
Environmental Pollution 291 (2021) 118244

Available online 27 September 2021
0269-7491/© 2021 Elsevier Ltd. All rights reserved.

Experimental and DFT investigation on N-functionalized biochars for 
enhanced removal of Cr(VI)☆ 

Nan Zhao a, Chuanfang Zhao b, Kunyuan Liu a, Weihua Zhang a, Daniel C.W. Tsang c, 
Zaikuan Yang a, Xixiang Yang a,d, Bofang Yan a, Jean Louis Morel e, Rongliang Qiu a,f,* 

a School of Environmental Science and Engineering, Guangdong Provincial Key Lab of Environmental Pollution Control and Remediation Technology, Sun Yat-sen 
University, Guangzhou, 510275, PR China 
b Research Center for Eco-Environmental Sciences, Chinese Academy of Sciences, Beijing, 100085, PR China 
c Department of Civil and Environmental Engineering, The Hong Kong Polytechnic University, Hung Hom, Kowloon, Hong Kong, China 
d School of Chemistry, Key Laboratory of Theoretical Chemistry of Environment, Ministry of Education, Guangzhou Key Laboratory of Analytical Chemistry for 
Biomedicine, Guangzhou Higher Education Mega Center, South China Normal University, Guangzhou, PR China 
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A B S T R A C T   

In this study, N-functionalized biochars with varied structural characteristics were designed by loading poplar 
leaf with different amounts of urea at 1:1 and 1:3 ratios through pyrolysis method. The addition of urea 
significantly increased the N content of biochar and facilitated the formation of amine (-NH-, -NH2), imine 
(-HC––NH), benzimidazole (-C7H5N2), imidazole (-C3H3N2), and pyrimidine (-C4H3N2) groups due to substitution 
reaction and Maillard reaction. The effect of pH on Cr(VI) removal suggested that decrease in solution pH favored 
the formation of electrostatic attraction between the protonated functional groups and HCrO4

− . And, experi-
mental and density functional theory study were used to probe adsorption behaviors and adsorption mechanism 
which N-functionalized biochars interacted with Cr(VI). The protonation energy calculations indicated that N 
atoms in newly formed N-containing groups were better proton acceptors. Adsorption kinetics and isotherm 
experiments exhibited that N-functionalized biochars had greater removal rate and removal capacity for Cr(VI). 
The removal rate of Cr(VI) on N-functionalized biochar was 10.5–15.5 times that of untreated biochar. Mean-
while, N-functionalized biochar of NB3 with the largest number of adsorption sites for -C7H5N2, -NH2, -OH, 
-C3H3N2, and phthalic acid (-C8H5O4) exhibited the supreme adsorption capacity for Cr(VI) through H bonds and 
the highest adsorption energy was − 5.01 kcal/mol. These mechanistic findings on the protonation and 
adsorption capacity are useful for better understanding the functions of N-functionalized biochars, thereby 
providing a guide for their use in various environmental applications.   

1. Introduction 

Cr(VI) is a priority contaminant in soil or water environments and it 
has high mobility, solubility and toxicity. Acute exposure to Cr(VI) can 
cause nausea, diarrhea, dermatitis, liver and kidney damage, internal 
hemorrhage and respira tory problems (Mohan and Pittman, 2006). Cr 
(VI) presents a serious threat to human beings even at a trace level 
(Rajapaksha et al., 2018). Thus, it is of great importance for Cr(VI) 

pollution control. 
Adsorption is considered as a simple and effective approach for the 

remediation of soil and water contaminated by Cr(VI) (Sun et al., 2019; 
Xiong et al., 2017). Biochar is receiving increasing research attention as 
a carbon-rich material for water/wastewater treatment (Xiong et al., 
2017; Yang et al., 2016; Yek et al., 2020; Zhao et al., 2020). It can 
remove Cr(VI) by physical interaction, H bond, complexation, and 
reduction reaction (Rajapaksha et al., 2018; Zhao et al., 2017a). Biochar 
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generally contains abundant O-containing groups of carboxyl, carbonyl, 
ester, and hydroxyl (Wan et al., 2019; Yu et al., 2019), and few N-con-
taining groups of aniline, pyridone, amine, as well as pyridine- and 
pyrrole-like groups (Chen et al., 2018; Zhang et al., 2013). The O-con-
taining groups are widely recognized for their importance in metal-
s/metalloids complexation reaction (Zhang et al., 2013; Zhao et al., 
2018a). N-containing groups are also crucial for regulating metal 
adsorption capacity, as evidenced by the increase in Cu and Zn 
adsorption at high N/C ratios (Rodríguez-Vila et al., 2018). 

Biochar that pyrolyzes at 300–500 ◦C contains benzonitrile, iso-
quinoline, 2-naphthonitrile, aniline, and stearamide functionalities 
(Zhao et al., 2017b; Zhao et al., 2018b). These diverse N-containing 
groups may dominate the main surface chemical properties of biochar, 
as well as its sorption behavior. However, the N content of bulk biochar 
is only 0.1–4.5% (Brewer et al., 2009; Zhao et al., 2018b), and this value 
notably decreases with increasing pyrolysis temperature (Zhang et al., 
2013). The low N content renders the biochar less active and may 
hamper the removal capacity of heavy metals. Therefore, urea, poly-
ethylene imine, and other N-containing compounds are used to modify 
biochar to increase the removal of heavy metals (Sajjadi et al., 2019; Shi 
et al., 2018). Since amine often exists in the protonated state in acidic 
environments, the protonated amino moiety in aniline is reported to be 
remarkably selective for Cr(VI) (Rapti et al., 2016). And, urea treatment 
can attach amine groups onto biochar and obviously increased the 
adsorption of heavy metals (Sajjadi et al., 2019). 

The adsorption behavior involved in N-containing groups remains 
incompletely understood thus far. For example, only the NH3

+-con-
taining phenyl ring can be detected in infrared (IR) spectra (Rapti et al., 
2016); however, little is known about the other types of N-containing 
groups, particularly heterocyclic N. Can these N-containing groups be 
protonated and served as adsorption sites in acidic solution? How do 
these N-containing groups interact with heavy metals? These questions 
are rather challenging to answer using conventional experimental 
methods. Predicting the protonation and adsorption sites is fundamental 
to the understanding of adsorption mechanisms and essential for 
designing appropriate adsorbent materials. Although previous studies 
have proposed several models for the complexation of metals with 
carboxyl groups, those models were not further confirmed via compu-
tational chemistry to confirm whether the reaction can occur sponta-
neously (Chen and Yang, 2006; Mohan and Pittman, 2006). 

In this study, given that it is inexpensive, easily available and safe, 
urea as an environmentally friendly compound is selected to modify 
biochar to enhance its adsorption capacity for Cr(VI) removal. In addi-
tion, the adsorption mechanism is verified using our proposed models 
and Cr(VI). The use of density functional theory (DFT) calculation in 
computational chemistry is widely reported as an effective method for 
studying the mechanisms governing interactions between biochar and 
Cr anions. To illustrate how Cr anions complex with biochar in space, 
the three-dimensional (3D) structures with multiple functionalities that 
can represent the actual biochars are also established and optimized 
with the Gaussian 09 software (Frisch et al., 2010), and the biochar 
properties are studied at the molecular level using the SYBYL-X software 
(Tripos Inc., St. Louis, MO, USA). Thus, the current study is undertaken 
to predict the proclivity of biochar to protonate and bind with heavy 
metals. 

2. Materials and methods 

2.1. Preparation of biochar samples 

The N content of poplar leaf biochar is relatively high (Zhao et al., 
2018b). Thus, poplar leaves, collected at the China Agricultural Uni-
versity, Beijing, China, were chosen as the feedstock for biochar prep-
aration. The leaves were first rinsed to remove dust particles before 
being oven-dried at 70 ◦C. Then, they were ground to pass through a 
100-mesh sieve and impregnated with a urea solution for 24 h. Here, the 

mass ratio of the poplar leaf to urea was either 1:1 or 1:3. A control 
experiment without urea addition was also conducted. The resulting 
mixtures were subsequently oven-dried at 105 ◦C for 6 h prior to py-
rolysis with N2 in a pipe furnace at 650 ◦C for 1 h with a heating rate of 
10 ◦C min− 1. Finally, the biochar samples were washed with strong 
mineral acids, namely, 0.1 M HCl and 0.3 M HF, and then rinsed with 
Milli-Q water until the electrical conductivity was less than 18 μs cm− 1. 
The biochar without and with prior urea impregnation ratios of 1:1 and 
1:3 have been designated as OB, NB1, and NB3, respectively. 

2.2. Adsorption experiments 

The OB, NB1, and NB3 samples of 10 mg were mixed with 15 mL of 3 
mg L− 1 Cr(VI) solution in 50 mL centrifugal tubes separately. The pH of 
the Cr(VI) solution was set over the range of 3–9 using 0.1 M HCl or 0.1 
M NaOH, as needed. After 24 h of oscillation, the samples were centri-
fuged and passed through 0.22 μm filters. Next, the concentrations of Cr 
(VI) were determined by measuring the absorbance of Cr(VI) with 1, 5- 
diphenylcarbohydrazide using a UV 723N detector at 542 nm. The 
adsorption kinetics experiment was conducted by adding a 10 mg 
sample (OB, NB1, or NB3) in a 50 mL centrifugal tube, and mixing in a 5 
mg L− 1 Cr(VI) solution (pH 3, 15 mL). The mixture was oscillated for 0, 
0.5, 2, 5, 12, 16, 20, or 24 h, following which it was centrifuged and 
passed through a 0.22 μm filter. All samples were run in duplicate. The 
adsorption isotherm was determined at a constant pH of 3 via adsorption 
experiments, which were conducted following the above procedures, 
with a series of Cr(VI) solutions at concentrations varying from 10 to 
850 mg L− 1. All experiments were conducted in replicate. Statistical 
analyses were performed using the SPSS statistical 23.0 software, and 
significance was reported at the 0.05 probability level. The relationships 
between removal rate v0, Freundlich coefficient KF, textural properties, 
and elemental composition of biochars were examined using the Pearson 
correlation coefficient. The picture was drawn with R version-3.6.2 
software. 

2.3. Structural optimization 

The construction and verification of two-dimensional (2D) structures 
for biochars were shown in the supplementary materials. Gaussian 09 
software was used to obtain reasonable 3D molecular structures of the 
biochar samples. The obtained 3D structures were optimized using 
B3LYP/6-31G(d) methods owing to the computational cost and the very 
large molecular weight of biochars. Additionally, the polarizable con-
tinuum model for solvation was applied to aqueous solutions with the 
default convergence criterion (Becke, 1993; Li et al., 2020; Rassolov 
et al., 1998; Stephens et al., 1994). Frequency analyses were performed 
at the same theoretical level during the optimization process. All mol-
ecules possessed stable structures, as evidenced by the lack of negative 
frequencies, which indicated that they were stable structures. All cal-
culations were performed at 298 K and a pressure of 1.0 atm. According 
to the optimized structures, some physical properties of the biochars, 
such as H-bond acceptor/donor capabilities, oil (1-octanol)-water 
partition coefficient (ClogP), polar surface area, and polar volume, were 
predictable using the SYBYL-X software. The 3D molecular structures 
were drawn with CYLview (www.cylview.org). 

2.4. Computational details 

Protonation energies were determined using GaussView5.0 (gaussian. 
com) to predict the potential protonation sites of biochars. The ther-
modynamic parameters were also computed during the frequency 
analysis. The interaction energies of O- and N- containing functional 
groups were compared at the same theoretical level. 

The protonation energies were calculated using the following equa-
tions (Ho and Coote, 2009): 
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B + H3O+ → BH+ + H2O                                                               (1)  

△G = G(BH+) + G(H2O) - G(H3O+) - G(B)                                      (2) 

The adsorption energies were computed with the following 
equations:  

BH+ + HCrO4
− → BH-HCrO4                                                          (3)  

Eads = E(BH-HCrO4) - E(HCrO4
− ) - E(BH+)                                       (4) 

where G(H3O+) and G(B) represent the Gibbs free energies of H3O+

and biochar, respectively. G(BH+) and G(H2O) denote the Gibbs free 
energies of the protonated biochar and water, respectively. Eads is the 
adsorption energy. E(HCrO4

− ) and E(BH+) are the energies of HCrO4
−

and protonated biochar, respectively. E(BH-HCrO4) is the energy of the 
complex. 

3. Results and discussion 

3.1. Structural characteristics of biochars 

Fig. S1 presented that OB, NB1, and NB3 were all accompanied by 
the IV isotherm characteristic of adsorption hysteresis in the middle 
segment, and the average pore size was below 6 nm shown in Table 1, 
indicating that these biochar samples were all mesoporous materials, 
and the mesoporous volume accounted for 68.9%, 79.4%, and 53.1%, 
respectively. Based on Table 1, the specific surface areas of OB, NB1, and 
NB3 calculated from N2 isotherms were 51.3, 30.5, and 30.1 m2/g, 
respectively, manifesting that the porous surface of biochar was 
corroded after urea addition. Table 1 also summarizes the elemental 
compositions of the biochar samples. After adding urea, the C content of 
the poplar leaf biochar samples decreased from 65.06 to 57.03%, which 
was corresponded to the significant increase of N content. These values 
were higher than that of poultry manure biochar (32.6%) but lower than 
sugarcane straw biochar (68.2%) (Novais et al., 2018). The N content in 
the poplar leaf biochar without urea (5.33%) was higher than that in 
biochars derived from maize straw, pine sawdust, orange peel and wheat 
straw (Jin et al., 2017; Liu et al., 2018; Yek et al., 2020; Zhu et al., 2018). 
Thus, the poplar leaf served as an N-functionalized feedstock. The NB3 
sample contained up to 13.49% N, which was much higher than the 
values reported in previous studies. The N content increased and the 
C/N ratio decreased, suggesting that the increase in the number of 
N-containing groups was due to the incorporation of urea into the poplar 
leaf and fixation of N during pyrolysis. Additionally, the O content and 
O/C ratio increased together with the increase in the H/C ratio, which 
increased from 0.33 to 0.42, this resulted in a less-hydrophobic surface 

of the biochar with more acid and oxygenated groups (Cantrell et al., 
2012; Senesi et al., 2007). Oxidation could increase the heterogeneity of 
biochars. The (O + N)/C ratio increased in response to the rise in the 
polarity of the biochar samples (Ahmad et al., 2012). 

Fourier transform IR spectra (FTIR) of biochars were presented in 
Fig. 1. Different spectra showed the changes of surface functional groups 
for biochars with or without the addition of urea. The bands at 3340- 
3377 cm− 1 were attributed to the stretching vibration of hydrogen- 
bonded hydroxyl groups (-OH) (Cantrell et al., 2012). NB1 and NB3 
exhibited increased peak intensity as compared to OB, indicating that 
the urea treated biochars contained more –OH groups. The peak near 
1408-1589 cm− 1 belonged to aromatic C––C (Zhang et al., 2013), and 
NB1 and NB3 had the tiny absorption peaks due to the breaking of ar-
omatic C––C bonds. The bands at 1059-1273 cm− 1 represented the 
symmetric C–O stretching in phenols, alcohols and carboxyl groups 
(Chen and Yang, 2006; Rodríguez -Vila et al., 2018). The peak at 874 
cm− 1 in OB was assigned to aromatic C-H out of the plane bend, sug-
gesting the existence of adjacent aromatic hydrogen (Wenzel, 1970). No 
peaks appeared in NB1 and NB3, indicating that the addition of urea 
reduced the aromaticity of biochars. The N containing groups were not 
detected in FTIR spectra of these three biochars. 

Thus, Py–GC–MS was used for further evaluating the evolution of the 
components in biochars with the treatment of urea because it could 
effectively detect the pyrolytic products especially N-containing groups. 
Fewer than 50 peaks were recorded in the ion chromatograms of the 
biochars, which were prepared at 650 ◦C (Fig. 2). The main compounds, 
namely, ketones, esters, benzenes, aldehydes, and phenols, were listed 
in Table S1. These compounds were thought to represent the structural 
components of biochars. Except that, the biochar samples also produced 
four, eight, and nine N-functional compounds, such as benzoyl-dl- 
leucine, 2-benzoylamino-3-(4-nitro-phenyl)-acrylic acid allyl ester, 
benzenemethanimine, and adenine. The total relative contents were 
0.89, 3.86, and 9.89%, respectively. The presence of ketones (i.e., 3,5- 
dimethyl-4-octanone, bicyclo[3.2.0]hept-2-en-6-one, hydroxyacetone, 
2,4-dimethyl-3-hexanone, tert-butyl propyl ketone, 3-methyl-4-hepta-
none, benzoyl methyl ketone, 3-hexanone, and 4-methyltetrahydro- 
2H-pyran-2-one), and acids (i.e., benzoyl-DL-leucine and acetic acid) 
were attributed to the degradation of hemicellulose (Wenzel, 1970; 
Zhao et al., 2017c). Phenols, such as 4-(4-methyl-2, 4-diphenyl-2-pen-
tyl) phenol, and aldehydes, such as butanedial and furfural, may have 
originated from the degradation of lignin. It was noted that all biochar 
samples contained a small fraction of the same pyrolysis products, such 
as diisopropyl, benzene, toluene, o-xylene, 1-decene, 2-benzoylamino-3- 

Table 1 
Characteristics of pores, elemental composition (on a dry mass basis) and atomic 
ratio of biochars.   

OB NB1 NB3 

Surface area (m2/g) 51.3 30.5 30.1 
Total pore volume (cm3/g) 0.074 0.034 0.049 
Mesopore volume a (cm3/g) 0.051 0.027 0.026 
Micropore volume (cm3/g) 0.015 0.001 0.007 
Average pore size (nm) 3.03 5.52 4.67 
C (%) 65.06 60.52 57.03 
H (%) 1.77 1.75 2.01 
N (%) 5.33 8.29 13.49 
O (%) 15.05 16.35 18.24 
Ash (%) 12.79 13.09 9.23 
H/C 0.33 0.35 0.42 
O/C 0.17 0.20 0.24 
C/N 12.21 7.31 4.23 
(O + N)/C 0.24 0.32 0.44  

a The volumes of micropore and mesopore are obtained by BJH cumulative 
pore volume. Fig. 1. The FTIR spectra of OB, NB1 and NB3.  
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(4-nitro-phenyl)-acrylic acid allyl ester, adenine, and 1-nonadecene. 
However, the distribution of pyrolytic products was significantly influ-
enced by the amount of urea added. 

The 13C-cross-polarization magic angle spinning nuclear magnetic 
resonance spectra of the biochar samples are presented in Fig. S2, and 
the corresponding distribution of the C-containing functional groups is 
summarized in Table S3. The major signals spanned from 90 to 180 ppm 
(centered at 126–127 ppm), arose from the nonprotonated aryl-C in 
condensed aromatic structures of OB, NB1, and NB3 (Wang et al., 2013). 

For NB3, the small signals at 17 and 56 ppm were attributed to the 
highly mobile CH3 and N-alkyl groups, respectively (Mao et al., 2008; 
Wang et al., 2013). Significant changes in the signal intensity distribu-
tion were also noted as the alkyl-C, O-alkyl-C, carbonyl-C, and the ali-
phaticity first increased and then decreased. The aromaticity of the three 
samples was greater than 85%, which was higher than that of chicken, 
switch grass, and corn stover biochars (Brewer et al., 2009; Jin et al., 
2018). This remarkably high degree of aromaticity for OB, NB1, and NB3 
suggested that the biochars contained a large number of benzene rings. 

3.2. Effect of pH on Cr(VI) removal 

The acidity of the aqueous solution is an important factor that affects 
the species distribution of heavy metals and adsorption properties of 
biochars (Essandoh et al., 2015; Wu et al., 2019; Zhang et al., 2018). 
Thus, the effect of solution pH on Cr(VI) removal by biochars was con-
ducted over a wide pH range. As shown in Fig. 3, the elimination of Cr 
(VI) kept relatively higher removal efficiency at pH 3. At pH > 3, the 
removal of Cr(VI) reduced sharply with the increase of initial pH. Our 
results suggested that the decrease in solution pH favors the elimination 
of Cr(VI) (Fig. 3). The point of zero charge of OB, UB1 and UB3 was 6.42, 
3.81 and 3.24, respectively, and was reduced after urea treatment. As 
observed in Fig. S4, the main chemical species of Cr(VI) were HCrO4

− at 
pH < 7. The protonation of the biochar surfaces would desire for HCrO4

−

at pH < 4, which was caused by the electrostatic attraction between the 
protonated functional groups and Cr(VI). Overall, the removal effi-
ciencies of N-functionalized biochars are higher than those of the un-
treated biochar. The previous study has reported that the protonation of 
phenol and carboxyl groups could take place in acidic solution (Leon 
et al., 1992). But little was known about N-containing groups, thus po-
tential protonation sites for N-containing groups were predicted with 
computational chemistry. 

3.3. 3D structures and protonation energy analysis of the biochars 

The optimized 3D structures of the biochars showed distinct stereo 
voids (Fig. S5) that were big enough to facilitate the adsorption of heavy 
metals and organic pollutants, making biochars excellent adsorbents. 
The 3D structures of the biochars were more flexible after optimization. 
The 3D structures showed that the contents of N-containing groups were 
5.27%, 8.12%, and 13.18% for OB, NB1, and NB3, respectively, and they 

Fig. 2. The ion chromatograms of OB (a), NB1(b) and NB3(c).  

Fig. 3. The removal efficiency of Cr(VI) by the biochars at pH 3–9 (The bars are 
standard deviation). 
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contained the same functional groups, such as the nitro (-NO2), amide 
(-OC-NH-), and carboxyl groups (-COOH). The number of -OH increased 
with the addition of urea, an observation that was consistent with the 
FTIR spectra and the increased oxidation (Fig. 1). NB1 included imine 
(-HC––NH), benzimidazole (-C7H5N2), and amine (-NH-) moieties, 
whereas the N-containing groups in NB3 were primary amines (-NH2), 
pyrimidine (-C4H3N2), and imidazole (-C3H3N2). Thus, adding urea led 
to the significant structural conversion of biochar and the preferential 
introduction of hybridized heterocyclic N. Because furan could react 
with ammonia to form heterocyclic N through a substitution reaction 
and carbonyl group would react with amine group by Maillard reaction 
(Jiang et al., 2021). Since these N-containing groups constituted 10.54% 
of the total N content (13.18%) in the biochar samples. Thus, the 
addition of urea caused significant changes in the N-containing func-
tional groups. 

The potential protonation sites were determined by calculating their 
associated protonation energies (Fig. 4). The protonated 3D structures of 
biochars for OB, NB1, and NB3 are shown in Figs. S6, S7, and 5, 
respectively. The negative protonation free energies meant that the O or 
N atom could spontaneously protonate in an acidic aqueous solution. 
Lower protonation energy value (a more negative value) was linked with 
more stable protonated compounds, and an increased likelihood of 
protonation. The protonation energies of the N atoms in -OC-NH- of OB, 
NB1 and NB3, were − 3.98, − 0.49, − 7.52 and − 6.19 kcal/mol, respec-
tively. However, structural analysis indicated that the C-N bond lengths 
of the protonated -OC-NH- in OB, NB1 and NB3 were lengthened to 1.64 
Å, 1.57 Å and 1.61 Å, respectively, and longer than that of the normal C- 
N bond in -OC-NH- (1.38 Å), and in -NH- (1.47 Å) (Figs. S6c, S6d, S7d, 
and 5g). This result was consistent with that of a previous study, which 
suggested that N-protonation lengthened the C-N (Cho et al., 1997). The 
protonation of N in -OC-NH- broke the C-N bond and affected the sta-
bility of the surface functional groups. Therefore, the N in -OC-NH- was 
not a suitable proton acceptor. Conversely, the N atoms in the -HC––NH, 
-NH- and -C7H5N2 functionalities of NB1 exhibited protonation energy 
values of − 34.59, − 32.64 and − 30.85 kcal/mol, indicating that they 
were good proton acceptors. Similarly, the protonation energies of the N 
in -C4H3N2, -C3H3N2 and -NH2 of NB3 were − 46.87, − 37.66, and 
− 21.97 kcal/mol, respectively; Hence, they also served as potential 
protonation sites. Compared with those of N, the protonation energy of 
the O in -NO2 of the biochars was relatively high at − 7.50 and − 4.27 
kcal/mol for OB, and 0.09 and − 8.12 kcal/mol for NB1 and NB3, 
respectively. Therefore, the O in -NO2 was not a suitable proton 
acceptor. The computational results indicated that the N atoms of -NH-, 
-NH2, -HC––NH, -C4H3N2 and -C3H3N2 were better proton acceptors 
than those in -NO2 and -OC-NH-, as the compounds were more easily 
protonated in solution. 

Our work demonstrated that compared with the untreated biochar, 
the N-functionalized biochars contained -NH-, -NH2, -HC––NH, -C7H5N2, 

-C3H3N2 and -C4H3N2 functionalities, which are good proton acceptors. 
These proton acceptors affected the properties and functions of the N- 
functionalized biochars, and in turn, the application of biochars for 
pollutant removal. Protonation would result in a positively charged 
biochar surface being neutralized in solution by a cloud of more or less 
mobile and exchangeable anions (Leon et al., 1992). Thus, the interac-
tion between biochars and oxo-hydroxy anion at pH 3 were conducted. 

3.4. The Cr(VI) adsorption kinetics and isotherm 

The adsorption kinetic was very important for understanding the 
adsorption behavior of N-functionalized biochars and it could be used to 
obtain the reaction rate and judge the adsorption equilibrium time (Liu 
et al., 2021). The kinetic curves for Cr(VI) on biochars showed that the 
adsorption was fast for the first 5 h, then slowed considerably (Fig. 6a). 
The adsorption amounts of Cr(VI) increased with increasing contact 
time and reached equilibrium at 16 h. Detailed information about 
modeling and calculating kinetic parameters was shown in Table 2. The 
kinetic parameters obtained from the experimental data were fitted by 
the pseudo-first-order kinetic model and pseudo-second-order kinetic 
model, and the second model had a better fitting result with higher 
correlation coefficients (R2 > 0.96). This indicated that the removal of 
Cr(VI) was controlled by chemical adsorption (Lam et al., 2020). The 
equilibrium adsorption amounts of Cr(VI) on N-functionalized biochars 
were significantly higher than that of untreated biochar. And, the 
removal rate v0 (v0 = k2qe

2) of Cr(VI) on NB1 and NB3 (0.242 and 0.357 
mg/(g⋅h)) was 10.5–15.5 times that of OB (0.023 mg/(g⋅h)), indicating 
that the adsorption of Cr(VI) on N-functionalized biochars is consider-
ably quick and N-functionalized biochars were effective and fast ad-
sorbents for removing Cr(VI) from wastewater. 

The adsorption isotherms of Cr(VI) onto OB, NB1, and NB3 were 
presented in Fig. 6b, and they were all concave curves. The adsorption 
isotherms were fitted by the Langmuir and Freundlich equations, and 
the corresponding parameters and coefficient (R2) are listed in Table 2. 
The R2 values, which ranged from 0.94 to 0.98, displayed that the Cr(VI) 
adsorption isotherms associated with the biochars could be better fitted 
using Freundlich equation, in which it was assumed that the adsorption 
sites were not equivalent and was often used to simulate the adsorption 
process on heterogeneous surfaces. The higher KF (0.506 ± 0.125) value 
for NB3 was indicative of its greater adsorption capacity for Cr(VI) (Jain 
et al., 2009), confirming the large application potential of N-function-
alized biochars in the adsorptive removal. Compared to the OB sample, 
the NB1 and NB3 samples owned a smaller n value, hinting at the higher 
degree of heterogeneity for Cr(VI) adsorption sites. 

The quantitative correlation between the structural characteristics 
and the removal behaviors of Cr(VI) on biochars were further analyzed. 
From a statistical point of view, v0 and KF were negatively correlated 
with C/N ratio (R2 = − 0.999, p < 0.05, Fig. 6c), suggesting that a higher 

Fig. 4. The protonation free energy of each potential protonation site for OB (a), NB1 (b) and NB3 (c), unit is kcal/mol.  

N. Zhao et al.                                                                                                                                                                                                                                    



Environmental Pollution 291 (2021) 118244

6

content of N-containing groups led to greater removal rate and 
adsorption capacity. Thus, the N-containing groups played an important 
role in the removal of Cr(VI). 

3.5. Predicted physical properties and the adsorption capacity of biochar 
samples 

The physical properties of the 3D structures for the biochars in our 
study, as seen in Table S4, showed that the ClogP of NB3 and NB1 was 
lower than that of OB. Thus, NB1 and NB3 were more hydrophilic than 

Fig. 5. The protonated 3D structures of NB3 biochar (a: -30.12 kcal/mol; b: -21.97 kcal/mol; c: -8.12 kcal/mol; d: -46.87 kcal/mol; e: -37.66 kcal/mol; f: -18.21 kcal/ 
mol; g: -6.19 kcal/mol). 
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OB. This was in line with previous study, which stated that the addition 
of urea generally decreased the hydrophobicity of the biochars (Sharma 
et al., 2004). The reduced hydrophobicity was beneficial for the removal 
of hydrophilic inorganic ions (Zhao et al., 2017a). Zhang et al. (2018) 
also found that the polarity of organic pollutants affected their adsorp-
tion onto the biochar, and, the higher the polarity, the higher the 
adsorption affinity. The computational results revealed that urea 

addition notably changed the polarity and hydrophobicity of the bio-
chars. Therefore, the adsorption affinity of pollutants on the N-func-
tionalized biochars may be higher than that on their untreated 
counterparts. The number of H-bond acceptor/donors in NB3 and NB1 
was greater than that in OB. We theorized that NB3 and NB1 could form 
more hydrogen bonds in aqueous solution (Table S4). Previous studies 
have shown that the adsorption capacity of the contaminants was 
enhanced by forming more H bonds (Liao et al., 2013). H bonds played 
an important role in the removal of contaminants from environmental 
sources. Thus, it was necessary to know where and how this H bond 
interaction took place on biochars. 

The interactions between the biochars and Cr(VI) could be better 
understood using protonated 3D structural models, as these models 
could be used to simulate the H-bonding interactions with HCrO4

− (Cr 
(VI) existed in the HCrO4

− form as shown in Fig.S4) that were present in 
acidic media. DFT calculations made it possible to calculate the 
adsorption energies of HCrO4

− with the biochars. The comparison of 
adsorption energies provided information on how the functional groups 
interacted with the atom of HCrO4

− and which functional group was the 
most favorable upon adsorption. To this end, we calculated the 
adsorption energies of the H-bonds between various functional groups of 
the biochars and HCrO4

− . In OB, HCrO4
− was located closely to -COOH 

due to H bond interaction. The adsorption energy of -COOH with 
HCrO4

− via the combination mode of the H-bond was − 1.39 kcal/mol 
(Fig. S8a). Positive adsorption energies (i.e., 3.29 and 3.54 kcal/mol) 
suggested that OB did not bind spontaneously with HCrO4

− via the N- 
containing groups of -NO2 and -OC-NH-, respectively (Figs. S8b and 
S8c). -COOH group was the only adsorption location in OB, and the 
previous study also suggested that it was responsible for Cr(VI) removal 
(Mohan and Pittman, 2006). The NB1 sample interacted electrostatically 
with HCrO4

− by forming H bonds via -HC––NH, -COOH, -C3H3N2 and 
-NH-, and the calculated adsorption energies were − 4.87, − 3.88, − 2.18 
and − 1.85 kcal/mol, respectively (Fig. S9). The NB3 sample had the 
largest number of adsorption sites, namely, -C7H5N2, -NH2, -OH, 
-C3H3N2, and phthalic acid (-C8H5O4), suggesting that the addition of 
urea increased the density of adsorption sites, and providing Cr(VI) with 
numerous options for adsorption. The highest adsorption energy was 
− 5.01 kcal/mol (Fig. 7a), and HCrO4

− was simultaneously bound to 
-NH2 and -C3H3N2 by two H-bonds. The adsorption capacities of the 

Fig. 6. Adsorption kinetics of Cr(VI) on biochars (a; Lines represent Pseudo 
second-order kinetic equations). Adsorption isotherm for the adsorption of Cr 
(VI) onto biochars (b; The lines represent Freundlich equation). Correlation 
analysis of kinetics parameters and structural characteristics of biochars (c; Blue 
signifies positive correlation, and Red means negative correlation. (For inter-
pretation of the references to colour in this figure legend, the reader is referred 
to the Web version of this article.) 

Table 2 
Kinetics and isotherm parameters for the removal of Cr(VI) on biochars.  

Sample Pseudo first-order kinetic qt =

qe[1-exp(-k1t)] 
Pseudo second-order kinetic t/qt =

1/k2 qe
2+t/qe = 1/v0+t/qe 

k1 (h− 1) qe (mg/g) R2 k2 (g/ 
(mg⋅h)) 

qe (mg/g) R2 

OB 0.324 ±
0.086 

0.054 ±
0.003 

0.86 5.74 ± 1.21 0.064 ±
0.005 

0.99 

NB1 0.199 ±
0.084 

0.692 ±
0.076 

0.69 0.395 ±
0.000 

0.782 ±
0.044 

0.96 

NB3 0.193 ±
0.032 

1.24 ±
0.054 

0.97 0.165 ±
0.033 

1.47 ±
0.115 

0.99  

Langmuir qc = KaCe/(1+KCe) Freundlich qc = KFCe
n 

K (L/mg) a (mg/g) R2 KF (mg/g (L/ 
mg)n) 

n R2 

OB 2.47 ±
0.940 

21.7 ±
1.82 

0.88 0.091 ±
0.035 

0.799 ±
0.042 

0.94 

NB1 1.59 ±
0.684 

42.2 ±
10.1 

0.66 0.361 ±
0.150 

0.625 ±
0.070 

0.97 

NB3 1.62 ±
0.713 

60.2 ±
13.1 

0.71 0.506 ±
0.125 

0.632 ±
0.044 

0.98 

k1 and k2 are adsorption rate constants, qt is the adsorption amount at different 
time, qe is the adsorption amount at equilibrium. qc is the adsorption capacity, Ce 
is the equilibrium solution concentration, K is the Langmuir constant, a is the 
Langmuir maximum capacity, KF is the Freundlich coefficient, n is the surface 
heterogeneity index. The value in the table represents the mean value ± stan-
dard deviation. 
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biochars followed the order of NB3>NB1>OB. The results of adsorption 
energy calculations were in very good agreement with the adsorption 
isotherm experiment of Cr(VI) (Fig. 6). Thus, N-functional groups 
increased the adsorption energy for Cr(VI) and -NH2 and -C3H3N2 are the 
most effective for enhancing the interaction with Cr(VI). Calculating the 
adsorption energies helped to articulate the functions of the N-con-
taining groups of biochars during Cr(VI) removal and provided other-
wise unobtainable details about the adsorption sites. These findings 
provided theoretical indications for the applications of N-functionalized 
biochars for agricultural and environmental purposes. 

4. Conclusion 

The N-functionalized biochars obtained through urea treatment are 

used as effective adsorbents for removing Cr(VI). They possess more 
potential protonation sites as confirmed by protonation energy compu-
tation. The adsorption experiments show that NB3 sample has the 
greatest removal rate and removal capacity for Cr(VI). The N-containing 
groups, i.e., -HC––NH, -C7H5N2, -NH-, -NH2, and -C3H3N2, play a key 
role in producing of charged sites, and are integral to the formation of 
hydrogen bonds and metal adsorption interactions. The 3D conceptual 
structural models are valid for better understanding of the formed 
complexes and facilitating the computational study of important 
chemical processes that occur on biochar. This study will be helpful to 
reveal the Cr(VI) adsorption mechanism and expand these applications 
to more complex situations in which the biochar is directly introduced 
into the soil and a large number of reactions occur, involving clay 
minerals and natural (or anthropogenic) organic matter. 

Fig. 7. Calculated conformations of the formation of H bonds between different functional groups of NB3 and HCrO4
− (a: -5.01 kcal/mol; b: -4.45 kcal/mol; c: -2.65 

kcal/mol; d: -2.05 kcal/mol; e: -2.01 kcal/mol; f: -0.91 kcal/mol). The dashed lines represent H-bonds. Spheres in gray, white, blue, purple and red represent C, H, N, 
Cr, and O, respectively. (For interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.) 
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