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Text S1. Adsorption Kinetics and Isotherm 

The pseudo-first-order [S1] and pseudo-second-order kinetic models were used to describe the 

adsorption behaviors of Cu(II) [S2]:  
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where qe,exp (mg/g) and qt (mg/g) are the adsorption amount of Cu(II) by AL-PEI-CS2 at 

equilibrium and time t (min), respectively; K1 (1/min) and K2 (g/(mg·min)) are the rate constants. 

In order to study the rate-controlling step, the Weber and Morris intra-particle diffusion model was 

introduced to analyze the kinetics data [S3]:  

(S3) 

where qt (mg/g) is the amount of Cu(II) adsorbed at any time t; Kid (mg/(g·min
1/2

)) is rate constant 

of the model; I (mg/g) is the intercept and related to the thickness of boundary layer from the plots 

of qt against t
1/2

.  

To further ascertain the real control step related to the adsorption process of Cu(II). The 

experimental data were calculated through the Boyd’s film-diffusion model, which assumed that 

the boundary layer surrounded AL-PEI-CS2 is the primary resistance to diffusion [S4] The 

relevant expression [S4] was given in the following:  
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where, F(t) = qt/qe is the fraction of Cu(II) adsorbed at time t and equilibrium time. Bt is a function 

of F(t). If F(t) values is higher than 0.85:  
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If F(t) values is lower than 0.85:  
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The Langmuir [S5] and Freundlich [S6] models were used to study adsorption isotherms, as 

showed in Eq.(S7) and Eq.(S8), respectively:  

                                               (S7) 

                                                                     (S8) 

where Ce (mg/L)is the residual concentration of Cu(II) at equilibrium; qe (mg/g) is the adsorption 

amount of Cu(II) on per unit mass of AL-PEI-CS2; qm (mg/g) is maximum adsorption capacity; KL 

(L/mg) is Langmuir constant; KF (mg/(L(1-1/n)·g)) and n are constants of the Freundlich model, 

which respectively stand for adsorption capacity and intensity.  

Pseudo-first-order and pseudo-second-order kinetic models were used to describe the data 

from experiments (Fig. 4(a)), in which the fitted results were given in Fig. S4(a), Fig. S4(b) and 

Table S1, respectively. According to Table S1, it was found that the pseudo-second-order kinetic 

model fitted the data well as values of correlation coefficient (R
2
) are higher. These results 

demonstrated that the uptake of Cu(II) by AL-PEI-CS2 was chemisorption, containing valency 

forces via sharing or exchanging electron between AL-PEI-CS2 and Cu(II) [S2]. As presented in 

Fig. S4(c) and Table S2, all the fitted curves were separated into two linear segments and all the 

first lines did not pass through the origin. If the step is dominated by the intra-particle diffusion, 

the first linear segment should pass through the original point (I1 = 0), otherwise the adsorption 

rate was considered to be affected with film diffusion and intra-particle diffusion or only film 
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diffusion (I1 ≠ 0) [S7]. As seen from Fig. S4(c) and Table S2, it was found that the I1 values of the 

first portions were between -2.628 and 1.573 as the concentration ranged from 5 to 50 mg/L, 

which significantly kept away from the origin. In order to further ascertain the actually controlled 

step, Boyd’s film-diffusion model was used for fitting experimental data before contact time of 90 

min. When the lines of Bt versus t are linear and go through the original point, then the primary 

step is considered to be limited by intra-particle diffusion [S7]. When the lines are nonlinear or 

linear but do not go through the original point, and film diffusion controls the adsorption rate [S4]. 

Fig. S4D and Table S3 present the fitted curves and parameters of Boyd’s model. The value of the 

intercepts for plots was from -0.465 to -0.045, all being far away from zero. From these results, 

the adsorption rate of Cu(II) over AL-PEI-CS2 was proved to be determined by the film diffusion 

[S4].  

The adsorption isothermal models of Langmuir and Freundlich were employed to fit the 

experimental data, and the results are presented in Fig. S4(e)-(f). As presented in Fig. S4(e),  it can 

be concluded that Langmuir isothermal model described the experimental data well due to the R
2
 

was 0.9932, which was higher than that (0.9714) of Freundlich isothermal model. This result 

suggested that adsorption of Cu(II) onto AL-PEI-CS2 was a monolayer process [S8]. Furthermore, 

the values of KL and n were on a scale of 0 to 1 and 1 to 10, respectively, implying that the 

adsorption of Cu(II) on AL-PEI-CS2 was a favorable process [S9, S10]. Fig. S4(e) also gives that 

the value of qm for Cu(II) was calculated as 58 mg/g.  

 



Table S1. Parameters of the Pseudo-first-order and Pseudo-second-order Kinetic Models for the 

Adsorption of Cu(II) onto AL-PEI-CS2 at 25°C.  

 

Table S2. Parameters of the Intra-particle Diffusion Model for the Adsorption of Cu(II) onto 

AL-PEI-CS2 at 25°C. 

 

Table S3. Parameters of the Boyd Kinetic Model for the Adsorption of Cu(II) onto AL-PEI-CS2 at 

25°C 

C0 

(mg/L) 

qe,exp 

(mg/g) 

Pseudo-first-order model Pseudo-second-order model 

qe,cal (mg/g) K1 R
2
 qe,cal (mg/g) K2 R

2
 

5 

10 

15 

20 

30 

50 

4.679 

9.545 

14.34 

19.06 

28.24 

48.14 

4.705 

4.477 

22.86 

29.11 

42.65 

73.60 

0.016 

0.019 

0.020 

0.021 

0.018 

0.017 

0.9049 

0.8113 

0.9578 

0.9467 

0.9556 

0.8988 

4.920 

10.00 

17.17 

22.22 

33.33 

58.82 

0.014 

0.660 

0.002 

1.038 

1.014 

1.023 

0.9894 

0.9955 

0.9574 

0.9761 

0.9512 

0.9801 

C0 

(mg/L) 

Intra-particle diffusion model 

Kid1 

(mg/g·min
1/2

) 

I1 

(mg/g) 
R

2
 

Kid2 

(mg/g·min
1/2

) 

I2 

(mg/g) 
R

2
 

5 0.467 0.325 0.8587 0.158 2.556 0.9627 

10 1.019 1.432 0.8721 0.051 8.887 0.7642 

15 1.602 1.573 0.9446 0.056 13.61 0.8440 

20 1.896 0.009 0.9529 0.059 18.27 0.9256 

30 2.740 -1.421 0.9797 0.832 17.26 0.8584 

50 4.086 -2.628 0.9516 2.142 20.04 0.9349 

Sorbate C0 (mg/L) 
Boyd plot 

Intercept R
2
 

Cu(II) 5 

10 

15 

20 

30 

50 

-0.045 

-0.465 

-0.420 

-0.364 

-0.297 

-0.088 

0.9278 

0.9428 

0.8816 

0.9409 

0.8451 

0.9508 



 
Fig. S1. Photographs (a) and SEM images (b) of AL and AL-PEI-CS2; (c) N2 adsorption-desorption 

isotherms measured at 77 K for AL and AL-PEI-CS2.  

 



 
Fig. S2. Speciations of (a) potassium; (b) calcium; (c) sodium; and (d) magnesium at different pH 

values calculated with Visual MINEQL 3.0 software.  

 

 
Fig. S3. Effect of the four cations on the adsorption of Cu(II) by AL-PEI-CS2 at contact time of 

180 min and C0 of 50 mg/L Cu(II).  

 



 

Fig. S4. Simulated plots of (a) the pseudo-first-order kinetic model; (b) the pseudo-second-order 

kinetic model; (c) the intra-particle diffusion model, (d) Boyd’s film diffusion model; (e) 

Langmuir isothermal model; and (f) Freundlich isothermal model.  

 



 

Fig. S5. Evaluation on the reusing ability for AL-PEI-CS2 towards Cu(II).  

 



 

 Fig. S6. SEM-EDS image for AL-PEI-CS2-Cu(II) complexes.  
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