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Table S1. Maximum contaminant limits (MCL) and Recommended Maximum Concentrations (RMC) of some heavy 

metals in drinking water, irrigation water, and livestock drinking water. 

Element 

 

MCLs (mg L−1) RMC (mg L−1) 

EU  

[1] 

USEPA 

[2]  

WHO 

[3] 
Irrigation Water 

Livestock Drinking 

Water 

Cadmium 0.005 0.005 0.003 0.01 0.05 

Lead 0.1 0.015 0.005 5.0 0.1 

Copper – 1.3 2.0 0.20 0.5 

Zinc – 5.0 5.0 2.0 24.0 

Nickel – – 0.07 0.20 – 

Aluminum – 0.2 – 5.0 5.0 

Iron – 0.3 – 5.0 – 

Table S2. Uptake kinetics modeling—PFORE (pseudo-first-order rate equation), PSORE (pseudo-second-order rate 

equation), and RIDE (resistance to intraparticle diffusion equation—Crank equation). 

Model Equation Parameters 

PFORE [4] 𝑞(𝑡) = 𝑞𝑒𝑞,1(1 − 𝑒𝑘1𝑡) 
qeq,1 

(mg g−1) 

k1 

(min−1) 

PSORE [4] 𝑞(𝑡) =
𝑞𝑒𝑞,2

2  × 𝑘2  × 𝑡

1 + 𝑞𝑒𝑞,2  ×  𝑘2  ×  𝑡
 

qeq,2 

(mg g−1) 

k2 

(L mg−1 min−1) 
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Table S3. Sorption isotherm modeling [5,6]. 

Model Langmuir Freundlich Sips 

Equation 𝑞 =  
𝑞𝑚,𝐿  ×  𝑏𝐿  × 𝐶𝑒𝑞

1 + 𝑏𝐿  ×  𝐶𝑒𝑞

 𝑞 =  𝑘𝐹  𝐶𝑒𝑞
1/𝑛

 𝑞 =  
𝑞𝑚,𝑆  ×  𝑏𝑆  × 𝐶𝑒𝑞𝑒𝑞

1/𝑛𝑆

1 + 𝑏𝑆  ×  𝐶𝑒𝑞𝑒𝑞

1/𝑛𝑆
 

Parameters 

qm,L 

(mg g−1)* 

kF 

(mg1−1/n g−1 L−1/n) 

qm,S 

(mmol g−1)* 

bL 

(L mg−1)** 

n 

(dimensionless) 

bS 

(L mg−1)** 

– – 
nS 

(dimensionless) 

* Sorption capacity at saturation of the monolayer; ** Affinity coefficient 

Akaike Information Criterion, AIC [7]: 

𝐴𝐼𝐶 = 𝑁 ln (
∑ (𝑦𝑖,𝑒𝑥𝑝. − 𝑦𝑖,𝑚𝑜𝑑𝑒𝑙)

2𝑁
𝑖=0

𝑁
) + 2𝑁𝑝 +  

2𝑁𝑝(𝑁𝑝 + 1)

𝑁 − 𝑁𝑝 − 1
 (1) 

where N is the number of experimental points, Np is the number of model parameters, 

yi,exp. and yi, model are the experimental and calculated values of the tested variable 

Table S4. Maximum contaminant limits (MCL) of some heavy metals in drinking water. 

Metal Co 
MCL* 

(mg L−1) 
C0/MCL ratio 

Cu 6.403 2 3.2015 

Hg 0.83 0.002 415 

Fe 165.4 0.3 551.33333 

Al 125.8 0.2 629 

Zn 7.39 5 1.478 

Cd 1.96 0.003 653.33333 

Pb 2.03 0.01 203 

Ni 2.18 0.07 31.142857 

*Maximum contaminant limits (MCL) according to WHO, while Al and Fe are assigned according to the US.EPA 

Table S5a. XPS analysis (HRES XPS peaks) of C 1s, N 1s, O 1s, Cl 2p, M (M = Cd and Pb) for CA#3 sorbent before and after 

metal sorption. 

Element Raw composite (CA#3) CA#3 + Pb CA#3 + Cd 

C 1s 

   

O 1s 
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N1s 

   

Cl2p 

   

Ca 2p 

 

– – 

Pb 5d/Cd 3d – 

  

Pb 4f/Cd 4d – 

  

Cd 3p – – 

 

Table S5b. Assignment peaks, BEs, FWHE, and atomic fractions (AF, %) of C 1s, N 1s, O 1s, Cl 2p, M (M=Cd and Pb) for 

CA#3 sorbent before and after metal sorption. 

Element/

Transitio

n peak  

 Pb Cd  

BE FWHE AF% BE FWHE AF% BE FWHE AF%  

C 1s 

284.35 1.67 44.56 284.17 0.86 31.14 284.12 1.1 22.81 C(C,H,N) 

285.82 1.76 40.49 285.14 0.84 30.96 285.46 1.52 47.76 C(O,=N) 

286.81 1.52 8.06 287.05 1.98 37.9 287.21 1.72 20.28 C(=O,-O-,Ntert) 

283.93 1.91 6.89 – – – 283.53 1.2 9.14 C=C 

O 1s 

530.24 2.05 12.47 530.05 1.23 7.92 530.21 1.5 26.83 C=O 

531.51 2.16 87.53 531.5 2.13 88.12 531.69 2.02 60.14 O(C,H) 

– – – 
532.32 0.7 3.22 532.09 1.2 13.03 CO(C,OH)/O-Cd 

528.47 1.09 0.73 – – – Pb-O 

N 1s 

398.64 1.92 59.63 398.68 1.9 26.61 398.51 1.64 82.87 N(C,=C,H) 

400.66 1.8 40.37 401.06 2.81 7.58 399.85 1.03 12.67 Ntert 

– – – 
404.57 1.47 64.2 400.71 0.67 4.46 O-N+,N(M) 

405.59 0.8 1.61 – – – NO2 
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Ca 2p 
349.64 3.25 50.83 – – – – – – Ca 2p 3/2 

352.6 3.35 49.17 – – – – – – Ca 2p 1/2 

Cl 2p 
196.59 1.26 36.66 197.05 1.57 62.41 197.07 1.57 64.84 Cl 2p3/2 

197.75 2.39 63.34 198.56 1.73 37.59 198.63 1.66 35.16 Cl 2p 1/2 

Cd 3d 

 
– – – – 

405.29 1.65 4.38 
Cd 3d5/2 

409.48 3.09 20.77 

412.84 3.12 69.89 
Cd 3d1/2 

416.83 0.94 4.96 

Cd 3p – – – – 

636.61 1.86 5.39 

Cd 3p1/2 

 

641.01 3.33 18.97 

644.28 3.36 59.03 

648.74 3.33 16.61 

Cd 4d – – – – 

4.43 3.08 6.63 
Cd 4d 

8.95 3.36 6.65 

17.89 3.36 10.11 – 

19.29 1.34 46.34 – 

21.91 1.27 30.26 – 

Pb 5d – 18.23 1.73 100 – – – Pb 5d 

Pb 4f – 143 1.92 52.35 – – – Pb 4f5/2 

 – 138.1 2.31 47.65 – – – Pb 4f7/2 

Table S6. EA of CA#2, CA#3, and CA#4 sorbents for C, N, O, and H%. 

Sorbent C H O O (mmol) N N (mmol) 

CA#2 32.94 4.74 29.82 18.64 6.33 4.52 

CA#3 35.9 4.49 33.58 20.99 5.22 3.73 

CA#4 37.87 4.32 38.09 23.80 4.19 2.99 

Table S7. Ionic properties of selected metals. 

Parameter Pb(II) Cd(II) 

Ionic radius (Å ) of hydrated species 1.20 Å  [8] 0.95-0.96 Å  [9] 

Diffusivity in water (×105 cm2 s−1) 0.939 [10] 0.719 [11] 

Softness +0.41 [11] +0.58 [11] 

Table S8. Selectivity Coefficient (SC), Kd values, Co, Cf and qeq of Cd and Pb in equi-molar solution containing Al, Ca, and 

Mg as a function of pH. 

Elements pHeq Co mmol L−1 Cf mmol g−1 qeq mmol g−1 Kd 
Selectivity Coefficient 

Cd/M Pb/M 

 2.43 1.105 1.038 0.079 0.077 0.969 0.681 

Al 3.68 1.105 1.037 0.08 0.078 5.552 3.148 

 4.22 1.105 1.028 0.091 0.089 25.8 8.198 

 4.76 1.105 1.014 0.108 0.106 22.65 6.31 

 2.43 1.042 0.998 0.052 0.053 1.411 0.991 

Ca 3.68 1.042 0.99 0.063 0.063 6.7912 3.851 

 4.22 1.042 0.951 0.109 0.114 19.948 6.339 

 4.76 1.042 0.937 0.126 0.135 17.892 4.983 

 2.43 1.061 1.035 0.031 0.03 2.496 1.753 

Mg 3.68 1.061 1.003 0.069 0.069 6.200 3.516 

 4.22 1.061 0.965 0.115 0.119 19.229 6.109 

 4.76 1.061 0.921 0.1673 0.182 13.28 3.699 

 2.43 1.098 1.034 0.0767 0.074 – 0.702 

Cd 3.68 1.098 0.807 0.348 0.431 – 0.567 

 4.22 1.098 0.377 0.862 2.287 – 0.318 

 4.76 1.098 0.364 0.878 2.412 – 0.279 

 2.43 1.051 1.005 0.052 0.052 1.424 – 
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Pb 3.68 1.051 0.873 0.213 0.244 1.764 – 

 4.22 1.051 0.653 0.475 0.727 3.147 – 

 4.76 1.051 0.673 0.452 0.672 3.59 – 

Table S9. Comparison of the metal concentration with the MCL (mg L−1) according to drinking water guides and the 

removal efficiency at different pH values. 

pH Metal 
Co 

(mg L−1) 

Ceq  

(mg L−1) 

MCL 

(mg L−1) 
Removal Eff. (%) C0/MCL Ratio Ceq/MCL Ratio 

2 

 

Cu 6.403 5.12 2 20.04 3.20 2.56 

Hg 0.83 0.384 0.002 53.74 415 192 

Fe 165.4 73 0.3 55.87 551.33 243.33 

Al 125.8 54.8 0.2 56.44 629 274 

Zn 7.39 6.91 5 6.49 1.48 1.38 

Cd 1.96 1.81 0.003 7.65 653.33 603.33 

Pb 2.03 1.83 0.01 9.85 203 183 

Ni 2.18 2.081 0.07 4.54 31.14 29.73 

4.04 

 

Cu 6.403 1.98 2 69.08 3.20 0.99 

Hg 0.83 0.194 0.002 76.63 415 97 

Fe 165.4 10.95 0.3 93.38 551.33 36.5 

Al 125.8 35.9 0.2 71.46 629 179.5 

Zn 7.39 3.35 5 54.67 1.48 0.67 

Cd 1.96 0.26 0.003 86.73 653.33 86.67 

Pb 2.03 0.56 0.01 72.41 203 56 

Ni 2.18 1.07 0.07 50.92 31.14 15.29 

5.8 

 

Cu 6.403  0.93 2 85.48 3.20 0.46 

Hg 0.83 0.014 0.002 98.31 415 7 

Fe 165.4 5.05 0.3 96.95 551.33 16.83 

Al 125.8 11.15 0.2 91.14 629 55.75 

Zn 7.39 1.31 5 82.27 1.478 0.26 

Cd 1.96 0.011 0.003 99.44 653.33 3.67 

Pb 2.03 0.016 0.01 99.21 203 1.6 

Ni 2.18 0.095 0.07 95.64 31.14 1.36 
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Figure S1. FTIR analyses of CA#2 and CA#4 of loaded metal ions (Cd (A) and Pb (B)), after de-

sorption, and after 5 cycles of sorption desorption.  
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Figure S2a. TGA analysis of CA#2-(a), CA#3-(b), and CA#4-(c) sorbents. 

  

 

Figure S2b. DTG of the synthesized CA#2-(a), CA#3-(b), and CA#4-(c)  sorbents. 
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Figure S3. pHpzc measurements of CA#2, CA#3, and CA#4 sorbents (SD: 2 g L−1; time of agitation: 48 

h; speed, 170 (±3) rpm; T: 23 (±3) °C). 
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Figure S4. SEM and EDX for the semi-quantitative analysis of CA#2, CA#3, and CA#4 sorbents. 
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Figure 5. pH variation for Cd(II)-(a) and Pb(II)-(b) sorption using CA#2, CA#3, and CA#4 sorbents 

(C0: 0.958 mmol Cd L−1 for 1st Series and 0.967 mmol Cd L−1—2nd Series, C0: 0.48 mmol Pb L−1 for—1st 

Series and 0.51 mmol Pb L−1—2nd Series, sorbent dosage, SD: 1 g L−1; temperature, T: 23 (±3) °C; 

time: 48 h; agitation speed: 170 (±3) rpm). 
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Figure S6. SEM-EDX analysis of sorbent (CA#3) after loading with Cd(II) -(a) and Pb(II) -(b)  ions. 
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Figure S7. Sorption kinetics profile of the PSORE for Cd(II) (a) and Pb(II) (b) (C0: 100 (±5) mg L−1; 

SD: 250 mg L−1, pH0: 5). 
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Figure S8. Cd (II), (a)  and Pb(II), (b) sorption isotherms using CA#2, CA#3, and CA#4—Modeling with Freundlich 

equation (C0: 10–500 mg M L−1; SD: 1 g L−1; T: 23 (±3) °C; time: 48 h; agitation speed: 170 (±3) rpm). 



Materials 2021, 14, 2189 14 of 17 
 

 

 

Figure S9. Desorption efficiencies for loaded sorbent (from kinetic experiments) for Cd(II) (a) and 

Pb(II) (b)-using 0.2M HCl (SD: 1 g L−1; T: 23 (±3) °C; time: 24 h; agitation speed: 170 (±3) rpm). 
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Figure S10. Sorption of Cd (solid symbols/dotted lines) and Pb (open symbols/solid lines) com-

paring to other elements in multi-component of mono, di and trivalent cations (multi-component 

concentrations; C0 (M): 1.0 mmol metal L−1; SD: 1 g L−1; time of agitation: 48 h; speed: 170 (±3) rpm; 

T: 23 ± 3 °C). 

 

Figure S11. Photos of the contaminant industrial areas. 
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Figure S12. Sorption of Cd(II) (A) and Pb(II) (B) in naturally contaminated water at different pH 

values (SD: 1 g L−1; time of agitation: 5 h; speed: 170 (±3) rpm; T: 23 ± 3 °C). 
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