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Characterization of biochars

Elemental compositions of all BCs were evaluated by an elemental analyzer (PerkinElmer 

2400 series II, MA, USA) (Robert Microlit Lab, NJ, USA). According to ASTM standard 

D7582-10 1, the proximate analysis was used to evaluate the contents of fixed carbon, volatile 

carbon and ash in BCs. Brunauer-Emmett-Teller (BET) surface area was evaluated with an 

apparatus at 77 K based on the measurements relating to N2 sorption (Particle Technology Lab, 

Downers Grove, USA). Functional groups in BCs were evaluated by FT-IR spectra, which were 

recorded between 400 and 4000 cm-1 using a FT-IR spectrometer (Bruker Optik GmbH, 

Ettlingen, Germany). To evaluate the crystallographic structures at the surface of BCs, an X-

ray diffractometer (MiniFlex II, DE, USA) was used to assess the X-ray diffraction (XRD) 

patterns of BCs operating at 30 kV and 15 mA with a step size of 0.02° (2θ). The pH of zero 

point charges (pHPZC) of BCs were determined as described by the previous study 2. Briefly, 

0.01 g BC was added into 50 mL of NaCl solution (0.01 M), the initial pH of which was adjusted 

ranged from 3.0 to 10.0 using 0.1 M HCl or NaOH solution. After 2-day incubation at 20 °C 

and 150 rpm, the pHPZC of BCs were obtained based on the ΔpH (final – initial pH) = 0.

Data analysis

In this study, the determination coefficients (R2) and the sum of squared error (SSE) were 

used to determine which model best fit the experimental data:

(1)𝑅2 = 1 ―  
∑(𝑄𝑒𝑥𝑝 ― 𝑄𝑐𝑎𝑙)2

∑(𝑄𝑒𝑥𝑝 ―  𝑄𝑚𝑒𝑎𝑛)2         

(2)SSE =
∑(𝑄𝑒𝑥𝑝 ―  𝑄𝑐𝑎𝑙)2

𝑁                 

where Qexp, Qcal and Qmean are the experimental value, calculated value and mean of 

experimental value, respectively, and N is the number of measurements.
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Table S1. Maximum adsorption capacity (Qm) of various adsorbents for sulfamethoxazole

Adsorbents Surface area 
(m2/g)

Qm 
(mg/g)

Reference

Carbon nanotubes 382 71.8a 3

Graphene Oxide - 240a 4

Bamboo BC 1.12 88.1a 5

Alfalfa BC 405 90.4a 6

Commercial AC
(ChemViron Carbon)

848 118a 7

Pine Sawdust BC 125 13.8a 8

Digested bagasse BC 17.66 54.38a 9

R-BC 1.67 23.56b

BC800 85.82 26.68b

A-BC 1999.59 456.11b 

Commercial AC (Calgon F400) 816.311 312.14b

Commercial AC (Darco® G-60) 93312 328.83b

Commercial AC (Norit® GAC) 120013 377.5b

In this study
In this study
In this study
      10

      10

      10

BC: Biochar

AC: Activated Carbon

R-BC: Raw biochar produced at 300 °C (in this study)

BC800: Biochar produced at 800 °C (in this study)

A-BC: Activated biochar (in this study)
aDerived from isotherm model
bDerived from experimental data
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Table S2. Characteristics of various activated carbons.

Elemental compositions H/C

Adsorbents

Surface 

area 

(m2/g)

C H O N

O/C Ash 

(%)

Reference

A-BC (This study) 1991.6 81.22 0.84 7.42 0.83 0.07 0.12 9.46

Commercial activated carbon (Calgon F400) 1102 82.85 0.93 9.27 0.55 0.08 0.13 5.40 14

Commercial activated carbon (Alphacarbo) 525.3 78.62 1.28 19.77 0.33 0.19 0.20 5.03 15

Commercial activated carbon (Steam activated coconut shell) 1138 90.1 0.2 9.0 - 0.07 0.03 0.4 16

Commercial activated carbon (H3PO4 activated wood) 1515 64.8 2.4 19.5 - 0.23 0.44 1.1 16

Activated carbon (K2CO3 activated tobacco residue) 1634 55.25 0.22 45.38 0.95 0.62 0.05 - 17

Activated carbon (KOH activated tobacco residue) 1474 49.40 0.28 48.80 1.52 0.74 0.07 - 17

Activated carbon (Steam activated beet pulp) 821 77.9 0.9 7.0 0.6 0.07 0.14 13.6 16

Activated carbon (Steam activated peanut shell) 829 91.2 0.8 6.0 0.2 0.05 0.11 1.3 16
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Table S3. Physicochemical characteristics of sulfamethoxazole (SMX) 10, 18.

Molecular structure Formula
Molecular 

weight
Solubilitya pKa

C10H11N3O3S 253.28 0.37 g/L
pK1 = 1.6

pK2 = 5.7

a At ambient temperature
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Table S4. Calculated sorption coefficients for three SMX species on A-BC at pH 1-12.

pH Kd Kd
+ Kd

0 Kd
-

1 6402 7357 2597 1000

2 7762 4237 9167 1002

3 8229 1294 8519 1016

4 8139 1025 8306 1148

5 7145 998 8090 2423

6 6199 995 4105 7248

7 5478 994 1232 5690

8 5356 992 1020 5378

9 5561 992 1000 5563

10 2934 991 997 2934
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Table S5. Contribution of different SMX species to the overall sorption on A-BC. 

Contribution percent (%)pH

SMX+ SMX0 SMX-

1 91.86 8.14 <0.01

2 15.54 84.46 <0.01

3 0.60 99.38 0.02

4 0.05 99.68 0.28

5 <0.01 94.35 5.64

6 <0.01 22.11 77.89

7 <0.01 1.07 98.93

8 <0.01 0.10 99.90

9 <0.01 <0.01 99.99

10 <0.01 <0.01 99.99

*Contribution percentage was calculated by Kd
+α+/Kd for SMX+, Kd

0α0/Kd for SMX0, and Kd
-α-/Kd for SMX-.



S8

Table S6. Characteristics of lagoon wastewater from dairy farm (Stephenville, TX, USA).

COD (ppm) 1050

Total N (ppm) 460

Total P (ppm) 57

Total K (ppm) 676

Total Ca (ppm) 227

Total Mg (ppm) 157

Total Na (ppm) 277
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Table S7. Adsorption isotherm, kinetic, and thermodynamic models used in this study.

Models Names and Equations
Kinetics Pseudo-first order:  𝑄𝑡 = 𝑄𝑒(1 ― 𝑒𝑥𝑝( ― 𝐾1𝑡))

Pseudo-second order:  𝑄𝑡 =
𝐾2𝑄2

𝑒𝑡
1 + 𝐾2𝑄𝑒𝑡

Elovich:  𝑄𝑡 = (1
𝑏)𝑙𝑛𝑎𝑏 + (1

𝑏)𝑙𝑛𝑡,  𝑡0 =
1

𝑎𝑏

Intra-particle diffusion:  𝑄𝑡 = 𝐾𝑖 𝑡 + 𝐶𝑖

Film diffusion(Boyd equation): 𝐵𝑡 = ― ln (1 ―
𝑄𝑡

𝑄𝑒) ―0.4977

Isotherm
Freundlich isotherm: 𝑄𝑒 = 𝐾𝑓𝐶𝑒

1
𝑛𝑓

Langmuir isotherm: 𝑄𝑒 =
𝑄𝑚𝐾𝐿𝐶𝑒

1 + 𝐾𝐿𝐶𝑒
, 𝑅𝐿 =

1
1 + 𝐾𝐿𝐶0

Temkin isotherm: 𝑄𝑒 =
𝑅𝑇
𝑏𝑇

ln (𝐾𝑇𝐶𝑒)

Dubinin-Radushkevich:𝑄𝑒 = 𝐾𝐷𝑅𝑒𝑥𝑝( ― 𝐵𝐷𝜀2
𝐷)   𝜀𝐷 = 𝑅𝑇𝑙𝑛(1 +

1
𝐶𝑒);𝐸 =

1
2𝐵𝐷

Thermodynamics

𝐾𝑑 =
𝑄𝑒

𝐶𝑒
   

∆𝐺𝑜 = ―RTln(𝐾𝑑)

ln (𝐾𝑑) = ―
∆𝐺𝑜

𝑅𝑇 =
∆𝑆𝑜

𝑅 ―
∆𝐻𝑜

𝑅𝑇

Qt: adsorption capacity (mg g-1) at time t (min). 
Qe: adsorption capacity (mg g-1) at equilibrium time. 
K1: adsorption rate constant of Pseudo-first order (min-1).
K2: adsorption rate constant of Pseudo-second order (min-1).
a: initial adsorption rate (mg/g.min).
b: desorption constant (g/mg).
Ki: Intra-particle diffusion rate constant (mg min0.5 g-1).
Ci: the intercept reflecting the boundary layer thickness.
Bt: Boyd constant, predicting the adsorption rate-limiting step.
Ce: equilibrium concentration at liquid phase (mg L-1).
Kf: distribution coefficient (mg/g), it implies that the energy of adsorption on a homogeneous surface is 
independent of surface coverage.
1/nf: related to the surface heterogeneity, more close to zero means more heterogeneous surface.
Qm: maximum adsorption capacity (mg/g) from monolayer adsorption.
KL: Langmuir constant (L/g) describing the adsorption/desorption equilibrium for each reactant in 
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contact with a surface.
RL: separation constant; the adsorption is irreversible RL=0, favorable 0<RL<1, linear RL=1, and 
unfavorable RL>1.
R: universal gas constant (8.314 J mol-1K-1).
T: temperature in terms of Kelvin.
bT: Temkin constant (J/mol), defined as variation of adsorption energy; the adsorption is exothermic 
(bT>1) or endothermic (bT<1)
KT: equilibrium bond constant related to the maximum energy of bond (mg/L).
KDR: adsorption capacity (mg/g), multilayer adsorption
BD: mean free energy of sorption (mol2/kJ2).
E: bonding energy of the ion-exchange mechanism (kJ/mol).
εD: adsorption potential.
△Ho = standard enthalpy change.
△So = standard entropy change.
△Go = standard Gibbs free energy change.
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Figure S1. SEM images of A-BC at various magnifications (a:10,000; b:15,000; c:20,000; d:40,000)

R-BC

BC800

A-BC
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Figure S2. XRD pattern of all BCs. 
R-BC: Raw biochar produced at 300 °C
BC800: Biochar produced at 800 °C
A-BC: Activated biochar
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Figure S3. FT-IR spectrum of all BCs before and after SMX adsorption.
R-BC: Raw biochar produced at 300 °C 
BC800: Biochar produced at 800 °C 
A-BC: Activated biochar 
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Figure S4. The pHPZC of all BCs.
R-BC: Raw biochar produced at 300 °C 
BC800: Biochar produced at 800 °C 
A-BC: Activated biochar 
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Figure S5. Proposed mechanisms for SMX adsorption on A-BC.
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Figure S6. Adsorption isotherm of SMX on A-BC.
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Figure S7. Adsorption of SMX onto A-BC in DI water and real wastewater. Adsorption 
conditions: 0.01 g of A-BC, initial pH of 6, 100 mL of 100 mg/L SMX, and 3 day.
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Figure S8. Effect of different NaOH concentration on the regeneration of A-BC.
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