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Abstract
Biochar has good adsorption ability to various contaminants. In this work, peanut shell, corncob, cotton stalks, and crayfish shell
were pyrolyzed under three temperatures (300, 450, 600 °C) to obtain biochars for the removal of Ni2+. The biochars were further
modified with 2 mol/L Na2S solution. Characterization results showed that the specific surface area and total pore volume of the
modified biochars increased substantially. Among all the adsorbents, the modified corncob biochar (450 °C) showed the best
Ni2+ adsorption. The adsorption kinetics followed the Elovich model with an equilibrium time of 24 h. The maximum capacity of
the modified biochar reached 15.40 mg/g. The adsorption process was affected by pH, temperature, and coexisting ions.
Increasing pH (under 7) provided more adsorption sites which enhanced adsorption capacity. Experimental results also indicated
that the main adsorption mechanism of Ni2+ was ion exchange. Findings from this work suggest that modified biochar can be
used as an effective adsorbent for the removal of Ni2+ from wastewater.
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Introduction

The rapid development of the electronics industry has caused
a large amount of wastewater containing nickel (Ni2+) which
has been discharged into the natural water bodies and munic-
ipal pipe network systems. The harm of nickel to the human
body includes causing inflammation, inducing cancer (Gupta
et al. 2003), affecting liver (Akhtar et al. 2004) and renal
function (Villaescusa et al. 2004), and leading to neurasthenia.
Nickel also has a destructive effect on many human bio-
enzymes by weakening their activity (Shukla et al. 2005).
Because of the seriousness of nickel pollution, many scholars

have conducted researches on the treatment of nickel-
containing wastewater. Current treatment methods of nickel
in wastewater include chemical precipitation, extraction, ion
exchange (Christensen and Delwiche 1982), membrane sepa-
ration, etc. Electrocoagulation (EC) is used in the removal of
nickel from aqueous solutions, and the optimum removal ef-
ficiencies at nickel concentrations can reach 500 mg/L
(Mansoorian et al. 2012). The ion exchange method is often
used to remove Ni2+ with good removal effect, but the process
may cost more than other methods due to the regeneration
requirement (Alyüz and Veli 2009; Ismail et al. 2014). Most
of the chemical treatment methods have secondary contami-
nation issues, which may add further burden on the environ-
ment (Sandau et al. 2010).

As a new adsorption material, biochar has attracted great
research attention for its low cost and it is environmentally
friendly (Mohan et al. 2014). The adsorption method is often
used to remove contaminants from wastewater. At present, the
most common low-cost adsorbents used in the adsorption re-
moval method include ceramic (Rosengren et al. 2002), silica
gel (Wang et al. 2005), zeolite (Alvarez-Ayuso et al. 2003),
bentonite (Banerjee et al. 2003), kaolinite (Yavuz et al. 2003),
corncob (Vaughan et al. 2001), etc. In previous studies, hydro-
thermal biochar made of pine and rice husk by Liu and Zhang
(2009) and pyrogenic biochar of waste products and sugar beet
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by Doumer et al. (2016) have been used to remove Ni2+, Cd2+,
Pb2+, Cu2+, and other heavy metal ions from aqueous solution.

Corncob biochars have been synthesized for treatingwaste-
water containing metal ions, which were modified with either
0.6 M citric acid or 1.0 M phosphoric acid to help improve
natural adsorption capacity (Vaughan et al. 2001). Ding et al.
(2016) found that biochar modified by NaOH showed a much
higher sorption effect of heavy metal ions (i.e., Pb2+, Cd2+,
Cu2+, Zn2+, and Ni2+) than the unmodified one in both single-
metal and mixed-metal systems. This work showed that alkali
modification greatly increased the surface area, oxygen-
containing surface functional groups, which showed much
higher sorption of heavy metal ions. Another research studied
the adsorption of three metal ions (Hg(II), Pb(II), and Ni(II))
onto carbon aerogel (Goel et al. 2005). The adsorption mech-
anism was ion exchange between metal cations and H+ at the
carbon aerogel surface, especially carboxylic groups. All these
treatments change the surface characteristics of the biochars
and thus greatly enhance their adsorption ability to metal ions
in aqueous solutions.

Hydroponic experiments were carried out to evaluate the
ability of biochar filters to reduce the toxic effect of Ni2+ on
tomato growth (Mosa et al. 2016). Kobya et al. (2005) used
activated carbon produced from apricot stone to adsorb heavy
metals, and reported that its adsorption capacity of Ni2+

reached 27.21 mg/g when pH was 6. The effect of the feed-
stock type was more obvious than the pyrolysis temperature
on biochar’s ability to remove nickel (Higashikawa et al.
2016). This makes biochars more multifunctional for environ-
mental applications. The above experimental results indicate
that biochar has huge potential to be used as alternative adsor-
bent for the removal of heavy metal pollutants from
wastewater.

The specific objectives of this work were to (1) measure the
sorption kinetics and isotherms of Ni2+ ontomodified biochar;

(2) determine the effect of pH, temperature, and coexisting
ions on the adsorption of nickel; and (3) explore adsorption
mechanisms.

Materials and methods

Biochar production and modification

The biochars were produced from peanut shells (PS), cotton
stalks (CS), corncobs (CC), and crayfish shell (CFS). Each of
the feedstock materials was put in a tube furnace and pyro-
lyzed at a temperature of 300, 450, or 600 °C for 2 h. All of the
resultant biochars were chilled and ground to a size range of
0.9~1.2 mm. After rinsing with deionized (DI) water, the sam-
ples were oven dried at 80 °C. To label the samples, biochar
prepared from CC at 450 °C was labeled as CC450 (i.e., feed-
stock plus pyrolysis temperature), and the rest were oven dried
using the same labeling method. A pre-experiment was con-
ducted to select biochar with the best adsorption of Ni2+ from
the 12 samples. The selected biochar was then modified with
2.0 mol/L Na2S solution at a ratio of 1 g to 10 mL (Xu and
Zhao 2007) for 2 h.

Characterizations

The output of biochar was calculated by the weight of dry
solid before and after pyrolysis. In order to thoroughly

Table 1 The Ni2+ adsorption capacities of the biochars

Raw materials Adsorption capacity (mg/g)

PS300 4.92 ± 0.39

PS450 3.54 ± 0.09

PS600 4.90 ± 0.65

CS300 5.57 ± 1.38

CS450 5.87 ± 0.31

CS600 5.65 ± 0.69

CC300 1.39 ± 0.08

CC450 7.85 ± 0.34

CC600 3.84 ± 0.12

CFS300 1.05 ± 0.12

CFS450 1.71 ± 0.16

CFS600 2.03 ± 0.02
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Fig. 1 Adsorption isotherm of MCC450 to nickel. Symbols are means of
triplicated data points, and error bars are the standard deviations

Table 2 Isothermal model parameters of Ni adsorption on MCC450

Adsorbent Langmuir Freundlich

Qmax (mg/g) K R2 Kf n R2

MCC450 15.40 0.197 0.83 7.33 0.13 0.94
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understand the adsorption mechanism, the modified biochar,
which possessed the best adsorption effect, was characterized
by different methods. A full automatic specific surface and
aperture distribution analyzer (Mike Murray Feldman
Instrument Co., Ltd., ASAP 2020 physical adsorption instru-
ment) was used to measure the BETsurface area, pore surface,
and pore volume of the samples before and after adsorption.
The species and characters of the functional groups on the
surface of biochar before and after modificationwere analyzed
by Fourier transform infrared spectroscopy (FTIR) (Nicolet
6700, Thermo Nicolet Company, USA). Surface elemental
composition and elemental species were analyzed by X-ray
photoelectron spectrometry (XPS) (Thermo Fisher Company,
ESCALAB 250Xi).

Batch adsorption experiment

The adsorption of Ni2+ onto the biochar was measured by
batch experiments. Every result came from at least three par-
allel samples. The initial Ni2+ solution concentration was
50 mg/L. For each test, 50 mL Ni2+ solution and 0.1 g biochar
were mixed in a 50-mL centrifugal tube (Long et al. 2017). In
order to ensure adequate contact in the progress of adsorption,
the tube was positioned horizontally on the shaking table,
shaking at 150 r/min.

A pre-experiment was carried at room temperature (25 ±
1 °C) for 24 h. The biochar and solution were separated by
vacuum filtration using a 0.22-μm microporous membrane.
The concentration of Ni2+ in solution was then measured with

the dimethylglyoxime spectrophotometric method. Based on
the pre-experiment, the biochar with the highest sorption of
Ni2+ was modified to continue the batch experiment.

Three influence factors including temperature, solution pH,
and coexisting ions were evaluated. The effect of temperature
was determined by setting a series of temperature values (10,
20, 30, 40, and 50 °C). The effect of pH was tested by setting
the solution pH to five values (pH = 1.8, 2.6, 5.0, 6.0, and 7.0).
Pre-experiments had shown that precipitation occurred when
the solution pH was higher than 7.0 (Mattigod et al. 1997).
The Ni2+ solution pH was adjusted by adding negligible vol-
umes of 0.1 M NaOH or HCl. In nickel-containing wastewa-
ter, there are also other types of heavy metal ions such as Pb,
Cu, Cd, Zn, Cr, etc. (Argun 2008; Cheung 2010; Villaescusa
et al. 2004). In this study, four different metal ions (Pb2+,
Cu2+, Cd2+, Zn2+) thus were chosen as the coexisting ions,
whose solution concentrations were the same as that of Ni2+.

To determine the adsorption isotherms, different concentra-
tions of Ni(NO3)2 solutions (i.e., 10, 20, 50, 100, 150, 250,
300, 500, and 1000 mg/L) were selected to perform the ad-
sorption experiments at (25 ± 1 °C) for 24 h. The parameters
of isotherm models were used to describe the process of ad-
sorption and adsorption mechanisms. Commonly used ad-
sorption isotherm models such as Langmuir adsorption model
(Langmuir 2015) and Freundlich adsorption model (Ng et al.
2002) were used to simulate the experimental data.

Adsorption kinetics of modified biochar was analyzed by
setting different adsorption times (i.e. 0.5, 1, 2, 5, 12, 15, 20,
24, 48, 72, and 96 h), and then the adsorbed amount under
different adsorption times was analyzed. The dynamics of the
adsorption process was simulated by the pseudo-first-order
model (Cassidy and Long 1990), pseudo-second-order model
(Ho and Ofomaja 2006), and Elovich model (Shigehisa et al.
2015).

Results and discussion

Initial assessment

The results of adsorption capacities of biochars derived from
four different rawmaterials in three kinds of temperature (300,
450, and 600 °C) are listed in Table 1. The results showed that
CC450 had the best adsorption of Ni2+. Then, CC450 was
thus modified by 2 mol/L Na2S solution and named as
MCC450.
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Fig. 2 Adsorption kinetics of MCC450 to nickel. Symbols are means of
triplicated data points, and error bars are the standard deviations

Table 3 Kinetic model
parameters of Ni adsorption on
MCC450

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

qe (mg/g) k1 (min
−1) R2 qe (mg/g) k2 (g/mg min−1) R2 α β R2

16.10 0.0395 0.941 20.40 0.0019 0.947 1.176 0.193 0.955
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Adsorption isotherms and kinetics

MCC450 was selected for adsorption isotherm and kinetic
experiments. Adsorption isotherms of Ni2+ showed relatively
high equilibrium concentrations (Fig. 1). The adsorption iso-
therm of Ni2+ was best fitted by the Freundlich model with R2

of 0.94 (Table 2). The Freundlich model is well suited to
describe the adsorption behavior of adsorbate on heteroge-
neous surfaces. The presence of functional groups on the sur-
face of biochar, such as –COOH and –CH, could explain the
good fitting of the Freundlich model (Qi et al. 2013). The
maximum sorption capacity of MCC450 to Ni2+ was about
15.40 mg/g.

The adsorption equilibrium time of MCC450 to nickel was
about 24 h (Fig. 2). After 24 h, the amount of adsorption
increases slowly. Pseudo-first-order, pseudo-second-order,
and Elovich models were used to simulate the sorption kinet-
ics data (Table 3). The three models simulated the kinetics of
MCC450 adsorption on Ni2+ well. The R2 values of the three
models were all above 0.945.The R2 value of the Elovich
equation was up to 0.955. This indicates that the Elovich
model results matched the kinetic data the best.

Effects of pH, temperature, and coexisting ions

Influence of pH on the MCC450 adsorption to Ni2+ was stud-
ied in a range of 1.8 to 7.0. Initial pH had a linear relationship
with adsorption amount (Fig. 3). With the increase of pH, the
adsorption capacity ofMCC450 to Ni2+ showed a rising trend.
When pH was 7.0, the adsorption capacity reached a maxi-
mum of 8.59 mg/g. When pH decreased, the adsorption ca-
pacity also decreased till pH was 2.62 and the adsorption
amount was only 0.21 mg/g. When the solution pH was low,
the functional groups and surface charges on the biochar ham-
pered the adsorption of heavy metal ions. As the pH increased,

the adsorption capacity of nickel would increase. The results
were similar with the findings of a previous research that in-
dicated that the adsorption of heavy metal ions was controlled
by electrostatic interactions (Wang et al. 2015). Based on the
results, pH 6 was selected as the optimal pH for further
research.

The adsorption of Ni2+ on MCC450 increased with the
increase of temperature at the range of 10~50 °C (Fig. 4).
When the temperatures were 12 and 50 °C, the adsorption
capacities were 7.34 and 15.41 mg/g, respectively. This phe-
nomenon showed that the adsorption process was a kind of
endothermic reaction, and adsorption capacity was large at
high temperature. This is consistent with the results of
Mohan et al. (2011).

Mixed solutions of Pb(NO3)2, Cd(NO3)2, Cu(NO3)2,
Zn(NO3)2, and Ni(NO3)2 were established with all the cation
concentrations of 50 mg/L. When the five cations existed to-
gether, the nickel adsorption on MCC450 dramatically de-
creased and the adsorbed amount was only 1.40 mg/g
(Fig. 5). The adsorption capacity of MCC450 to Pb2+ was
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Fig. 3 Effect of initial pH on nickel adsorption. Bars are means of
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the largest (23.98 mg/g), followed by Cu2+ (16.49 mg/g). The
adsorption amount of the other three ions was smaller.
MCC450 adsorbed different ions simultaneously, but
absorbed Pb2+ and Cu2+ preferentially. This led to the decrease
in adsorption capacity of Ni2+, which was similar to the find-
ings of Xue et al. (2012).

Physiochemical properties

Specific surface area and pore size analysis

After modification, the BET-specific surface area of CC450
increased from 11.8134 to 195.6426 m2/g. In addition, the
micropore surface area increased from 3.9325 to
117.1078 m2/g, and the micropore volumes increased from
0.0021 to 0.0606 cm3/g. These data indicated an improvement
in physical adsorption potential (Table 4).

The pores on the surface of adsorbent can be divided into
macropore (50~10,000 nm), mesopore (2~50 nm), and micro-
pore (< 2 nm). Large adsorbate can be attached to large pores
(macropores and mesopores), while the micropore adsorbs
small adsorbates. The micropore surface areas and micropore
volumes of MCC450 were obviously increased after modifi-
cation, which are beneficial for adsorption of Ni2+. It was
speculated that Ni2+ could be removed partly by physical

adsorption in micropores, but physical adsorption might not
be the main removal mechanism.

Scanning electron microscope analysis

MCC450 was regarded as an adsorbent with porous surface
and developed a porous structure (Fig. 6). When the biomass
was pyrolyzed, part of the organic compounds reacted to gen-
erate the volatile gaseous substance, and the porous structure
was formed on the surface and inside of the adsorbent. The
porous structure greatly increased the specific surface area of
the biochar, which facilitated the introduction of new func-
tional groups. In addition, the contact probability of the adsor-
bate in the solution and the surface adsorption sites of biochar
increased. Furthermore, the adsorption performance of bio-
char greatly improved, which was consistent with the results
of the BET analysis.

Analyzing the data of SEM and BET characterization be-
fore and after modification suggested that the specific surface
area and micropore surface area increased by 16 and 29 times,
respectively, after modification. As a result, the amount of
adsorption only increased from 7.85 to 15.40 mg/g. These
suggested that the surface functional groups might have a
major effect in the adsorption process.

Table 4 Specific surface area and
pore volume of CC450 before and
after modification

Category BET specific
surface area
(m2/g)

Micropore
surface areas
(m2/g)

External
specific surface
areas (m2/g)

Total pore
volume
(cm3/g)

Micropore
volumes
(cm3/g)

Average
pore
diameter
(nm)

CC450 11.8134 3.9325 7.8821 0.1197 0.0021 40.5146

MCC450 195.6426 117.1078 78.5347 0.2340 0.0606 47.8510

Fig. 6 SEM analysis of MCC450
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Surface functional group analysis

There are different vibration modes among different
functional groups, such as stretching, rotation, symmetry,
and asymmetry. This makes different functional groups
have different peak values (peak or trough) in the infra-
red absorption spectrum. FTIR scanning was performed
for CC450 and of MCC450 before and after adsorption
(Fig. 7).

In the FTIR spectra of the biochar before and after modifi-
cation, the carbonyl (C=O) had a peak at around
1585~1614 cm−1 (Yorgun and Yıldız 2015). The carbon oxy-
gen bonds (C–O, C–O–C) (peaks at 1106~1110 cm−1) and
carboxyl (–COOH) (a peak near 1380 cm−1) (Frišták et al.
2017) were enhanced, which was caused by the introduction
of modifier. Abdelouahab-Reddam et al. (A Sepúlveda-
Escribano 2014) impregnated activated carbon with sodium
sulfide solution and sulfuric acid at low 25 °C. Their results
showed that thiol-type sulfur compounds (R-SH) were formed
on the surface of activated carbon, and the oxygen content
increased simultaneously.

A weak vibration band was added at 1164 cm−1 in the
modified biochar spectra. It was found in the literature that
the peak should be the band of sulfoxide (–SO–) (Seredych
and Bandosz 2011). This is consistent with the results of XPS;
after modification, some of the original oxygen functional
groups in biochar are decomposed under the condition of high
temperature of 450 °C.

The absorption peak at 1382.7 cm−1 was markedly in-
creased in MCC450 spectra after adsorption. Based on previ-
ous results, this peak was the result of metal carboxylate (–
COO) (Ibrahim and Jalbout 2008), which proved that metal
ions interacted with organic functional groups during
adsorption.

X-ray photoelectron spectroscopic analysis

According to the spectrum of XPS scanning (Fig. 8), the basic
elements of biochar were as follows: C element of 85.12%, N
element of 0.6%, O element of 10.47%, and S element of
3.81%. The Ni element was not detected in the original sam-
ple. After adsorption, the basic elements of biochar were C of
83.28%, N of 0.52%, O of 10.73%, S of 4.6%, and nickel of
0.88% (Table 5). After the adsorption, the nickel element in-
creased obviously, indicating that the nickel was adsorbed on
the biochar surface.

High-resolution XPS spectra show that C1s (Fig. 9a) had
three peaks, and the corresponding binding energies were
284.8, 286.0, and 289.0 eV, respectively. According to the
XPS database of Thermo Scientific, the corresponding func-
tional groups were C–C, glycosidic bond (C–O–C), and ester
groups (–COO) (Olayo et al. 2016). Three peaks were ob-
served from the high-resolution spectra of O1s (Fig. 9b).The
binding energy peak at 531.5 eV can be assigned to the organ-
ic C–O functional group and, at 532.9 eV, can be assigned to
the organic C=O functional group. The weak peak at 536.5 eV
is corresponding to C–O (Skryleva et al. 2016).

Figure 9c shows the sulfur high-resolution XPS spectra of
MCC450. The presence of a peak at 163.9 eV can be related to
the sulfhydryl group (–SH) (Guan et al. 2017; Sohn and Park
2003), which is consistent with the result of FTIR. A weak
peak observed at 165.1 eV is associated with the S–C key
according to the NIST X-ray Photoelectron Spectroscopy
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Table 5 Content of each element in MCC450 before and after
adsorption

MCC450 C/% O/% N/% S/% Ni/%

Before adsorption 85.12 10.47 0.6 3.81 –

After adsorption 83.28 10.73 0.52 4.6 0.88
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Database. The peaks at 168.1 and 169.4 eV may be caused by
the surface oxidation of S (Maciel et al. 2010), which can be
linked to –SO– and –SO4–.

The Ni2p spectrum (Fig. 10) after adsorption exhibited two
contributions, 2p1/2 and 2p3/2, located at respectively 856.8
and 874.5 eV with their satellite peaks indicating that the
position of the peaks related to Ni2+ (Guan et al. 2017; Sohn
and Park 2003).

In the experiment of three influencing factors, ion ex-
change might be the main adsorption mechanism. XPS and
FTIR proved that the presence of some functional groups in
biochar affected the adsorption processes, such as carboxyl
and sulfhydryl groups.

The adsorption process thus can be assumed to be as fol-
lows:

2−COOHþ Ni2þ↔−COO−Niþ þ Hþ ð3:1Þ
−SHþ Ni2þ↔−R−S−Niþ þ Hþ ð3:2Þ

It was speculated that there were two mechanisms control-
lingMCC450 adsorption of nickel–ion exchange and physical
adsorption. The specific surface area and pore structure of
MCC450 developed greatly after modification, which resulted
in high adsorption properties. On the other hand, Ni2+ ex-
changed with H+ in –COOH and –SH, thenwas adsorbed onto
the surface.

Conclusions

MCC450 was produced by modifying CC450 biochar with
2 mol/L Na2S to remove nickel from water. The nickel ad-
sorption kinetics of MCC450 followed the Elovich model
with the equilibrium time of 24 h. The maximum nickel ad-
sorption capacity of MCC450 was 15.40 mg/g. Temperature,
pH, and coexisting ions strongly affected the adsorption of

nickel on MCC450. Findings from the characterization exper-
iments showed that the main adsorption mechanisms of Ni2+

onMCC450 were ion exchange and physical adsorption. This
work indicates that biochar has huge potential to be used as
alternative adsorbent for the removal of nickel from
wastewater.
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