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A B S T R A C T   

Biochar (BC) combined with humic acid (HA) and wood vinegar (WV) was designed and prepared as an inex
pensive, effective, and environmentally friendly immobilization material (BHW) for metal-polluted soil. The 
influences of the wood vinegar and humic acid on the immobilization properties and adsorption mechanism of 
this new material were also investigated. The remediation performance was evaluated using a laboratory-made, 
nickel-contaminated soil with a Ni2+ concentration of 200 mg per kg surface soil (top 20 cm from agricultural 
land). The results indicated that the immobilization ratio sequence of nickel (II) in the soil was BC < BH < BHW. 
The maximum adsorption capacity increased in the same order: BC < BH < BHW. All three adsorption iso
therms were better fitted by the Freundlich model, which were consistent with the surface heterogeneity of the 
remediation materials. The cause of this surface heterogeneous migration may be due to the increase in oxygen- 
containing groups in the BC introduced by the HA and WV. The WV can increase the number of the oxygen- 
containing groups in the BC combined with HA, which enhanced the adsorption and immobilization of Ni2+

ions. The results suggested that BHW is recommended for the remediation of metal-contaminated soils, because 
of its high efficacy, economic feasibility, environmental and food safety.   

1. Introduction 

Metal pollutants are introduced unintentionally to soil through 
human activities such as smelting, mining, irrigation, electronic in
dustries, waste disposal, agrochemical use, war and military training, 
and consumption of fossil fuels (Liu et al., 2018a). Soil contamination by 
metals (such as lead (Pb), chromium (Cr), cadmium (Cd), copper (Cu), 
mercury (Hg), and nickel (Ni)) has been widely reported and is causing 
people to worry about the effects of the metals on living organisms, 
including humans (Palansooriya et al., 2020; Li et al., 2015; Wang et al., 
2018a). Nickel is present in all soils and is derived from the parent 
material of lithogenic sources, artificial sediment, or both. At very low 
levels, Ni is an essential micronutrient, but at high levels, it can be toxic 
(Shahzad et al., 2018). The risk of ecotoxicity associated with nickel in 
the soil depends primarily on the living organisms (plants and animals) 
and the water resources which may have been exposed to nickel 
(Echevarria et al., 2006; Sun and Luo, 2018; Yeganeh et al., 2013). Due 
to the high nickel content in the soil, water, plants, and food, growing 
attention is being paid to its toxic effects (Yeganeh et al., 2013). With the 

increasing threat of contaminated soil to human health, it has become 
more and more important to identify and optimize soil remediation 
technologies. 

Many soil remediation technologies have been used to reduce the 
risks associated with metal pollution and to recover degraded arable 
land for agricultural production and ensure food safety (Wang et al., 
2015; Beiyuan et al., 2017; Li et al., 2018a). Various technologies are 
often used to diminish the bioavailability of metals present in soils. Ex 
situ techniques include soil washing, field irrigation, and bioreactors 
(Kuppusamy et al., 2016). In situ technologies include immobilization, 
stabilization, soil flushing, phytoremediation, and biological treatments 
(Benzon and Lee, 2017). Among these techniques, soil remediation 
methods for immobilizing metals have been widely used for the reme
diation of soils contaminated by metals due to their quick and easy 
application and commercial feasibility (Cao et al., 2019; Wang et al., 
2018b). Selecting appropriate immobilizing materials can provide 
cost-effective remediation technologies and will implement the "green 
and sustainable remediation" principle (Hou and Altabbaa, 2014; Pal
ansooriya et al., 2020). In general, studies on low-cost and 
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environmentally-friendly materials for metal contaminated soil have 
received widespread attention in recent years (Palansooriya et al., 
2020). 

Great attention has been paid to waste recycling materials, 
furthermore, several materials have been suggested for soil reclama
tion, including biochar (BC) (Kuppusamy et al., 2016), humic sub
stances (Piccolo et al., 2019), and wood vinegar (WV) (Liu et al., 
2018b). The main mechanisms of biochar immobilization in soil 
involve alkalization, enhanced ion exchange capacity, and increased 
physical adsorption and precipitation (Li et al., 2017). The passivation 
effects of humic substances are usually ascribed to the formation of 
metal-humus complexes, as well as the existence of hydroxyl, carboxyl, 
and amino groups (Park et al., 2013). The ability of humic substances 
to bind metal ions can be ascribed to their high content of 
oxygen-containing functional groups, incorporating various types of 
carboxyl, hydroxyl, enol, phenol, and carbonyl structures (Pukalchik 
et al., 2018; Clemente and Bernal, 2006). Wood vinegar (WV) is a dark 
brown liquid, rich in organic acids obtained from the by-products 
during the carbonization of wood (Chen et al., 2016; Souza et al., 
2012). The components of WV are associated with different kinds of 
organic compounds, which are mainly organic acids, phenols, and 
other compounds, such as aldehydes, alcohols, esters, ketones, furan 
and pyran derivatives, hydrocarbons, and nitrogen compounds (Li 
et al., 2018b; Lu et al., 2017). WV has been shown to reduce the con
centrations of metal ions in soil and prevented their uptake through 
plant stabilization (Theapparat et al., 2015). WV-related humic sub
stances inherently have adsorption sites available for metal chelation, 
reducing the bioavailability of metals (Lu et al., 2015; Benzon and Lee, 
2017; Li et al., 2019). Recently, wood vinegar has been used to compost 
solid wastes (Liu et al., 2018b) and charcoal (Chen et al., 2010) to 
adsorb and immobilize metal contaminants, such as nickel, zinc, and 
copper. Wood vinegar can change the structure of organic matter 
during composting in the metal contaminated soil. The composted 
organic matter, such as humic acid substances, which are important 
organic matter in soil, can generate insoluble metal-organic com
pounds, thus lowering the amount of bioavailable metal in the soil (Liu 
et al., 2018b; Clemente and Bernal, 2006; Kulikowska et al., 2015). It 
was suggested that the conformational structure of humic acid was 
altered by small changes in ionic strength or pH value, which caused it 
to flocculate or aggregate (Clemente and Bernal, 2006; Zou et al., 
2005). However, there is limited information on the influences of 
biochar combined with humic acid substances and wood vinegar, 
regarding the bioavailability of metals in contaminated soils. There
fore, this study focuses on investigating biochar combined with wood 
vinegar and humic acid as remediation materials to immobilize Ni2+

from contaminated soil. While creating new reuse options for waste 
materials such as WV, the remediation process can be low-cost and low 
impact. 

This work extends a paradigm to an environmentally friendly active 
method for biochar combined with humic acid to immobilize metal ions 
in the metal-polluted soil. The design of the remediation material was 
optimized for maximizing the immobilization of Ni2+ from soil. To 
assess the influence of wood vinegar on the adsorption of metals by 
biochar combined with humic acid, the adsorption characterization of 
Ni2+ on the remediation material was investigated using Fourier- 
transform infrared spectroscopy (FT-IR). The mechanism of adsorbing 
and immobilizing metals from soil was studied by X-ray photoelectron 
spectroscopy (XPS). The microstructures before and after adsorbing Ni2+

were investigated using scanning electron microscopy/ energy- 
dispersive X-ray spectroscopy (SEM/EDS). The results will provide 
some insight for making an environmentally sustainable remediation 
material for metal-contaminated soil. At the same time, it also exploits a 
reasonable method for the re-utilization of industrial wastes and by- 
products. 

2. Materials and methods 

2.1. Materials and soil samples 

Sodium humate for agriculture, which contained 52% humic acid, 
was a deep brown powder with a size of 0.075 mm (200 mesh), and was 
purchased from the Zibo Hongtong Chemical Co., Ltd (Zibo, China). Its 
water solubility was not less than 85% and had a pH value of 10.36. The 
wood vinegar was provided by the Jinan Xinyi Chemical Co., Ltd (Jinan, 
China). It was refined from a waste liquid produced by the 
manufacturing of charcoal using fruit shells and the specific gravity of 
the wood vinegar was 1.086 g mL− 1. The pH of the WV was 3.36–3.96. 
The biochar powder was obtained from the Tairan Group Co., Ltd 
(Guangrang, China). It was ground, sieved with a 0.28 mm (50 mesh) 
sieve, and dried at 105 ◦C for 12 h before use. Nickel nitrate hexahydrate 
(analytical reagent grade) was purchased from Shanghai Macklin 
Biochemical Co., Ltd (Shanghai, China). Hydrochloric acid (37%, 
analytical reagent grade) was purchased from Sinopharm Chemical 
Reagent Co., Ltd (Shanghai, China). 

An artificially Ni-contaminated soil was used in this experiment. The 
superficial soil sample (0–20 cm) was taken from agricultural land in 
Xi’an, Shaanxi province, China. The soil samples were air-dried, 
crushed, and passed through a 0.125-mm sieve to remove impurities 
(stones, animal and plant remains) then homogenized and used as an 
original soil sample. 1 kg of the original soil sample was laboratory 
polluted using Ni(NO3)2⋅6H2O aqueous solution (containing 201.3 mg/ 
kg Ni2+) to form a contaminated soil sample, according to the nickel- 
metal risk control standard (200 mg kg− 1) for soil contamination of 
agricultural land (GB15618-2018, China). The contaminated soil sample 
was aged for 30 days and used as the control soil sample (Peng et al., 
2011). The physicochemical properties of experimental soil were: 
clay = 5.9%, silt = 48.3%, sand = 46.2%, pH = 6.5 ± 0.1, TOC =

4.20 ± 0.00%, CEC = 180 ± 3.2 mmol kg− 1, Ptot = 0.02 ± 0.00%, 
Ktot = 0.25 ± 0.00%, Mgtot = 0.12 ± 0.00%, Catot = 0.14 ± 0.01%. 
Nitot = 201.3 ± 18 mg kg. 

2.2. Preparation of remediation materials 

The biochar combined with humic acid and wood vinegar remedia
tion materials were prepared by sodium humate, wood vinegar solution, 
and biochar powder with a mass ratio of 1:1:1.5 (Pukalchik et al., 2017). 
The material composition of each group is displayed in Table S1. Biochar 
powder (42.8 wt% of the remediation material) was mixed with sodium 
humate (28.6 wt%), crushed thoroughly, dried, and wood vinegar was 
added (28.6 wt%) (Pignatello et al., 2006). The mixture was air-dried to 
make particles and then sieved to obtain the humic acid-wood vinegar 
remediation material, BHW. As the control group, the BH group was 
composed of biochar powder (42.8 wt%) and sodium humate (57.2 wt 
%), while the BC group was composed of only biochar powder (100 wt 
%) under the same processing conditions. 

2.3. Immobilization experiment 

All remediation materials were completely mixed with the contam
inated soil and allowed to react for 30 days (Kulikowska et. al, 2015). 
The six treatment groups of 0.04 g kg− 1, 0.1 g kg− 1, 0.2 g kg− 1, 0.3 
g kg− 1, 0.4 g kg− 1 and 0.5 g kg− 1 were denoted as remediation mate
rials BHW-1, BHW-2, BHW-3, BHW-4, BHW-5, and BHW-6, respectively. 
The same amounts of BH treatment groups were denoted as BH-1, BH-2, 
BH-3, BH-4, BH-5, and BH-6, respectively. Biochar treatment groups 
were respectively denoted as BC-1, BC-2, BC-3, BC-4, BC-5, and BC-6. 
The contaminated soil after aging without any remediation was used 
as a control group. Three replicated samples were prepared for each 
treatment group to ensure the accuracy of the data. 
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2.4. Immobilization determination of the remediation on Ni 2+

The amount of extracted nickel(II) was tested after 30 days of reac
tion in the same environment using a five-point sampling method. The 
extracted nickel(II) for the control and the treatment groups were 
removed with 0.1 mol L− 1 HCl at 25 ± 2 ◦C and shaken for 2 h (Xu et al., 
2013). Then, the extracted solutions were diluted to 100 mL using 
deionized water. After that, the diluted solutions were filtered through a 
0.22 µm filter. The filtrates were analyzed by using a Z-2000 graphite 
furnace atomic absorption spectrometer (AAS) (HITACHI, Japan) to 
determine the amount of dissolved Ni in the solution. Three replicated 
samples were analyzed for each treatment and the average value of the 
extracted nickel(II) was reported. The immobilization ratio of nickel(II) 
in the soil was defined as: 

Immobilization ratio (%) = (c1–c2)/c1 × 100% (1)  

where c1 represents the nickel(II) concentration in the contaminated soil 
before the remediation treatment (mg kg− 1) and c2 represents the nickel 
(II) concentration in the contaminated soil after remediation (mg kg− 1). 

2.5. Sorption of remediation materials 

Experiments for Ni adsorption were performed by a batch method. 
0.5 g of either the BC, the BH, or the BHW remediation material were 
respectively added into 100 mL polyethylene centrifuge tubes. Then 
the tubes were added by 40 mL Ni2+ solutions with a serial of con
centration from 0 mg L− 1 to 300 mg L− 1 (0.01 mol L− 1 NaNO3 as the 
background of the Ni solutions). After that, the adsorption processes of 
the remediation material in the solutions were carried out for 24 h at 
25 ◦C in a constant temperature shaker controller (Miao et al., 2011). 
When the adsorption process was completed, the sample was quickly 
filtered through a 0.22 µm membrane and the residual Ni2+ concen
tration in the filtrate was analyzed. Adsorption isotherms with initial 
concentrations of Ni2+ in the range of 0 mg L− 1 to 300 mg L− 1 were 
also studied. Three replicated samples were carried out for the sorption 
experiments. 

2.6. Determination of adsorption/immobilization mechanism 

All samples of BC, BH, and BHW before and after Ni2+ absorption 
were washed three times with ultrapure water to remove any phys
isorbed Ni2+ and dried under vacuum overnight before all tests (Tian 
et al., 2012). A VECTOR-22 FT-IR spectrometer (Bruker, Germany) was 
utilized to obtain the FT-IR spectra of the samples with the potassium 
bromide disc technique (Wu et al., 2020). A Q45 SEM (FEI, USA) was 
used to characterize the micromorphology of the material. The samples 
were fixed on the conductive adhesive. After being sprayed with gold, 
the samples were fixed on the sample table and tested at a magnifica
tion of 20,000 (Zeng et al., 2021). XPS analysis was conducted using an 
AXIS Supra type XPS spectrometer (Kratos, UK). The measurement 
spectrum was obtained over the range of 0–1200 eV, with an energy of 
300 eV and a slit width of 1.9 mm into the analyzer. The binding en
ergy was calibrated with taking the C 1s peak as 284.60 eV (Nesbitt 
et al., 2000; Tan et al., 2008). All of the analyses were conducted in 
duplicate. 

2.7. Statistical analysis 

Two-way analysis of variance (ANOVA) was performed to analyze 
the data of extractable nickel(II) at P < 0.05 using SPSS Statistic 22 
(Analytical software, United States). The means and standard deviations 
(SD) of Ni extraction techniques were estimated using Microsoft Excel 
(2018) while the figures were visualized using Origin 8.5 software 
(OriginLab, United States). Each treatment had three replicates. 

3. Results and discussion 

3.1. Optimal remediation material and dosage for immobilization of Ni 
(II) 

The results of the extractable Ni experiments to determine the 
optimal remediation material and treatment dosage are shown in Fig. 1. 
The control group represents contaminated soil after aging without any 
remediation. Fig. 1a shows the influence of the three remediation groups 
and various dosages on the amount of extractable Ni. The amount of 
extractable Ni was significantly decreased by the incorporation of each 
remediation material. For the different treatment effects, the mean 
extractable Ni of the BHW treatment group was significantly lower than 
in the other treatment groups. The trend of the amounts of extractable Ni 
in the remediation soil, in a descending order was BC > BH > BHW. 
This order of extractable Ni in soils agrees with previous studies (Chen 
et al., 2010; Basu et al., 2019). For the treatment dose effect, the trend of 
the three remediation groups was expanded. The trend amounts of 
extractable Ni were very similar at the same dosage. 

In order to explore the immobilization property of the three treat
ment groups, the immobilization ratios of nickel(II) in the soil were 
shown in Fig. 1b. It indicated that BHW presented the best immobili
zation efficiency for Ni2+. The BHW treatment dosage was 0.1 g kg− 1, 
which significantly reduced the Ni2+ present in the soil, and the 
immobilization ratio was as high as 60.1%. This result was better than Ni 
immobilization (35.4–46.1%) in the reference report (Kulikowska et al., 
2015). At the same dosage (0.1 g kg− 1), the Ni2+ immobilization ratio 
of the BHW treatment was 18.5% higher than BH. The immobilization 
ratio of nickel(II) for the BHW treatment was increased by at least 23.1% 
compared to the unmodified biochar. The percentage of Ni2+ in the 
water was decreased when the amount of the remediation material was 
greater than 0.1 g kg− 1. This may be related to the dissolved organic 
carbon (DOC) in the soil because the addition of WV improves the DOC. 
High DOC in soil facilitates the formation of soluble metal complexes, 
thus increasing metal mobility (Palansooriya et al., 2020). This indi
cated that the addition of wood vinegar enhanced Ni2+ sorption on the 
humic acid and is economically feasible. BHW has a better effect on Ni2+

immobilization in the soil at a lower treatment dosage than the other 
remediation materials. 

3.2. Adsorption capacity of Ni2+ on BC, BH, or BHW 

To evaluate the Ni adsorption capacities of BC, BH, or BHW, the 
adsorption isotherms of Ni2+ on BC, BH, and BHW were investigated and 
are shown in Fig. 2a. The two most widely used isotherm models, 
Freundlich and Langmuir, were chosen to model the adsorption of Ni2+

on BH and BHW (Zhang et al., 2015; Doulia et al., 2009). The Freundlich 
isotherm is an empirical equation that assumes multiple layers of 
adsorption onto a heterogeneous surface which is composed of different 
types of adsorption sites. Therefore, infinite surface coverage can be 
predicted, mathematically, which indicates multi-layer adsorption on 
the surface. The Langmuir isotherm stems from the assumption that all 
adsorption sites are identical and that the adsorption on the active sites 
is independent of whether or not adjacent sites are occupied. Table 1 
lists the simulated isotherm parameters and correlation coefficients (R2). 
Comparing the R2 values of the two isotherm models, it was found that 
the Freundlich model (R2 = 0.993–0.997) has a better fit than the 
Langmuir model (R2 = 0.973–0.982). According to literature, (Zhang 
et al., 2015; Liu et al., 2018b) the results imply that the Ni(II) was 
probably adsorbed on the surface of BC, BH, or BHW in both monolayers 
and multilayers. The maximum sorption amounts of Ni(II) on BH 
(12.78 mg/g) was obtained by the Langmuir model was very close to a 
previous report (12.41 mg/g), however, the maximum amounts of 
adsorption on BHW (16.32 mg/g) was larger than that of a previous 
report (Basu et al., 2019). The results indicated that WV can enhance the 
adsorption of Ni(II) to BH. The form of the Freundlich equation is: 

J. Zhu et al.                                                                                                                                                                                                                                      



Ecotoxicology and Environmental Safety 215 (2021) 112159

4

qe = kFCe
1/n (2) 

This equation can also be expressed in a linear form as: 

ln qe = lnkF + 1/nlnCe (3)  

where qe is the adsorbed amount of Ni2+ per unit weight of remediation 
material (mg/g), Ce is the equilibrium concentration of Ni2+ in solution 
(mg/L), and kF is a measure of the adsorption capacity. According to the 

values of kF, BHW had a high adsorption capacity for Ni2+ because it 
coexisted with WV and HA. The 1/n of the Freundlich linear equation 
ranged between 0 and 1 and is a dimensionless parameter related to 
surface heterogeneity. A value of 1/n closer to 0 represented a more 
heterogeneous surface. Table 1 indicates that the value of 1/n (0− 1) was 
a measure of the exchange intensity or surface heterogeneity, with a 
value of 1/n smaller than 1 describing favorable removal conditions (Li 
et al., 2019). Furthermore, 1/n was decreased in the order of 
BC > BH > BHW, which was indicative of an alteration toward a more 
heterogeneous surface (Zhang et al., 2015). 

Fig. 2b shows the amount of Ni2+ adsorbed per unit weight of 
remediation material increased in the order of BC < BH < BHW, which 
was consistent with the surface heterogeneity of the remediation ma
terial (Liu et al., 2018b). The cause of the surface heterogeneous 
migration may be due to the increase in the number of 
oxygen-containing groups introduced by WV and HA, which led to the 
increase of high-energy adsorption sites and ultimately, the increase of 
surface adsorption of Ni2+. The adsorption isotherms of Ni2+ on BHW 
show that the adsorption amounts of Ni2+ on BHW materials increased 
with increasing concentration of Ni2+, therefore BHW can be used in 
Ni-polluted soil with a wide concentration range. 

Fig. 1. (a) The extractable Ni from the control and all treatment groups. The control group represents contaminated soil after aging without any remediation; (b) Soil 
Ni2+ immobilization ratios of all treatment groups according to the mean value of extractable Ni (mean ± SD) at P < 0.05 (n = 3). 

Fig. 2. The adsorption isotherms (a) and linear form (b) of Ni2+ on BHW, BH, and BC at the temperature of 25 ◦C.  

Table 1 
Fitting parameters of Freundlich and Langmuir isotherm for the adsorption of 
Ni2+ onto BC, BH and BHWa.  

Remediation 
materials 

Langmuir Freundlich  

qm (mg/ 
g) 

kL (L/ 
mg) 

R2 kF 1/n R2 

BC  11.24  0.043  0.982  1.15  0.42  0.997 
BH  12.78  0.050  0.973  1.56  0.39  0.993 
BHW  16.32  0.055  0.979  2.12  0.37  0.996  

a Three replicated samples were carried out for the sorption experiments and 
the mean values were presented. 
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3.3. Adsorption mechanism 

3.3.1. FT-IR of BH and BHW before and after Ni2+ adsorption 
FT-IR spectra were taken to obtain information on the surface 

functional groups of BH and BHW before and after adsorbing Ni2+. The 
FT-IR spectra are shown in Fig. 3. The peaks in the BH spectra were 
ascribed as follows: 3107 cm− 1 was attributed to the stretching vibra
tions of hydroxyl groups and 1712 cm− 1 was due to C˭O stretching vi
brations (Rodríguez et al., 2016). The peak at 1576 cm− 1 was due to 
aromatic C˭C and C˭O stretching vibrations (Basu et. al, 2019). Peaks at 
1106 cm− 1 and 1021 cm− 1 were associated with the stretching vibra
tions of C-O in an ether and an alcohol, respectively (Yang and Hodson, 
2019). The C˭O peak, together with peaks for C-O and C-OH also sug
gested the presence of a carboxyl functional group (O-C˭O) (Liu et al., 
2018b). This indicated that BH was rich in oxygen-containing groups. 
There were some changes in the wavenumbers and peak intensities of 
the FT-IR spectrum for BH after Ni2+adsorption (HA-Ni), such as peaks 
centered at 1712 cm− 1 and 1576 cm− 1 moved to 1706 cm− 1 and 
1563 cm− 1, respectively. The peaks from O-H (3107 cm− 1), C˭O 
(1712 cm− 1), and C-O (1106 cm− 1) became weaker than before 
adsorption, which revealed that the nickel (II) was binding with these 
groups. 

The FT-IR spectrum of BHW (Fig. 3) also presented the same char
acteristic peaks as BH. However, the wavenumbers and intensities of the 
BHW characteristic absorption peaks had changed, such as the carboxyl 
group (O-C˭O) and the hydroxyl group (C-OH) were significantly 
enhanced, which assisted the Ni2+ binding with these groups (Liu et al., 
2018b). The FT-IR spectrum of BHW after Ni2+ adsorption (BHW-Ni) 
presented some definite changes in wavenumbers and peak intensities, 
such as the peaks of the carboxyl and hydroxyl groups. The interaction of 
BHW with Ni2+ was mainly the reaction with the hydroxyl and carboxyl 
groups in BHW (Tan et al., 2008). FT-IR verified that Ni2+ ions were 
immobilized through a complex reaction with the BHW remediation 
materials. 

3.3.2. XPS analysis of BH and BHW adsorbing Ni2+

XPS was performed to further determine the adsorption interaction 
between the BH and BHW remediation materials combined with Ni2+. 
The survey spectra of BHW before and after adsorbing Ni2+ are 
respectively shown in Fig. 4. The characteristic Ni 2p photoelectron 

peaks are presented on the spectrum of BHW combined with Ni2+, and 
corresponded to characteristic Ni 2p photoelectron peaks (Nesbitt et al., 
2000). The Na 1s, Na KLL, Ca 2s, and Ca 2p spectra of BHW disappeared 
in the BHW-Ni spectrum. This suggested Ni2+ replaced Na+ and Ca2+ to 
complex with the oxygen-containing functional groups of BHW through 
ion exchange. 

To further analyze changes in binding energy between BH or BHW 
before and after adsorbing Ni2+, the C 1s region of the XPS spectra of 
BHW, BH, and BC before and after adsorbing Ni2+ were respectively 
measured and are shown in Fig. 5(a) and (b). According to the relevant 
literature (Zhang et al., 2015; Bhargava et al., 2007), the C 1s spectra of 
BHW, BH, and BC all have the characteristics of three binding energy 
peaks at 284.60, 286.10, and 288.65 eV, which represent C˭C/C-C, C-O, 
and O-C˭O, respectively. As presented in Fig. 5(a), there are some dif
ferences between the C 1s peaks for BC, BH, and BHW. The significant 
differences in intensities were observed for peaks of the functional 
groups including C˭C or C-C, C-O, and O-C˭O (Chen et al., 2020). The 
content of the oxygen incorporating functional groups, such as C-O and 
O-C˭O, observably increased in the order of BC < BH < BHW. From the 
comparison of Fig. 5(a) and (b), there were some differences between 

Fig. 3. FT-IR comparison before and after Ni2+ adsorption by BH and BHW.  

Fig. 4. XPS survey spectra of BHW and BHW-Ni.  
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the C 1s peaks for BC, BH, and BHW before and after the adsorption of 
Ni2+ ions. The content of oxygen-containing functional groups 
decreased after the adsorption of Ni2+ ions. These main differences 
verified that oxygen functional groups formed complexes with Ni2+ ions. 

The O 1s region of the BC, BH, and BHW XPS spectra before and after 
adsorbing Ni2+ were measured and are shown in Fig. 5(c) and (d). Ac
cording to the relevant literature (Vieira et al., 2011), the O 1s spectra of 
BHW, BH, and BC have the characteristics of two binding energy peaks 
at 531.70 and 533.31 eV, which were attributed to C-O and O-C˭O, 
respectively. Fig. 5(c) shows that the content of C-O functional groups 
dramatically increased in the order of BC < BH < BHW. It may be due 
to the fact that BC covered by HA and WV improved the proportion of 
C-O functional groups on the BC. Comparing Fig. 5(c) and (d), it was 
observed that the content of C-O decreased after adsorption of the Ni2+

ions. This was also verified by the IR results, that is, the interaction 
between BHW, BH, and Ni2+ was mainly with the hydroxyl and car
boxylic acid groups in BHW. These results of the significant differences 
of functional groups indicate that Ni(II) was adsorbed on the surface 
functional groups of BHW by chemical complexation (forming Ni(II)-HA 
complexes), electrostatic attraction, or cation exchange, which occurred 
between Ni(II) and the surface functional groups of BHW and 

surface-bound HA. 

3.3.3. SEM/EDS of BH and BHW before and after Ni2+ adsorption 
SEM and EDS analysis were performed to gain more insights into the 

adsorption mechanism. SEM images and EDS diagrams of the BH and 
BHW and their combination with Ni2+ are displayed in Fig. 6. Based on 
samples of BH and BHW, which were magnified 4000 times, the char
acteristic irregular surfaces of the BC were found from these micro
graphs. However, some changes in the characteristic surface of the BC 
took place in BH and BHW. A significant change in the surface could be 
illustrated by the fact that the surface of the BC was partly covered by 
HA or HA and WV. Compared with BH, the BHW presented a more 
heterogeneous surface. This benefitted the adsorption reaction with 
Ni2+, according to the adsorption section results. The EDS spectra 
showed that the content of nickel in BHW-Ni was larger than in BH-Ni, 
which was caused by the fact that there were more oxygen-containing 
groups in BHW than BH for Ni2+ to form complexes with. This was 
closely consistent with the FT-IR results. It also confirmed the previous 
adsorption section result that the surface heterogeneous shift was caused 
by the HA and WV, which can enhance adsorption capabilities. Besides, 
the contents of some metal ions, such as Na+, Ca2+, Mg2+, and Al3+, also 

Fig. 5. The XPS spectra of C 1s (a, b) and O 1s (c, d) for BC, BH, BHW, BC-Ni, BH-Ni, and BHW-Ni.  
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Fig. 6. SEM images (magnified 4000 times) of (A) BH, (B) BH-Ni, (C) BHW, (D) BHW-Ni, and their EDS diagrams of (a) BH, (b) BH-Ni, (c) BHW, (d) BHW-Ni.  
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notably changed after the Ni2+ adsorption, which indicated that BH and 
BHW have ion exchange with the contaminated soil. For the BHW 
remediation material, the organic substances associated with WV were 
made with numerous adsorption sites for chelation, rendering metals 
less available for uptake. Wood vinegar can change the amount of the 
oxygen-containing functional groups present on the humic substances 
during composting in the metal-contaminated soil (Liu et al., 2018b). 
The composted humic substances can then form insoluble metal-organic 
compounds, thus reducing the amount of bioavailable metal in the soil. 

4. Conclusions 

Biochar combined with humic acid and wood vinegar (BHW) was 
created and evaluated as a new type of inexpensive, effective, and 
environmentally friendly immobilization material for metals in soil. 
Application experiments showed that the immobilization ratio of Ni2+

was up to 60.10 wt% when 0.1 g BHW was added per kg of the top 
20 cm of surface soil. The BHW not only has physisorption and precip
itation from BC, but also chemical complexation or sorption from HA 
and WV. Wood vinegar can activate humic acid to promote the increase 
of oxygen-containing functional groups, incorporating carboxyl and 
hydroxyl groups which subsequently enhance the adsorption and 
immobilization of Ni2+ in the soil. Adsorption isotherms and SEM/EDS 
analysis show that BHW had a more heterogeneous surface to adsorb 
more Ni2+ than BC or BH. XPS indicated that there was a Ni 2p spectrum 
in BHW, which was combined with Ni2+ by chemical adsorption, mainly 
by an oxygen-containing functional group reaction. Finally, it is sug
gested that biochar combined with humic acid and wood vinegar can be 
a good option for immobilizing nickel in contaminated soils. 
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