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Detailed de`scription of adsorption experiments 

Pb(HNO3)2, (Cu(NO3)2·3H2O), and (Cd(NO3)2·4H2O) were made into 1.0 g·L-1 Pb, Cu, and 

Cd standard reserve solution by deionized water. 

pH experiment: by adjusting the original pH value of the solution to explore its effect on 

the adsorption performance of biochar: take 100 mg·L-1 solution containing Pb, Cd, and Cu 

respectively and place them in a group of 100 mL centrifuge tubes. Adjusting pH of Pb, Cu, 

and Cd to 2-7 by HNO3 and NaOH respectively. Then a 1.0 g·L-1 GBC sample was added to Pb, 

Cd, and Cu solutions respectively. Then, it oscillated at 220 r·min-1 for 24 h in a 25±1℃ 

thermostatic oscillator. After centrifugation at 4000 r·min-1 for 10 mins, the supernatant was 

filtered by 0.45 μm microporous membranes (GE cellulose nylon membrane). The filtered 

solution containing heavy metals was determined on an Inductively Coupled Plasma Mass 

Spectrometer (ICP-MS, NexION 2000, Perkin-Elmer SCIEX, USA). Three replicate samples with 

BC were set as control groups. The concentration difference between the initial solution and 

the final solution was used to calculate the amount of heavy metal that biochar adsorbed. The 

formula is as follows: 

qe =
（C0−Ce）×V

𝑚
                                                                  (1) 

C0 (mg·L-1) and Ce (mg·L-1) represent the initial concentration and equilibrium 

concentration of heavy metals respectively. V(L) is the solution volume, and m (g) is the mass 

of the adsorbent. 

Adsorption kinetics: we took 50mL of 100 mg·L-1 solutions containing Pb, Cd, and Cu 

respectively, and placed them in a group of 100 mL centrifuge tubes. Then we adjusted pH to 

5, then added 1.0 g·L-1 GBC. Then the centrifuge tube was placed in a constant temperature 

oscillation machine at 25±1℃ to oscillate at 220 r·min-1 and sampled at different time points (5-

1440 mins). The concentration of residual heavy metals in the solution was determined. The 

centrifugation, filtration, and determination of the heavy metal concentration of the solution 

were the same as those in pH experiment in (1). Three repetitions are set for each processing. 

Pseudo-first-order kinetic model (formula 2) and pseudo-second-order kinetic model (formula 

3) were used to fit the experimental data [1]. The formula is as follows: 

ln(qe − qt) = ln qe − k1t                                                           (2) 



t

qt
=

1

k2qe
2 +

t

qe
                                                                    (3) 

In the formula, 𝑞𝑡 and 𝑞𝑒(mg·g-1) refer to the adsorption capacities at t moment and the 

adsorption equilibrium, and K1和  K2  refers to the rate constants of the pseudo-first-order 

kinetic model and the pseudo-second-order kinetic model. 

Adsorption isotherm: we adjusted the pH of solutions respectively containing different 

concentrations of Pb, Cd, and Cu (0.5-500 mg·L-1) to 5. Then we took 50 mL of Pb, Cd, and Cu 

solutions and put them into a group of 100 mL centrifuge tubes respectively, and 1.0 g·L-1 of 

GBC was added to each of them. Then, the centrifuge tube was placed in a 25±1℃ thermostatic 

shaker and oscillated at 220 r·min-1 for 24 h for sampling. The concentration of residual heavy 

metals in the solution was determined. The centrifugation, filtration, and determination of the 

heavy metal concentration of the solution were the same as those in pH experiment in (1). Three 

repetitions are set for each processing. Freundlich (formula 4) and Langmuir (formula 5) 

isotherm models were applied to fit the analysis data [2, 3]. The formula is as follows: 

𝑞𝑒=𝐾𝐹 𝐶𝑒
1/𝑛

                                                                       (4) 

 qe =
CeqmKL

1+CeKL
                                                                     (5) 

In the equation, 𝐾𝐹 refers to the adsorption constant of the Freundlich isothermal model, 

and 1/n refers to the surface heterogeneity or adsorption strength: when 1/n＜1, it is the normal 

Freundlich isotherm; and when 1/n＞1, it is synergistic adsorption (Tan et al., 2015a). Ce 

represents the concentration of heavy metal ions at adsorption equilibrium (mg·L-1). qm is the 

maximum adsorption capacity of GCB (mg·g-1). 𝐾𝐿  represents the adsorption constant of the 

Langmuir isotherm model. C0 represents the initial concentration of the heavy metal solution 

(mg·L-1). 

Competitive adsorption: the mixed solution containing Pb, Cd, and Cu was prepared, and 

the concentrations of Pb, Cd, and Cu in the mixed solution were 100 mg·L-1. Then 50mL mixed 

solution containing Pb, Cd, and Cu was added to a group of 100mL centrifuge tubes, and the 

pH was adjusted to 2-6. Then, the centrifuge tube containing the mixture was placed in a 25±1℃ 

thermostatic shaker and oscillated at 220 r·min-1 for 24 h for sampling. The concentration of 

residual heavy metals in the solution was determined. The centrifugation, filtration, and 

determination of heavy metal ion concentration of the solution were the same as those in the 



pH experiment in (1). Three repetitions are set for each processing. The distribution coefficient 

(Kd) was used to analyze the selective adsorption of Pb, Cd, and Cu by GCB [4], and the 

formula is as follows: 

Kd =
V×(C0−Ce)

mCe
                                                                    (6) 

In the formula, C0 (mg·L-1) and Ce (mg·L-1) represent the initial concentration and 

equilibrium concentration of heavy metal ions. Moreover, V (L) is the solution volume, and m 

(g) is the mass of the adsorbent. 

In addition, in the presence of interfering ions, the selectivity coefficient (α) of specific 

adsorbates is calculated by the following formula: 

α =
Kd(T)

Kd(I)
                                                                        (7) 

In this study, Kd (T) represents the Kd value in Cu and Kd (I) represents the Kd value Pb and 

Cd. The greater the α value, the stronger the selective adsorption capacity of Cu is than that of 

Pb and Cd.
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Figure S6. Effect of initial pH value of the solution on competitive adsorption of Cd, Pb, and 

Cu on GBC. 

Figure S7. XPS peak plot of Cu2p in GBC after Cu adsorption. 

Figure S8. The adsorption-desorption cycles of Pb, Cd and Cu on GBC (a); adsorption of Pb, 

Cd and Cu by GBC in different water samples (b). 



Figure S1. SEM images of BC (a) and GBC (b). 
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Figure S2. XRD patterns of BC and GBC. 



Figure S3. FTIR spectra of BC and GBC. 



Figure S4. XPS full-spectrum scanning diagram of BC and GBC. 



Figure S5. XPS Spectra of C1s (a), N1s (b) in BC, and C1s (c), N1s (d) in GBC. 



Figure S6. Effect of initial pH value of the solution on competitive adsorption of Cd, Pb, and Cu on GBC. 



Figure S7. XPS peak plot of Cu2p in GBC after Cu adsorption. 



Figure S8. The adsorption-desorption cycles of Pb, Cd and Cu on GBC (a); adsorption of Pb, Cd and Cu 

by GBC in different water samples (b). 
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Table S1. BC and GBC surface properties and ash content. 

Material surface area Pore volume Ash 

m2·g-1 cm3·g-1 % 

BC 28.4 0.031 29.6 

GBC 68.2 0.087 21.8 



Table S2. Content of C, N, and O elements in BC and GBC (%). 

Materials Atomic % 

C N O 

BC 73.81 2.31 22.63 

GBC 61.23 9.27 28.04 



Table S3 Comparison of maximum adsorption capacity of heavy metal with various adsorbents. 

Adsorbents Temperature 

(℃) 

Qmax(mg·g-1) Reference 

Pb Cd Cu 

GBC 25 9.33 30.14 90.02 This study 

AC 25   13.81 Thuan et al. [5] 

GGAC 25 20.3 27.3  Asuquo et al. [6] 

AC 25   37.17 Demiral et al. [7] 

OAC 25  13.38  Polo and Utrilla [8] 

SABC      
 

25   43.88 Li et al. [9] 

CAC 25  35.71 33.33 Kannan and 

Veemaraj [10] 

P1 25 27.39 4.43  Zhang et al. [11] 

 

Zhang et al. [11] P6 25 67.45 12.93  

  



Table S4. Water sample parameters of deionized water, tap water and river water. 

Water sample pH 
TOC 

(mg·L-1) 

Element content (mg·L-1) 

K Na Ca Mg P 

Deionized water 6.8 0 0 0 0.003 0 0.001 

Tap water 7.1 0.37 4.68 10.69 34.22 5.64 0.01 

River water 7.3 5.28 6.09 11.79 33.32 5.76 0.05 
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