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Nitrogen-doped biochar performs much better in dye adsorption due to its 
rich functional groups. Soybean cake, a by-product of soybean oil 
production, comprises rich contents of cellulose, lignin, and protein. 
Therein, simple direct carbonization was utilized to prepare self-nitrogen-
doped biochar (SCB). The results showed that the N content of SCB was 
6.81 wt%, and its specific surface area was 18.8 m2/g. X-ray photoelectron 
spectroscopic results confirmed that the surface of SCB was rich in 
pyridine-N, pyrrole-N, graphite-N, and oxidized-N functional groups. The 
adsorption capacity of SCB for Rhodamine B was 17.2 mg/g, which is 
higher compared with other unactivated biochars. The results of 
thermodynamic parameters indicate that Rhodamine B adsorption on SCB 
is an endothermic, entropy-increasing, and spontaneous process. 
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INTRODUCTION 
 

Today, textile dyeing produces a large amount of dye wastewater. Since azo dyes 

are mutagenic, teratogenic, and carcinogenic (Chung 1983), they can cause severe damage 

to human health and the ecological environment if dye wastewater is not treated effectively 

or discharged directly (Al-Tohamy et al. 2022). Compared with membrane filtration and 

advanced oxidation processes, such as Fenton, electrocatalysis, ozone, and electrochemical 

oxidation (Albadarin et al. 2017; Boudissa et al. 2019; Crini and Lichtfouse 2019), 

adsorption is one of the most commonly used technologies to remove pollutants with small 

or medium molecular size in water since it is convenient, efficient, and inexpensive (Bushra 

et al. 2021). Among many adsorption materials, biochar is regarded as one of the most 

promising adsorbent materials because it has many excellent properties in respect of 

containing oxygen-containing functional groups, excellent stability, low cost, and easy 

availability (Goodman 2020). 

Recently, the modification of biochar by nitrogen doping has attracted much 

interest, since the doped nitrogen on the surface of biochar enhances electron mobility and 

improves its hydrophobic properties (Kasera et al. 2022). As such, nitrogen-doped biochars 

perform much better in adsorbing heavy metals and organic chemicals (Yin et al. 2019). 
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Nitrogen-doping in biochar is usually carried out in two ways: one is self-nitrogen-doped 

biochar, which uses the biomass that is rich in N element as raw material to prepare biochar; 

the other is using exogenous nitrogen additive or exogenous nitrogen (post-processing 

strategy) (Wan et al. 2020). The typical nitrogen additives used in the post-processing 

strategy include inorganic substances and organic matter (Guo et al. 2019; Lian et al. 

2016). Compared with the post-processing strategy, the self-nitrogen-doping method 

provides an easier way to bind nitrogen atoms into the carbon lattice of biochar, which can 

maintain a well-structured and evenly distributed nitrogen (Duan et al. 2015). In addition, 

the self-nitrogen-doping method involves simpler operations and avoids potentially 

harmful or expensive chemical agents (Gao et al. 2016).  

Soybean cake (SC), a by-product of soybean oil production, is mainly used to feed 

animals. Along with rich cellulose and lignin, which can serve as carbon sources, SC 

contains rich protein (more than 42%) (Yuan et al. 2010); therefore, it is an excellent 

potential raw material for self-nitrogen-doped biochar fabrication. For instance, Yin et al. 

(2019) used SC to prepare the self-nitrogen-doped biochar (SCB), and the adsorption 

capacity for Pb2+ reached 133.6 mg/g. However, the physicochemical properties of organic 

pollutants, such as molecular structure and molecular weight (Mw), may greatly affect the 

adsorption performance of activated carbon (Ahmed and Hameed 2018). Therefore, the 

adsorption of small organic molecules, e.g., dyes, by self-nitrogen-doped biochar still has 

excellent research prospects. 

In this study, SC-derived self-nitrogen-doped biochars were prepared through 

direct carbonization at different temperatures (600, 700, and 800 ℃) and characterized. 

Then the adsorption performance of SCB for Rhodamine B (RhB) was evaluated, and the 

adsorption kinetics and thermodynamic analysis were assessed. 

 
 
EXPERIMENTAL 

 

Materials 
Soybean cake was acquired from Chaiji grain station (Fuyang, China). Rhodamine 

B (RhB, Mw = 479.01 g/mol, λmax = 554 nm) was purchased from Aladdin Bio-Chem 

Technology Co., LTD (Shanghai, China). Ethanol (99.5 wt%) was supplied by Yasheng 

Chemical Co., LTD (Wuxi, China), HCl (36.7 wt%) and NaOH were provided by 

Sinopharm Chemical Reagent Co. Ltd. (China). All reagents were analytical grade and 
used as received. 

 

Preparation of Adsorbents 
To begin, SC powder was added into a ceramic ark and placed in a tubular furnace 

(Kejing, GSL-1100X-XX-S2). It was heated with a heating rate of 5 °C/min under 99.99% 

N2 atmosphere and then kept at different temperatures (600, 700, and 800 ℃) for 1 h. The 

pyrolytic residues were soaked in 2 mol/L HCl solution for several hours, then washed 

thoroughly using deionized water. Finally, the dry SCB adsorbents were obtained by drying 

the collected samples in an oven at 80 ℃ for 8 h.  

The pre-experiment results showed that SCB prepared at 800 ℃ demonstrated the 

highest adsorption capacity for RhB; it was mainly due to the increase of pore volume and 

specific surface area caused by the removal of volatile organic compounds at a high 

temperature (Chen et al. 2008). The SCB used below was the sample prepared at 800 ℃ 

unless mentioned. 
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Characterizations 
The details of the characterization methods are described in Appendix S1 

(Supporting Information). 

 

Adsorption Performance Test 
Briefly, 100 mL of RhB solution was added into a 250 mL flask with an initial 

concentration of 1 to 10 mg/L. The pH of RhB solutions was adjusted to 2, 4, 6, 8, 10, and 

12 with dropping HCl (0.1 mol/L) or NaOH (0.1 mol/L) solution. Approximately 200 mg 

SCB was added into each solution every time, and the adsorption time ranged from 1 to 

720 min. During adsorption, all conical flasks were kept in an incubator shaker (ZWY-

2101, Shanghai, China) at constant stirring (150 rpm). More information related to removal 

efficiency, adsorption capacity, adsorption kinetics, adsorption isotherm models, and 

thermodynamic analysis is addressed in detail in Appendix S2 & 3. 

 

 

RESULTS AND DISCUSSION 
 
Characterization of Adsorbent 
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Fig. 1. N2 adsorption-desorption isotherm and pore size distribution based on DFT model (a), SEM 
diagram (b), Raman spectra (c) of SCB, and XRD patterns of SC and SCB (d) 
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Fig. 2. XPS spectrum (a), C 1s (b), N 1s (c) for SCB and SCB/RhB, and FT-IR spectra of SCB and 
SCB/RhB (d) 

 

The textural properties of SCB were characterized using a surface area analyzer 

(Quanta Chrome Nova 1200). Figure 1(a) shows the result for the N2 adsorption-desorption 

isotherm, which was a Ⅲ(b) type isotherm with H3 hysteresis loop, and the SBET was 18.79 

m2/g obtained from the DFT model. According to the t-plot method, the external surface 

area was also 18.79 m2/g, while the micropore surface area was negligible. The pore size 

distribution (insert in Fig. 1(a)) shows that SCB has few micropores or mesopores. This 

was also confirmed by the SCB pore volume of only 0.021 cm3/g, and the dominant pore 

size was 5.39 nm. Figure 1(b) shows that SCB is depicted as some particles aggregates of 

different sizes with a relatively smooth and flat surface. The Raman spectrum of SCB is 

demonstrated in Fig. 1(c); two prominent diffraction peaks appear at 1337 and 1587 cm−1, 

corresponding to the “D-band” and “G-band” of carbon materials, respectively. The 

disordered degree of carbon materials can be measured by the ratio of ID/IG. A higher ID/IG 

value indicates a higher defect degree and lower graphitization degree. The calculated ID/IG 

of SCB was 0.97. The 2D peak (~2705 cm−1) is another characteristic peak of the graphite 

material, and the position and shape can be used to identify the stratification of carbon 

materials. 

The XRD pattern of SC is displayed in Fig. 1(d). That pattern was similar to that of 

cellulose because cellulose contributes most to SC due to its crystalline structure. After 

carbonization, two distinct diffraction peaks at approximately 22.8° and 42.2° were 



 

PEER-REVIEWED ARTICLE  bioresources.com 

 

 

Zhang et al. (2023). “Nitrogen self-doped biochar,” BioResources 18(4), 7460-7473.  7464 

present, corresponding to the (002) and (101) crystallographic planes of graphitic carbon 

(Xiao et al. 2020). Similar XRD diffraction patterns of biochar derived from different 

precursors were also reported in the literature (Ho et al. 2019; Sevilla et al. 2011). It was 

also noted that some sharp peaks appeared at 2θ = 28.3, 40.5, 47.8, 50.1, 58.6, 66.3, and 

73.6°, which are due to the mineral potassium salts in the inorganic material (Pariyar et al. 

2020). This indicates that the HCl solution cannot effectively remove impurities inside the 

biochar without activation. Thus, the remaining ash in SCB is high. 

In addition, X-ray photoelectron spectroscopy (XPS) was employed to detect the 

chemistry changes on the adsorbent surface. Figure 2(a) shows that SCB is mainly 

composed of C, O, and N. Figure 2(b) shows several fitting peaks at 284.8, 285.8, 286.5, 

and 288.9 eV, which represent the C−C/C=C, C−O/C−N, C=O, and −COOH groups, 

respectively (Mena-Durán et al. 2018; Wu et al. 2020b). Figure 2(c) shows the N 1s 

spectrum, which can be deconvoluted into four peaks around 398.1 to 398.4 eV (pyridine-

N), 399.1 to 400.5 eV (pyrrole-N and/or pyridine-N), 400.8 to 401.3 eV (graphite-N), and 

402.8 eV (oxide-N) (Lian et al., 2016). Pyridines and graphite-N were the main 

components of N-doped biochar, and the content of oxide-N is less. In Fig. 2(d), the broad 

bands of each sample at approximately 3450 cm−1 are due to either the water absorbed by 

the biochar or the stretching vibration peaks of −OH contained on the biochar surface. The 

characteristic peak was detected at 1690 to1590 cm−1, which is attributed to the stretching 

vibrations of the −C=C/ and C=N bonds, while peaks near 1440 and 1025 cm−1 are 

attributed to C=C stretching/–C–H2 bending and symmetric C–O stretching or C–N 

stretching vibration, respectively (Chanajaree et al. 2021; Keiluweit et al. 2010). Oxygen-

containing groups would be beneficial to electrostatic interaction and surface complexation 

between adsorbent and organic dyes. In addition, nitrogen content in SCB was 6.81 wt.% 

obtained by elemental analysis (Table S1), confirming it contains sufficient N content. 

 
Adsorption Performance Experiments 
Effect of pH on adsorption performance 

Figure 3(a) shows the relationship between the initial pH of the adsorbent solution 

and the adsorption capacity of SCB. It can be seen that the adsorption capacity of SCB 

achieved its maximum at approximately pH = 6.0. When the pH of the solution is higher 

than 3.7 (the pKa of RhB), RhB molecules change from cationic to zwitterion due to the 

deprotonation of the carboxyl group in RhB. When SCB interacts with RhB molecules, the 

positive charge causes electrostatic repulsion under pH < 6.2; whereas when pH > 3.7, RhB 

molecules may form dimers, thus affecting dye molecules’ adsorption (Deng et al. 2019). 
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Fig. 3. Effects of pH (a) and adsorption time (b) on the adsorption capacity of SCB for RhB 

Adsorption kinetic models fitting 

 

Figure 3(b) shows the adsorption process of RhB on SCB over time. The adsorption 

process presents two stages (fast and slow adsorption). The fast adsorption rate in the early 

stage is due to the presence of a large number of adsorption sites on SCB. Subsequently, 

the adsorption rate decreases as adsorption progresses due to the decreasing number of  

sites on SCB surface and the decrease of adsorbate concentration in the solution (Wu et al. 

2020). The results of the parameters are shown in Table 1. Regarding the fitting results, 

considering the values of R2 are very close to 1, these two models can fit the experimental 

adsorption data well, especially the pseudo-second-order model.  

 

Table 1. Parameters of Kinetics Model for RhB Adsorption on SCB 

Pseudo-first-order Model Pseudo-second-order Model 

R2 k1 (1/min) qe (mg/g) R2 k2 (g/(mg·min)) qe (mg/g) 

0.9772 1.62 15.15 0.9935 0.2349 15.53 

 

Adsorption isothermal models fitting 

Figure 4(a) shows that the adsorption capacity of SCB for RhB increased with initial 

concentration and temperature. On the one hand, an increase in initial adsorbent 

concentration will lead to an increase in adsorbent capacity, possibly due to the significant 

driving force for mass transfer at a higher initial dye concentration; on the other hand, as 

the adsorption temperature increases, the mobility of dye molecules increases, and the 

number of adsorbable active sites also increases (Salleh et al. 2011). 
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Fig. 4. Effect of temperature and concentration on the adsorption capacity (a), Function of lnKL and 
1/T of the adsorption rate constant of RhB on SCB (b) 
 

Table 2. Parameters of Isotherm Model for RhB Adsorption on SCB 

Temperature 
(°C) 

Langmuir Isotherm Model Freundlich Isotherm Model 

qm 

(mg/g) 
KL 

(L/mg) 
R2 

KF 

(mg/g)/(mg/L)n
 

1/n R2 

25 17.25 0.65 0.9808 7.52 0.3424 0.9701 

40 19.04 0.75 0.9929 8.95 0.3242 0.9870 

55 21.16 1.04 0.9954 11.02 0.3000 0.9822 

Table 2 shows the parameters of the isothermal models obtained by non-linear 

fitting. According to the Langmuirian isotherm model fitting, the theoretical adsorption 

capacity of SCB for RhB at 25 and 55 °C was 17.25 and 21.16 mg/g, respectively. 

Compared with other adsorption materials reported in the literature, such as nosean 

composite (14.1 mg/g) (Ni et al. 2022), waste coconut shell biochar (12.41 mg/g) (Li et al. 

2022), and Fe-N-biochar (12.4 mg/g) (Li et al. 2022), the adsorption capacity of SCB can 

be regarded as good enough. 

The results of FT-IR and XPS show that the surface of SCB contains carboxyl, 

hydroxyl, and nitrogen-containing functional groups. Carboxyl and hydroxyl groups can 

form hydrogen bonds with hydroxyl groups on RhB molecules. In addition, the 

electrostatic adsorption between SCB and RhB cannot be ignored. Raman spectroscopy 

and XRD confirm that SCB has a graphite structure, RhB molecules are planar molecular 

structures, which can form π-π accumulation on the surface of biochar.  

Ethanol desorption technology was used to evaluate the feasibility of reproducing 

SCB. The percentage of RhB desorption results is as high as 99%. Therefore, it can be 

considered that almost all adsorption points of SCB are recovered from the desorption 

process. 

 

Adsorption thermodynamics 

Figure 4(b) shows the fitting of adsorption thermodynamic parameters, and the 

fitting results are shown in Table 3. The ΔG° values of RhB adsorbed on SCB at multiple 

different temperatures were all negative, indicating that the adsorption was spontaneous in 

the system under a normal state (Fenti et al. 2019). Positive ΔH° values suggest that the 

adsorption of RhB on SCB is an endothermic process. Positive ΔS° values indicate that the 
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adsorption of RhB on SCB leads to increased disorder at the biochar/adsorbate solution 

interface. 

 

Table 3. Thermodynamic Parameters Related to Adsorption of RhB on SCB 

Temperature (K) ΔG° (kJ/mol) ΔH° (kJ/mol) ΔS° (J/ (K·mol)) 

298 −31.35 

12.38 146.54 313 −31.70 

328 −32.51 

 

 

CONCLUSIONS 
 

1. In this study, soybean cake-derived SCB was successfully prepared through simple 

direct carbonization. Its specific surface area reached 18.8 m2/g and its nitrogen content 

was 6.81 wt.%.  

2. According to Langmuir isotherm model fitting, the theoretical adsorption capacity of 

SCB for RhB reached 17.2 mg/g, which is relatively good for biochar prepared without 

any activation.  

3. The ΔG° values were all negative, indicating that the adsorption of RhB on SCB was 

spontaneous; the positive ΔH° values indicate that the adsorption was endothermic; the 

positive ΔS° values indicate that the adsorption of dyes on SCB resulted in increased 

disorder at the biochar/adsorbate solution interface. 
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APPENDIX 
 
Appendix S1: Characterization Methods 

The surface morphology was visualized through a scanning electron microscope 

(SEM, JSM-7600F). The textural properties of biochar were evaluated via N2 adsorption-

desorption experiments using a surface area analyzer (Quantachrome Nova 1200), the 

degassing conditions for N2 were under 200 °C for 4 h. The specific surface area (SBET) 

was calculated by using the Brunauer-Emmett-Teller (BET) equation, and the pore 

diameter was calculated by using the density functional theory model. The crystalline 

structure and diffraction patterns of the samples were analyzed through X-ray diffraction 

(XRD, Rigaku Ultima IV) at a scan rate of 10°/min. The functional groups of the samples 

were analyzed by Fourier transform infrared reflection (FT-IR, VERTEX 80 V). The 

surface compositions of samples were determined on an X-ray photoelectron spectrometer 

(XPS, Ultra DLD) fitted with a hemispherical analyzer and a conventional monochromatic 

Al Ka X-ray source.  

 

Appendix S2. Definition of Removal Efficiency and Adsorption Capacity 
The model dyes removal efficiency and adsorption capacity at time t (qt), are two 

crucial parameters for determining the adsorption capability of adsorbent, as defined by 

Equations. (S1 & S2), respectively. 

Removal efficiency = 
(C0-Ct)

C0
×100%                                                                         (S1) 

𝑞𝑡 =
𝑣(𝐶0−𝐶𝑡)

𝑚
                                                                                                              (S2) 

where C0 (mg/L) denotes the initial concentration of adsorbate; Ct (mg/L) represents the 

residual concentration of adsorbate at time t; qt (mg/g) represents the adsorption capacity 

of adsorbate at time t; v (L) denotes the volume of adsorbate solution; m (g) denotes the 

weight of adsorbent. 

 

Appendix S3. Models Fitting and Thermodynamic Parameters 
S3.1. Adsorption kinetics 

For the kinetics study, the adsorbent was mixed with a series of adsorbate solutions 

and then shaken for different designed times. Various kinetic models have been used in the 

literature (Bedin et al. 2016; Wu et al. 2020b). In this paper, the adsorption kinetics was 

studied by pseudo-first-order and pseudo-second-order kinetics models. The parameters for 

these models were calculated using Eqs. S3 & S4, respectively. 

𝑞𝑡 = 𝑞𝑒[1 − exp (−𝑘1𝑡)]                                                                                         (S3) 

𝑞𝑡 =
𝑘2𝑞𝑒

2𝑡

1+𝑘2𝑞𝑒𝑡
                                                                                                              (S4) 

where qt represents the amount of dye adsorbed at time t (mg/g), and k1 (1/min) and k2 

(g/mg·min) are the adsorption rate constants for pseudo-first-order and pseudo-second-

order, respectively. 
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S3.2. Adsorption isotherms 

The interactive behavior between solute and adsorbent in solution is usually 

described by equilibrium adsorption isotherms. The nonlinear equilibrium relationship 

between the solute adsorbed onto the adsorbent and that left in the solution can be explained 

by isotherm models. Herein, the adsorption data was studied in terms of the Langmuir and 

Freundlich isotherm models. Equations S5 and S6 express the non-linear of Langmuir 

isotherm and Freundlich isotherm (Wu et al. 2020a), respectively. 

𝑞e =
𝑞m𝐾L𝐶e

1+𝐾LCe
                                                                                                              (S5) 

𝑞e = 𝐾f𝐶
1

n                                                                                                                (S6) 

where Ce (mg/L) means the residual concentration of dye in the solution at equilibrium; qm 

(mg/g) is the maximum value of qe and it varies with Ce; KL (L/mg) is a constant related to 

the affinity between an adsorbent and adsorbate; KF (mg/g)/(mg/L)
1

𝑛  is the Freundlich 

constant, and n (dimensionless) is the Freundlich intensity parameter, which indicates the 

magnitude of the adsorption driving force or the surface heterogeneity. 

 

S3.3. Thermodynamic analysis 

The thermodynamic parameters associated with adsorption, such as Gibbs free 

energy changes (ΔGo), standard enthalpy changes (ΔHo), and standard entropy changes 

(ΔSo), can be assessed by Eqs. (S7 to S9) (Liu et al. 2020). Measuring the temperature 

dependence of KL over a wide temperature range creates an opportunity to calculate the 

ΔHo and ΔSo of the investigated chemical process according to the van’t Hoff equation via 

a non-linear parameter estimation. 

ΔGo=−RT lnKL                                                                                                         (S7) 

lnKeq= 
−𝛥𝐻o

𝑅𝑇
+

𝛥𝑆o

𝑅
                                                                                                    (S8) 

ΔGo=ΔH−TΔSo                                                                                                        (S9) 

where T (K) is the absolute temperature at which adsorption is carried out, R is the gas 

constant (8.314 J/K·mol), and Keq is the dimensionless equilibrium constant that is 

numerically equal to the KL obtained at a different temperature from the Langmuir 

adsorption isotherm model, and Cp is heat capacity (J/mol). 

 

Table S1. Results of Elemental Analysis for Soybean Cake and Biochar 

Sample C (wt%) H (wt%) S (wt%) N (wt%) 

SC 47.25 6.67 0.16 7.12 

SCB 66.99 1.25 0.07 6.81 
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Fig. S1. The standard curve and structure of Rhodamine B 
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