3 First-order kinetic models. 



 

Fig.  S4 Pseudo-second order (PSO) kinetic models. 

 

Fig. S5 Higuchi kinetic models. RST = root square of time. 



 

Fig. S6 Korsmeyer Peppas kinetic models. 

 

Fig. S7 Hixson Crowell kinetic models. 

Table S1. R2 values of all kinetic models considered for each column. 

Models R2 Column 1 R2 Column 2 R2 Column 3 

Zero-order 0.9230 0.9067 0.7523 

First-order 0.8978 0.7970 0.9488 

PSO * 0.9475 0.9269 0.9284 

Higuchi 0.8711 0.8278 0.6386 

Korsmeyer Peppas 0.7222 0.6529 0.4726 

Hixson Crowell 0.9263 0.9050 0.9495 

* Pseudo second-order model. In bold the highest R2 values. 



 

Fig. S8 Removal efficiency (R%) measured at 30, 60 and 120 minutes for columns 1, 2 and 3 within 
cycles 5 (dark blue, light blue, and very light blue lines) and 6 (purple, light purple, and pink lines). 

 
Table S2. R2 values of all kinetic model considered for each column. 

Models R2 Col. 1 V R2 Col.1 

VI 

R2 Col.2 

V 

R2 Col.2 

VI 

R2 Col.3 V R2 Col.3 

VI 

Zero-order 0.6911 0.7388 0.6042 0.6887 0.6128 0.6364 

First-order 0.9488 0.9228 0.8255 0.8549 0.9026 0.8993 

PSO * 0.9890 0.9814 0.9964 0.9875 0.9962 0.9945 

Higuchi 0.9266 0.9517 0.8716 0.9233 0.8778 0.8931 

Korsmeyer 

Peppas 

0.9600 0.9848 0.9602 0.9967 0.9414 0.9756 

Hixson Crowell 0.8688 0.8652 0.7420 0.7981 0.7974 0.8066 

* Pseudo second-order model. In bold the highest R2 values. 



 

Fig. S9. PSO kinetic models. 

 

Fig. S10 Korsmeyer Peppas kinetic models. 



 

Fig. S11 Higuchi kinetic models. 

 

Fig. S12 Correlation between the experimental values of R% measured after 120 minutes treatment 
of a MB solution by columns 1, 2 and 3 in cycles 5 and 6 and those predicted by PSO model. 



 

Fig. S13 MB removal percentage over time by column 1 (blue), column 2 (orange) and column 3 
(grey). 

Table S3. R2 values of all kinetic model considered for each column. 

Models R2 Column 1 R2 Column 2 R2 Column 3 

Zero-order 0.6183 0.5843 0.7820 

First-order 0.3615 0.3930 0.5410 

PSO * 0.9527 0.8173 0.9092 

Higuchi 0.7497 0.7152 0.8778 

Korsmeyer Peppas 0.9712 0.9251 0.9336 

Hixson Crowell 0.4463 0.4550 0.5958 

* Pseudo second-order model. In bold the highest R2 values. 

 

 

 



 

Fig. S14 Korsmeyer Peppas kinetic models. 

Table S4. R2 values of all kinetic model considered for each column. 
Models R2 Col. 1 R2 Col.2  R2 Col.3 R2 Col.4 R2 Col.5 R2 Col.6 R2 Col.7 

Zero order 0.7578 0.6488 0.7211 0.9955 0.9882 0.9420 0.9984 

First order 0.8196 0.4691 0.4354 0.8312 0.8598 0.9031 0.9711 

PSO * 0.9855 0.9896 0.9991 0.8356 0.7875 0.7978 0.9406 

Higuchi 0.7268 0.3911 0.3748 0.9053 0.9270 0.9528 0.9910 

Korsmeyer Peppas 0.5395 0.4436 0.5743 0.8266 0.7776 0.7131 0.9382 

Hixson Crowell 0.8118 0.5808 0.8432 0.9199 0.9441 0.9496 0.9837 

* Pseudo second-order model. In bold the highest R2 values. 

 

Fig. S15 PSO kinetic models.  



 

Fig. S16 Zero-order kinetic models. 

 

Fig. S17 Higuchi kinetic models. RST = root square of time. 

 

 



 

Fig. S18 Correlation between the experimental values of R% measured after 600 minutes treatment 
of a MB solution by columns 1, 2 and 3 and those predicted by PSO model. 
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