
1944-3994/1944-3986 © 2022 Desalination Publications. All rights reserved.

Desalination and Water Treatment 
www.deswater.com

doi: 10.5004/dwt.2022.28294

254 (2022) 25–37
April 

Removal and mechanism of Ni(II)-containing wastewater by oxidation 
and Fe-impregnated modified biochar

Chaoyang Yua,b

aCollege of Architecture and Environment, Sichuan University, Chengdu 610041, China, email: ran540301@163.com 
bSichuan-Tibet Railway Co., Ltd., Chengdu 610041, China

Received 27 September 2021; Accepted 3 February 2022

a b s t r a c t
In this paper, raw biochar (RB), oxidation biochar (OB), and Fe-impregnated biochar (MB) were 
prepared and used to remove Ni(II) from aqueous solutions. Batch adsorption experiments showed 
that the Ni(II) removal efficiency by RB, OB, and MB could be guaranteed to reach 80%, 91%, and 
99%, respectively, in the pH range of 5~10, indicating that the materials have strong pH adaptabil-
ity. The coexisting ions Na+, Ca2+, and Fe3+ had little effect on the Ni(II) removal, while Cd2+ and 
Pb2+ had an inhibitory effect on the Ni(II) removal. The Ni(II) removal process was following the 
pseudo-second-order model and Langmuir model. The Ni(II) maximum adsorption capacity by 
RB, OB, and MB was 62.20, 80.25, and 110.60 mg/g at 298 K, respectively. The Ni(II) removal effi-
ciency on MB was still able to reach 100% in different water bodies. After 5 adsorption–desorption 
experiments, the Ni(II) removal efficiency by RB, OB, and MB remained around 51%, 70%, and 
90%, respectively. Notable, co-precipitation, ion-exchange, electrostatic interaction, and complex-
ation may exist in the mechanism of Ni(II) removal by biochar. This study shows that impregnated 
treated biochar has the potential and prospect for better treatment of Ni(II)-containing wastewater.

Keywords: Biochar; Modified; Ni; Adsorption capacity; Mechanism

1. Introduction

With the rapid development of railroad construction 
in China’s highlands, a large number of alloy sound insu-
lation panels were used to be placed on both sides of the 
railroad to mitigate noise pollution generated by trains. 
Nickel is one of the essential materials for alloy materi-
als. A large amount of Ni(II) wastewater was generated 
during the manufacturing process of sound insulation pan-
els and caused serious pollution to the environment [1,2]. 
Ni-containing wastewater pollution posed a serious threat 
to human health and had attracted widespread attention 
from all walks of life at home and abroad [3–5]. Unlike other 
pollutants, heavy metal pollution was not only non-de-
gradable but also enriching in the human body. Heavy 

metal pollutants migrated and transformed through the 
food chain and concentrate in living organisms, thus indi-
rectly entering the human body and seriously endangering 
human health [6,7]. Ni(II) was highly toxic and carcinogenic 
and can damage the brain, spinal cord, and internal organs 
of the human body, as well as poison aquatic organisms 
[8,9]. Therefore, it was necessary to deal with heavy metal 
pollution represented by Ni(II) pollution in wastewater.

Currently, there were several major methods for remov-
ing heavy metals from aqueous solutions, including chemical 
precipitation, ion-exchange, solvent extraction, ultrafiltra-
tion, reverse osmosis, electrodialysis, and adsorption [10–12].  
However, most of these methods were unsustainable in 
developing countries due to high maintenance costs and 
several other factors (e.g., trace contaminants and large 
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amounts of precipitated sludge) [13]. The adsorption 
method was of great interest to domestic and foreign schol-
ars because of its low cost, simple operation, high treatment 
efficiency, and lack of secondary contamination [14–18]. 
Biochar, which was obtained by oxygen-limited or anaero-
bic pyrolysis of agricultural and forestry wastes, was a green 
adsorbent that can successfully remove heavy metal ions 
from water [13,19,20]. However, the adsorption capacity of 
biochar in its pristine state may be low for heavy metals. 
Therefore, the pristine biochar may need further modifi-
cation treatment to improve the adsorption performance 
[17,21]. Several modification methods had been used for 
the biochar modification, including alkali/acid treatment, 
steam activation, cationic modification, and impregnation 
[22,23]. Hu et al. [13] used Na2S modification of corncob 
biochar to improve the specific surface area and pore vol-
ume of biochar, thereby enhancing the adsorption capacity 
of corncob biochar for Ni(II). The Ni(II) adsorption capac-
ity by biochar increased from 20.38 to 35.50 mg/g by the 
co-modification of α-Fe2O3 and α-FeOOH [24]. Therefore, a 
simple method to modify the performance of biochar and to 
improve its adsorption of heavy metal ions was necessary.

In this work, oxidation biochar (OB) and Fe-impregnated 
biochar (MB) were prepared by oxidizing and Fe-impreg-
nating modified origin biochar and used for the Ni(II) 
removal from aqueous solution. The objectives were: (1) to 
improve the Ni(II) adsorption capacity by modifying bio-
char; (2) to evaluate the adsorption isotherms and kinetic 
studies; (3) to determine the interaction mechanism between 
Ni(II) and biochar; and (4) to provide a novel adsorbent 
for Ni-containing wastewater generated during the man-
ufacture of alloy sound insulation panels.

2. Materials and methods

2.1. Reagents

Experimental reagents: FeCl3·6H2O, FeSO4·7H2O, H2O2, 
NiSO4·7H2O, concentrated hydrochloric acid, and concen-
trated sodium hydroxide. The reagents were all of the ana-
lytical reagent (AR) and were purchased from Sinopharm 
Reagent Group (Shanghai, China). The experimental water 
was deionized water (DW). Different concentrations of Ni(II) 
solutions were prepared by NiSO4·7H2O.

2.2. Preparation of materials

2.2.1. Preparation of raw biochar

The deadwood was used as a relevant raw material to 
produce biochar. These camphor woods were collected from 
the campus of Sichuan University (Sichuan Province, China). 
The deadwood was repeatedly washed with deionized 
water until the adhering soil was removed. After air-dry-
ing for 7 d, the air-dried dead camphor wood was cut into 
wood segments of about 5 cm, and then a pulverizer was 
used to process the wood segments to produce powdered 
samples. Then the samples were put into a muffle furnace 
and flushed with N2 as the protective gas. The temperature 
of muffle furnace was increased to 500°C at a rate of 5°C/
min and then kept for 2 h. After natural cooling, the biochar 
products were ground and passed through a 200 mesh sieve 

and the sieved biochar was collected. The raw biochar (RB) 
sample was obtained and noted as RB.

2.2.2. Preparation of oxidized biochar [25]

Raw biochar (0.5 g) was mixed with 35 mL of H2O2 (5%) 
in a conical flask. Oxidation was carried out daily for 2–3 d 
in a constant temperature shaker at 80°C and 150 rpm. Then, 
the conical flask was transferred to a desiccator at 105°C 
and dried to constant weight. After drying, oxidized bio-
char samples were washed using DW. The oxidized biochar 
samples were obtained and noted as OB.

2.2.3. Preparation of Fe-impregnated biochar [26]

20 g of the original biochar was mixed with 200 mL of 
deionized water in a beaker. Then, the 20 g of FeCl3·6H2O 
and 11.1 g of FeSO4·7H2O were dissolved in 60 mL of deion-
ized water in another beaker. The above two mixtures 
were mixed and stirred at 150 rpm for 30 min, and 1 mol/L 
NaOH was added dropwise to bring the pH of the solution 
to 11.0. The mixture was stirred for 2 h and then heated to 
a slight boil for 1 h and filtered, and the filtered solid was 
washed with DW to neutral. Then, the solid was dried in 
a constant temperature oven at 60°C for 12 h and stored. 
The resulting Fe-impregnated biochar was recorded as MB.

2.3. Adsorption experiments

2.3.1. Batch adsorption experiments

20 mg of the adsorbent was mixed with 50 mL, 10 mg/L 
of Ni(II) solution. The pH of the solution was adjusted by 
negligible 0.1 mol/L HCl or NaOH and subsequently placed 
in a constant temperature oscillator at 298 K and 150 rpm 
for 600 min to investigate the effect of coexisting ions 
(Ca2+, Na+, Fe3+, Pb2+, and Cd2+), the initial pH of the solu-
tion (2–10) and the strength of the background ion NaCl 
(0.001–0.1 mol/L) on the removal of Ni(II) by the adsorbent. 
After the reaction was completed, 10 mL of the solution was 
centrifuged for 10 min. Then the concentration of Ni(II) in 
the supernatant was determined by inductively coupled 
plasma emission spectrometry (Optima 7000 DV Model, 
ICP-OES). In addition, the release of cations (Na+ and Ca2+) 
from the solution was determined by ICP-OES. Finally, the 
removal efficiency [Eq. (1)] and the adsorption capacity 
[Eq. (2)] of Ni(II) were calculated.
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where R is the removal efficiency of Ni(II), %; C0 is the 
initial concentration of Ni(II), mg/L; Ce is the remaining 
concentration of As in the solution after the adsorption 
equilibrium, mg/L; Q is the adsorption capacity, mg/g; 
V is the volume of the solution, mL; m is the mass of the 
adsorbent, mg.
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2.3.2. Adsorption kinetics

The adsorption was carried out in a constant temperature 
oscillator at 298 K under the conditions of pH = 6, the dos-
age of 20 mg, and an initial concentration of 10 mg/L, respec-
tively, to investigate the effect of reaction time (1~600 min) on 
the removal of Ni(II). To further understand the adsorption 
process, the pseudo-first-order model [Eq. (3)], pseudo-sec-
ond-order model [Eq. (4)], and intraparticle diffusion model 
[Eq. (5)] were used for the fitting analysis, and the results are 
shown in Fig. 3 and Table 1.
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where qe and qt are the adsorption capacity of Ni(II) by 
the adsorbent at the adsorption equilibrium and time “t”, 
respectively, mg/g; k1 is the pseudo-first-order model, 1/min; 
k2 is the pseudo-second-order model coefficient, g/(mg min); 
Kd is the intraparticle diffusion constant, mg/(m min1/2); 
Ci is the boundary layer constant.

2.3.3. Adsorption isotherms

The effects of adsorption temperatures (288, 298, and 
308 K) and initial concentrations (10–90 mg/L) on Ni(II) 
removal were investigated at pH = 6, the dosage of 20 mg, 
and an adsorption time of 600 min. The Langmuir model 
[Eq. (6)] and Freundlich model [Eq. (7)] were used for the 
fitting in this study.

q
q K C
K Ce
b e

b e

�
�
max

1
 (6)

q K Ce f e
n= 1/  (7)

where qe is the adsorption capacity at equilibrium, mg/g; 
Ce is the concentration of Ni(II) at adsorption equilibrium; 
qmax and Kb are the theoretical maximum adsorption capac-
ity and Langmuir equilibrium constant, respectively; Kf and 
n are Freundlich equilibrium coefficient and dimensionless 
number, respectively.

To further understand the mechanism of Ni(II) removal 
by biochars, the experimental data were investigated by ther-
modynamic analysis. The Gibbs free energy change (ΔG°), 

entropy change (ΔS°), and enthalpy change (ΔH°) were cal-
culated by Eqs. (8) and (9).
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where R is the gas constant (8.314 kJ/mol). K0 is the equi-
librium constant and T is the Kelvin temperature (K). The 
ΔG°, ΔH°, and ΔS° represent the standard free energy  
(kJ/mol), enthalpy (kJ/mol), and entropy (kJ/mol), respec-
tively. The values of ΔH° and ΔS° were calculated from the 
slope and intercept of the linear regression curve of lnK0 vs. 
1/T (Fig. 4d).

2.4. Characterization analysis

The adsorbent crystalline structure was analyzed by 
X-ray diffraction instrument (XRD, Bruker D8, Germany). 
The surface morphological features and elemental compo-
sition were analyzed by scanning electron microscopy with 
energy-dispersive X-ray spectroscopy (SEM-EDS, Zeiss 
SUPRA-40, Germany). The surface functional groups of 
the adsorbent were analyzed by Fourier-transform infra-
red spectroscopy (FTIR, Tensor 27, Germany). The specific 
surface area analysis of the biochar was analyzed by a spe-
cific surface area analyzer (BET, V-Sorb 2800TP, Chian). 
The surface potential changes of the biochar at different 
pH values were analyzed by a zeta potential analyzer, 
and the zero potential point was calculated.

2.5. Adsorption–desorption experiments

After adsorption of 10 mg/L of Ni(II) solution for 600 min 
at 298 K, pH 6.0, and dosage of 20 mg, the solution was fil-
tered by centrifugation for 10 min. The reacted adsorbent 
was collected and desorbed by shaking in the addition 
of 1 mol/L NaOH solution for 12 h. The solid collected by 
centrifugation and filtration was dried in a constant tem-
perature oven at 60°C for 12 h. The above experiments were 
repeated 5 times and the Ni(II) removal efficiency after 
each adsorption–desorption experiment was calculated.

3. Results and discussion

3.1. Characterization analysis

The SEM surface morphologies of biochars are shown 
in Fig. 1. As shown in Fig. 1a, the surface of RB was rela-
tively smooth and had a small number of pores and blocky 

Table 1
Fitting parameters for pseudo-first-order model and pseudo-second-order model

Qe,exp

Pseudo-first-order model Pseudo-second-order model

Qe,cal k1 R2 Qe,cal k2 R2

RB 12.19 9.50 0.013 0.963 20.86 0.004 0.998
OB 16.82 8.85 0.020 0.989 22.89 0.007 0.999
MB 20.67 4.19 0.022 0.957 25.13 0.023 0.999
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Fig. 1. SEM-EDS patterns of RB (a), OB (b), and MB (c).
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distributed structures. In the morphology image of OR 
(Fig. 1b), the surface was rough and porous. Literature 
had been reported that the surface of biochar formed more 
pores and was uneven after oxidation [5,25]. As shown 
in Fig. 1c, the surface of MB was also rough and porous 
and had a lot of granular material uniformly distributed 
on the surface. In the EDS analysis, the O content in OB 
increased from 10.36% to 20.27% compared to RB, which 
indicated that the oxidation successfully increased the 
amount of O-containing functional groups in the biochar 
[25]. Notable, the MB contained 10.57% Fe, which indicated 
that the Fe element successfully covered the surface of the 
biochar. This also indicated that oxidation and impreg-
nation were successful in preparing different types of  
biochar adsorbents.

The N2 adsorption–desorption isotherm of the adsor-
bent is shown in Fig. 2a. As the relative pressure P/P0 
increased, the N2 adsorption by the adsorbent gradually 
increased and a hysteresis loop was formed. This phenom-
enon indicated that the N2 adsorption–desorption isotherm 
of the adsorbent can be classified as type IV isotherm and 
indicated that the adsorbent was a mesoporous material 
[8]. According to the calculation, the specific surface areas 
of RB, OB, and MB were 35.24, 196.18, and 114.74 cm3/g, 
respectively. At a particular pH of the solution, the adsor-
bent dissociated into anions and cations to a comparable 
extent, and the solution was electrically neutral [3,27]. At 
this point, the solution pH was the zero potential point 
(pHpzc) of the substance. The pHpzc of the adsorbent is shown 
in Fig. 2b. The pHpzc of RB, OB, and MB was 3.81, 2.88, and 
4.26, respectively. When the solution pH was lower than 
pHpzc, the H+ in the solution occupied the O-containing 
functional groups on the adsorbent surface, which caused 
the O-containing functional groups on the adsorbent sur-
face to be protonated and thus positively charged, and 
adsorbent was enhanced the adsorption capacity of anionic 
pollutants [14,28]. When the solution pH was higher than 
pHpzc, the O-containing functional groups were deproton-
ated and turned to enhance the adsorption capacity of cat-
ionic pollutants [14].

3.2. Adsorption kinetics

As shown in Fig. 3, the Ni(II) adsorption capacity by the 
biochars first increased rapidly, and then slowly increased 
to the adsorption equilibrium. The faster adsorption stage 
was due to the presence of a large number of adsorption 
sites on the surface of the biochar [19,20]. However, with the 
increase of adsorption time the available adsorption sites 
decreased, which led to a slow increase of Ni(II) adsorp-
tion capacity by biochars [29]. Finally, adsorption reaction 
reached equilibrium. Notable, the equilibrium time for the 
Ni(II) adsorption by MB (60 min) was higher than that of 
OB (180 min) and RB (300 min).

By comparing the correlation coefficients R2 of the 
pseudo-first-order model and pseudo-second-order model 
(Table 1), the pseudo-second-order model can better 
describe the adsorption process, suggesting that the adsorp-
tion process was chemisorption (e.g., ion-exchange or com-
plexation) [10,30,31]. In addition, the theoretical adsorption 
capacity derived from the pseudo-second-order model was 
not much different from the actual adsorption capacity, 
which also indicated that the pseudo-second-order model 
can better describe the Ni(II) adsorption process by the bio-
chars [6].

To further determine the reaction rate control process of 
the adsorbent on Ni(II), the kinetic data were fitted using 
the intraparticle diffusion model. The results of the fitting 
of the internal diffusion model for Ni(II) by biochar are 
shown in Fig. 3d, and the fitting parameters are given in 
Table S1. From Fig. 3d, the qt showed a multilinear rela-
tionship for t0.5, which indicated that the steps to control 
the adsorption rate were different at different stages of the 
adsorption process [32]. In the initial fast adsorption phase 
(Phase I), the Ni(II) diffused from the aqueous phase to 
the outer surface of the particle through an imaginary flu-
idic mesophase, which was the membrane diffusion stage 
[12,33]. In the fast adsorption phase, the adsorbent was 
able to contact more Ni(II). In addition, the Ni(II) concen-
tration gradient at the interface between the liquid and 
solid phases was large. So, there was a high mass transfer 
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Fig. 2. N2 adsorption–desorption and zero potential point (pHpzc) of adsorbent.
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driving force between the adsorbent and the adsorbent 
mass, which led to a relatively fast adsorption rate [28]. As 
the adsorption proceeded, Ni(II) entered the inner pore of 
the particle from the outer surface of the biochar and dif-
fused it to the inner surface of the particle, which was the 
internal diffusion stage [9]. When the adsorption reaction 
proceeded to the second-stage, the adsorption sites on the 
adsorbent surface were gradually saturated. Then, Ni(II) 
was adsorbed to the inner surface inside the adsorbent, and 
the internal diffusion resistance increased continuously. 
With the decrease of Ni(II) concentration in the solution and 
the increase of internal diffusion resistance, the adsorption 
capacity slowly increased, and the adsorption reaction in 
this stage was the process of membrane diffusion and inter-
nal diffusion together [10]. At the later stage of adsorption, 
the Ni(II) concentration in the solution decreased a lot, and 
the adsorption process reached a steady state due to the 
increase of the internal diffusion resistance of the adsorbent 
and the saturation of the adsorption sites on the surface [15].

The Ni(II) adsorption kinetic behavior on biochars 
was following the pseudo-second-order model and the 
intraparticle diffusion model. It is further shown that the 
steps to control the adsorption rate in different stages 
of the adsorption process of biochar were different. 
Moreover, the Ni(II) adsorption by biochar was a chemical  
reaction.

3.3. Adsorption isotherm

As shown in Fig. 4a (RB), Fig. 4b (OR), and Fig. 4c (MB), 
the Ni(II) adsorption on biochar gradually increased and 
then tended to saturate. In addition, the Ni(II) adsorption 
capacity by the OR and MB was higher than that of the RB, 
indicating that the oxidation and Fe-impregnation success-
fully increased the Ni(II) adsorption capacity. The Ni(II) 
adsorption on the biochars increased with the increase of 
temperature, which suggested that the Ni(II) adsorption on 
the biochar was a heat absorption process [8,16].
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The Langmuir model and the Freundlich model are 
shown in Fig. 4, and the parameters of the isotherm model 
are displayed in Table 2. The comparison of correlation 
coefficients (R1

2 > R2
2) suggested that the Langmuir model 

was more suitable to describe the process of Ni(II) removal 
by adsorbents, reflecting that the adsorption process 
was monolayer adsorption [15,32,34]. The Ni(II) adsorp-
tion capacities by RB, OB and MB were 62.20, 80.25, and 
110.60 mg/g at 298 K. The large adsorption capacities 
were mainly due to the presence of a large number of 
O-containing functional groups on the surfaces of OB and 
MB, and Ni(II) could complex with O-containing functional 
groups (–COOH and –OH) [25]. The Kb in Langmuir model 
can be used to illustrate the affinity between the adsorbent 
and Ni(II). The higher Kb value indicated that the adsorbent 
had a higher affinity for Ni(II) at the same temperature, 
which also suggested that the Ni(II) adsorption capacity of 
MB was higher than that of RB and OB [27]. Analysis of 
the reason for the larger adsorption capacity and affinity 

of MB for Ni(II) may be related to its larger specific surface 
area and more O-containing functional groups, which can 
remove more Ni(II) from aqueous solution [35].

The thermodynamic parameters are shown in Table S2, 
and the enthalpy change ΔH° was positive, indicating that 
the Ni(II) adsorption process by the adsorbent was a heat 
absorption reaction. Moreover, the thermodynamic cal-
culations were consistent with the experimental results 
depicted in Fig. 4a–c that the adsorption of Ni(II) by the 
adsorbent increased with increasing temperature. When 
the temperature increased from 288 K to 308 K, the ΔG° 
was all negative, suggesting that the Ni(II) adsorption by 
biochar was a spontaneous process [16]. The positive value 
of ΔS° indicated that the adsorption process of biochar on 
Ni(II) had an increased degree of freedom at its solid-liquid 
interface [14]. The results obtained for adsorption kinetics 
and adsorption isotherms indicated that the Ni(II) adsorp-
tion was dominated by chemisorption, such as ion-ex-
change and complexation [8].
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The qmax values of Ni(II) for different types of biochar are 
listed in Table 3. The qmax of Ni(II) for different raw material 
biochar vary greatly [8,24,33,36]. In this study, the qmax of MB 
were greater than those of biochar, indicating that MB had 
great potential to become a powerful adsorbent. To deter-
mine the cations in the adsorbent to provide adsorption 
sites for Ni(II) removal by ion-exchange, this was verified 
by measuring the changes in the concentrations of Na+ and 
Ca2+ in the solution after adsorption equilibrium at 298 K. 
The results were shown in Fig. S1. The concentrations of Na+ 
and Ca2+ in the solution gradually increased with the increase 
of the initial concentration of Ni(II). Notable, Ca2+ was 
released in higher amounts than Na+, which indicated that 
Ca2+ played a major role in the ion-exchange process. This 
phenomenon indicated that Na+ and Ca2+ provided adsorp-
tion sites for Ni(II) removal through ion-exchange [20].

3.4. Environmental factors

In general, pH played an important role in the adsorp-
tion process for the reason that it can affect the morphology 
of metal ions in solution as well as the electrical proper-
ties of the functional groups on the adsorbent surface. As 
shown in Fig. 5a, with the increase of the pH from 2.0 to 6.0, 

the Ni(II) adsorption capacity on RB, OB, and MB reached 
a maximum value of 19.41, 22.30, and 24.18 mg/g, respec-
tively. Then, with the increase of the initial pH of the solu-
tion to 10, the Ni(II) adsorption capacity on the adsorbent 
remained almost constant. At low pH, a large amount of H+ 
ions in the solution competed with Ni(II) for the active sites 
on the adsorbent surface, resulting in a lower adsorption 
amount at lower pH. It had also been suggested that a large 
amount of H+ occupies the O-containing functional groups 
on the adsorbent surface, causing the oxygen-containing 
functional groups on the adsorbent surface to be positively 
charged and generate electrostatic repulsion with the posi-
tively charged Ni(II) resulting in a lower adsorption capac-
ity [29]. As the initial pH of the solution increased, the H+ 
in the solution decreased, which caused the adsorption to 
increase. As shown in Fig. 5b, the equilibrium solution pH 
was higher than the initial pH. When the solution pH was 
higher than 6.0, the equilibrium solution pH was alkaline. 
Previous research was shown that biochar had a strong pH 
buffering capacity and was able to buffer a weakly acidic 
solution to weak alkalinity, which led to the precipitation 
of heavy metal ions [37]. From the above analysis, co-pre-
cipitation and electrostatic interaction were identified 
as one of the mechanisms of Ni(II) removal by biochar.

The effects of coexisting ions such as Ca2+, Na+, Fe3+, Pb2+, 
and Cd2+ at different concentrations on the Ni(II) adsorp-
tion were investigated, as shown in Fig. 5c. After adjusting 
the pH of the solution to 6, 20 mg adsorbent was added to 
10 mg/L Ni(II)-containing solution and reacted for 600 min. 
The effect of coexisting ions on the removal of Ni(II) is 
shown in Fig. 6c. The presence of Ca2+, Na+, and Fe3+ had 
almost no effect on the adsorption. However, a decrease in 
the adsorption efficiency was observed for both Pb2+ and 
Cd2+ concentrations from 0 to 50 mg/L. Among them, the 
presence of Pb2+ had a significant effect on the adsorption 
effect, followed by Cd2+ [19]. It was speculated that Ni(II) 
coexists with these two heavy metal ions in solution, thus 
competing with Ni(II) for adsorption [38,39]. The litera-
ture suggested that biochar had a lower affinity for Na+, 
Ca2+ and Fe3+ than Ni2+, and these cations had little effect 
on the Ni2+ removal by biochar [28]. A number of studies 
had shown that biochar preferentially adsorbs Cd2+ and Pb2+ 

Table 3
Comparison of the adsorption capacity of different biochar for Ni(II)

Adsorbents Pyrolysis 
temperature

Experimental 
conditions

qmax References

Lotus stalks biochar 300 pH = 6.0, 298 K 6.4 [8]
350 pH = 6.0, 298 K 10.3 [8]
400 pH = 6.0, 298 K 10.5 [8]

Willow wood biochar 550 pH = 6.18, 298 K 9.80 [33]
Cattle manure biochar 550 pH = 6.18, 298 K 11.10 [33]
Sewage sludge biochar 500 pH = 7.0, 298 K 20.38 [24]
Sewage sludge biochar supported α-Fe2O3 and α-FeOOH 500 pH = 7.0, 298 K 35.50 [24]
Magnetic biochar supported Mg-Fe hydrotalcite 600 pH = 5.5, 298 K 43.29 [36]
RB 500 pH = 6.0, 298 K 62.20 This work
OB 500 pH = 6.0, 298 K 80.25 This work
MB 500 pH = 6.0, 298 K 110.60 This work

Table 2
Fitting parameters of adsorption isothermal model

T/K

Langmuir Freundlich

qmax Kb R1
2 Kf n R2

2

RB 288 56.58 0.272 0.923 22.64 4.420 0.748

298 62.20 0.314 0.969 24.62 4.276 0.823
308 73.33 0.333 0.953 29.96 4.079 0.780

OB 288 73.13 0.308 0.991 19.60 2.949 0.884
298 80.25 0.421 0.997 32.81 4.095 0.777
308 84.23 0.568 0.999 40.37 4.132 0.833

MB 288 105.11 0.779 0.983 56.26 4.917 0.874
298 110.60 1.091 0.949 57.13 4.902 0.917
308 118.45 2.131 0.965 77.21 8.706 0.911
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in solution, which was attributed to the higher affinity of 
Cd2+ and Pb2+ for the O-containing functional groups on 
the biochar [10,38–40]. In addition, the competitive ability 
intensified with increasing concentration of coexisting ions, 
making the Ni(II) removal significantly inhibited.

The ionic strength effect of the background ion on 
the Ni(II) adsorption by the adsorbent was investigated 
under the conditions of 20 mg dosage, adsorption time 
600 min, 10 mg/L of Ni(II), initial pH of 6.0 and 298 K. As 
shown in Fig. 5d, the increase in the ionic strength of NaCl 
from 0.001 to 0.1 mol/L had almost no effect on the Ni(II) 
removal by the adsorbent. This result suggested that the 
Ni(II) removal on the biochar was consistent with specific 
chemisorption, rather than specific physical adsorption 
[35]. In addition, previous literature had also been sug-
gested that the removal process species was not affected 
by the background ion concentration, indicating that the 
removal process occurred inside the pore channel of the 
adsorbent and that a stronger inner layer complex was 
formed between Ni(II) and the biochars [10].

3.5. Adsorption mechanism

As shown in Fig. 6a, FTIR analysis of before and after 
Ni(II) adsorption was performed to determine the func-
tional group changes of the adsorbent. Before the Ni(II) 
adsorption, RB had a strong and broad –OH diffraction 
peak at 3,401 cm–1 [9,20,41]. The diffraction peak of –OH 
groups appeared enhanced and shifted after oxidation 
and Fe-impregnation, which indicated that oxidation 
and Fe-impregnation effectively enhanced the amount of 
O-containing functional groups in biochar. Previous liter-
ature reported that the number of O-containing functional 
groups in biochar increased and effectively enhanced the 
adsorption capacity of biochar for Cd2+ after H2O2 treat-
ment [5,25,26]. In the RB, the vibrational peaks with a wav-
enumber of 1,623 and 1,428 cm–1 were identified as C=O 
and C=O/C=C functional groups, respectively [14,15,42]. 
After modification, the intensity of the C=O and C=O/C=C 
diffraction peaks appeared enhanced or shifted, suggesting 
that oxidation and Fe-impregnation effectively increased 
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the content of O-containing functional groups in the bio-
char [25]. This was also consistent with previous studies 
reported. In addition, the vibrational peak at 1,035 cm–1 
was considered to be the C–O functional group [7,10]. After 
modification, the C–O groups showed a shift or intensity 
change, which was presumed to be due to oxidation and 
Fe-impregnation. In RB, a vibrational peak of unsaturat-
ed-CH2 appears at 796 cm–1 [30]. Likewise, the vibrational 
peak of unsaturated-CH2 appears in the FTIR patterns 
of OB and MB. Notable, a vibrational peak at 563 cm–1 
appeared in MB, which was considered to be caused by the 
Fe-O group, which also indicated the successful introduc-
tion of iron oxides in the biochar after impregnation [26].

After Ni(II) adsorption, the broad and large –OH vibra-
tional peak appeared to be weakened and shifted. In addi-
tion, the C=O group also appeared to be shifted and attenu-
ated. Thought the phenomenon indicated that the –OH and 
C=O groups in biochar were involved in the adsorption of 
Ni(II), and this result had been reported by many research-
ers [6,12,30]. Then, the weakening of the C=O/C=C group 
also occurred, which was presumed to be caused by the 
reaction of the group with Ni(II). Notable, the same phe-
nomenon occurred with the C–O group, which suggested 
that this group was also involved in the removal of Ni(II) 
[24,31,32]. It has been reported that the removal of heavy 
metals from aqueous solutions by biochar was mainly 
due to its richness in O-containing functional groups that 
formed complexes with heavy metals, thus removing them 
from aqueous solutions [32]. This also confirmed that the 
O-containing functional groups in the three adsorbents 
were able to complex with Ni(II) in an aqueous solution 
to achieve the removal of Ni(II). Notable, the Fe–O group 
at 563 cm–1 in MB shifted to 558 cm–1 after adsorption and 
the peak intensity appeared to be weakened, which also 
indicated that the Fe–O group reacted with Ni(II) [24].

The XRD analysis before and after the Ni(II) adsorp-
tion by the adsorbent is shown in Fig. 6b. In RB, the main 
diffraction peaks were SiO2 and CaCO3, which indicated 
that RB contained certain inorganic substances. After 

oxidation, the crystalline surfaces of SiO2 and CaCO3 
appeared to weaken or disappear, which indicated that 
oxidation can remove the inorganic components from the 
biochar [37]. After Fe-impregnation, there were obvious 
diffraction peaks at 2θ of 30.25° and 43.20°, correspond-
ing to Fe3O4 diffraction crystal plane, which indicated 
that the small particulate matter on the MB surface was 
Fe3O4 [24,26]. After adsorption, the SiO2 crystal plane 
in the adsorbent appeared to weaken, while the CaCO3 
diffraction peaks disappeared or weakened, presum-
ably because the CaCO3 in the adsorbent dissolved in the 
solution. There were obvious diffraction peaks at 2θ of 
23.80°, 33.74°, and 35.25°, and these peaks were identi-
fied as Ni(OH)2·2H2O precipitation according to the stan-
dard calorimetric comparison (JCSPSD#22–0444), which 
indicated that precipitation reaction occurred during 
the adsorption process [36]. It had been shown by many 
scholars that biochar has a strong pH buffering ability to 
buffer weakly acidic solutions to alkaline, causing precip-
itation reactions of heavy metal ions in solution [36,37].

3.6. Removal of Ni(II) from actual water bodies

To judge whether the biochars can be practically 
applied, its Ni(II) removal effect needs to be tested in 
actual water. The Ni(II) removal on biochar was tested in 
three actual water bodies: deionized water (DW), tap water 
(TW), and Fu river water (RW, Chengdu, Sichuan Province, 
China). To compare the performance of the materials in 
different water bodies, the concentration of Ni(II) in the 
three water bodies was adjusted to 10 mg/L and the dosage 
of adsorbent was 20 mg. As shown in Fig. 7a, the experi-
mental results showed that the removal efficiency of RB 
was 81% (DW), 76% (TW), and 65% (RW) after removing 
Ni(II) from the three water bodies for 600 min, respec-
tively. Moreover, the removal efficiency of OB was 90% 
(DW), 83% (TW), and 78% (RW) for Ni(II) removal in dif-
ferent water bodies after 600 min, respectively. Notable, 
the Ni(II) removal efficiency in different water bodies by 
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MB was almost 100%, which indicated that MB was more 
effective in removing Ni(II) from the actual water bodies 
than RB and OB.

3.7. Adsorption–desorption experiments

The adsorption–desorption experiments were one of the 
key factors to evaluate the feasibility of an adsorbent and 
were performed for three adsorbents. In this experiment, 
1 mol/L NaOH solution was used as the desorption solu-
tion, and desorption was performed by shaking at 150 rpm 
for 12 h at 298 K in a shaker. As shown in Fig. 7b, the Ni(II) 
removal efficiency on the three biochars gradually decreased 
with the repetitive experiments. After 5 adsorption–desorp-
tion experiments, the Ni(II) removal efficiency on RB, OB, 
and MB was 50%, 68%, and 91%, respectively. It was assumed 
that the decrease of Ni(II) removal was caused by the loss 
of adsorbent itself, the reduction of functional groups, and 
the clogging of pore channels. This result indicated that 
MB had excellent repeatability and practical value.

4. Conclusion

Different types of biochar adsorbents were prepared by 
oxidation and Fe-impregnation and used with the removal 
of Ni(II)-containing wastewater. The Ni(II) removal pro-
cess by the adsorbents was following the Langmuir model 
and the pseudo-second-order model, indicating that 
the removal process was monolayer and homogeneous 
chemisorption. The theoretical maximum adsorption of 
Ni(II) by RB, OB, and MB was 62.20, 80.25, and 110.60 mg/g 
at 298 K, respectively. The Ni(II) removal efficiency on RB, 
OB, and MB was reached 80%, 91%, and 99% in the pH 
range of 5~10, respectively. The coexisting ions Na+, Ca2+, 
and Fe3+ had little effect on Ni(II) removal by biochar, while 
Cd2+ and Pb2+ had an inhibitory effect on Ni(II) removal. 
In different water bodies, the removal efficiency of Ni(II) 
by MB still reached 100%. After 5 adsorption–desorption 
experiments, the Ni(II) removal efficiency on RB, OB, and 

MB remained around 51%, 70%, and 90%, respectively. 
Notable, co-precipitation, ion-exchange, electrostatic inter-
action, and complexation may exist in the mechanism 
of Ni(II) removal by biochar. This study suggested that 
Fe-impregnated biochar had the potential and prospect for 
better treatment of Ni(II)-containing wastewater generated 
from alloy manufacturing.

Supplementary materials

Table S1. Parameters fitted to the intraparticle diffusion 
model. Table S2. Thermodynamic fitting parameters. Fig. S1. 
The release of cations from the solution at 298 K.
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Table S1
Parameters fitted to the intraparticle diffusion model

Intraparticle diffusion model

Phase I Phase II Phase III

k1 C1 R2
1 k2 C2 R2

2 k3 C3 R2
3

RB 1.950 6.75 0.997 0.917 8.65 0.991 0.153 17.52 0.960
OB 2.682 7.41 0.999 0.970 11.99 0.981 0.050 21.58 0.934
MB 1.195 16.42 0.841 0.051 23.88 0.474 0.032 24.47 0.837

Table S2
Thermodynamic fitting parameters

T/K ΔG° (kJ/mol) ΔH° (kJ/mol) ΔS° (kJ/mol)

RB 288 –4.40
16.99 74.31298 –5.20

308 –5.89
OB 288 –5.71

18.45 83.85298 –6.50
308 –7.39

MB 288 –8.62
41.06 172.32298 –10.18

308 –12.07
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Fig. S1. The release of cations from the solution at 298 K.
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