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ABSTRACT

Biochar is thought to be a good adsorption material for the adsorption of heavy metals. In this study,
biochar derived from Torreya grandis nutshell was prepared through to be pyrolyzed under oxygen
limited conditions in a muffle furnace. The adsorption experiments of Cr(VI) were carried out. Through
Elemental Analyzer, Specific Surface Area Meter, Scanning Electron Microscopy, Transmission
Electron Microscopy and Fourier Transform Infrared Spectroscopy, a fundamental understanding of the
physical and chemical properties of biochar was gained. The results showed that it was a smooth sheet
and irregular arrangement structure. The elements of C, H, O and N of biochar are 45.21%, 5.18%,
46.16% and 3.45% respectively. BET specific surface area of biochar is 42.24 m?/g. A lot of oxygen-
containing functional groups (- OH, COO —, —C — OH and so on ) appeared on the surface of biochar.
It can be described by the pseudo-second order kinetic rate model and Langmuir isotherm model. The
adsorption process is a monolayer chemical process. The adsorption mechanism of biochar on heavy
metal Cr(VI) contains the electrostatic attraction between biochar and Cr,0,%, HCrO, and CrO,2 ions
in aqueous solution and complexation reaction of oxygen-containing functional groups (- OH, — COOH

and so on) and Cr,0,% , HCrO,” and CrO,? ions on the surface of biochar.

INTRODUCTION

The metal of chromium and its compounds are a kind of
toxic pollutants (Barrera-Diaz et al. 2012). The Cr(III)
and Cr(VI) mainly exist in the environment. Cr(IIl) ions
are relatively stable and less toxic (Litter 2015). However,
Cr(VI) ions in aqueous solution have high solubility, the
strong mobility, high toxicity and harmful to organisms.
The concentration of Cr(VI) ions discharged from
industries range from 0.1 to 100 mg/L. It is very important
and urgent to treat Cr(VI) wastewater effectively (Xu et al.
2013, Du et al. 2015). At present, the treatment of Cr(VI)
wastewater mainly includes chemical precipitation, redox,
ion exchange, adsorption and so on. Among these treatment
methods, the adsorption is widely applied into the treatment
of wastewaters because of its high selectivity, economy,
efficiency, simple operation and so on (Wang et al. 2016,
Hu et al. 2017a).

Biochar is a good adsorption material for the adsorption
of heavy metals. Biochar has a porous structure, and a lot
of oxygen functional groups, such as hydroxyl, carbox-
yl, phenolic functional groups and so on, appear at the
surface of biochar (Regmi et al. 2012, Wang et al. 2015,
Park et al. 2018, Kretschmer et al. 2019). These oxygen
functional groups are important for the adsorption of
heavy metals. Some earlier researches showed that the

adsorption mechanism of biochar on heavy metals involved
electrostatic attraction, ion exchange, physical adsorption,
complexation, precipitation, and a combination of multiple
forces (Tong & Xu 2013, Ding et al. 2016, Park et al. 2016,
Qiu et al. 2018, Hu et al. 2019). However, the adsorption
mechanism for adsorption of different heavy metals is also
different (Wang et al. 2015). Raw materials and pyrolysis
temperature are important factors affecting the physical
and chemical properties of biochar (Dutta et al. 2018, Mu
et al. 2019). The adsorption capacity and characteristics
of biochar for heavy metals are related to these properties.
Biochar is usually prepared from terrestrial lignocellulosic
materials and contains high content of carbon (Du et al.
2019). In China, the biomass resources are rich, such as
peanut shells, straw, Torreya grandis nutshell, orange
peel and so on. Most of them are burned directly, and not
utilized effectively. It not only wastes resources, but also
pollutes the environment. How to utilize them effectively
is an urgent problem (Shen et al. 2015, Montesinos et al.
2016).

Torreya grandis is mainly grown in the relatively
humid areas of southern China and distributed in Anhui
and Zhejiang Provinces. Every year, a number of Torreya
grandis nutshells are produced. In this work, Torreya gran-
dis nutshell was chosen as the adsorbent. The foremost
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objective of this research was to test the ability of biochar
derived from Torreya grandis nutshell to remove Cr(VI)
from aqueous solutions. Additionally, the other objectives
are: (1) to gain a fundamental understanding of the physical
and chemical properties of biochar derived from Torreya
grandis nutshell; (2) to study the adsorption characteristics
of Cr(VI) ions by biochar; and (3) to explore the adsorption
mechanism of biochar on Cr(VI) ion in aqueous solutions.

MATERIALS AND METHODS

Preparation of Biochar

Torreya grandis nutshell was collected from croplands in
a suburb of Shaoxing, China. The Torreya grandis nutshell
samples were dried at room temperature and ground to pass
through a 0.83 mm sieve. These Torreya grandis nutshell
samples were used as feedstock for producing biochar. The
ground Torreya grandis nutshell samples were placed in ce-
ramic crucibles, covered with a tightly fitting lid and pyrolyz-
ed under oxygen limited conditions in a muffle furnace. The
pyrolysis temperature was 300°C and time was 4 h. Then,
cooling at room temperature, biochars were ground to pass
through a 0.25 mm sieve before adsorption experiments.

Characterization of Biochar

The elements of C, H, O and N were determined by
Elemental Analyzer (Vario ELIII, Elementar, Germany).
BET specific surface area was measured by specific surface
area meter (Autosorb-iQ3). The particle microstructure of
biochar was determined by Scanning Electron Microscopy
(JEOL 6500F, Japan) and Transmission Electron Micros-

Chengcai Huang et al.

copy (JEM-F200, Japan). The functional groups on the
surface of biochar were determined by Fourier Transform
Infrared Spectroscopy (Bruker Tensor 27).

Adsorption Experiments

Adsorption experiments were carried out at room
temperature. 0.2 g of biochar was added to the 250 mL
of Erlenmeyer flask containing 50mL of 50mg/L Cr(VI)
ions. pH of the solution was adjusted by 0.1 mol/L. HCI1
or 0.1 mol/L NaOH. After the adsorption process reached
the equilibrium, samples were taken out. The samples were
centrifuged at 3000 r/min for 10 min, filtered through 0.45
um filter and analyzed by atomic absorption method.

In the experiment of adsorption kinetics, the reaction
time was 10, 20, 40, 60, 80, 120, 160, 200, 240, 280 and
360 min respectively. pH in solution was 2.0.

In the experiment of isothermal adsorption, the initial
concentration of Cr(VI) ranged from 10 to 100 mg/L. pH
in solution was 2.0, and the samples were determined at
adsorption equilibrium.

Analytical Methods

The concentration of Cr(VI) was determined by atomic ab-
sorption method. The removal rate of Cr(VI) was calculated
as following:

C() — Ct

0

x100% (D)

Q:

Where C;, and C, (mg/L) are the initial and equilibrium
concentrations of Cr(VI) in solution respectively. Q is the
removal rate of Cr(VI).

Fig. 1: SEM and TEM images of biochar, (a) SEM, (b) TEM.
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Statistical Analyses of Data

All the experiments were repeated in duplicate and the re-
sult data were calculated as the mean with the standard de-
viation (SD). The value of the SD was calculated by Excel
Software. All error estimates given in the text and error bars
in figures are standard deviation of means (mean + SD). All
statistical significances were noted at a=0.05 unless other-
wise stated.

RESULTS AND DISCUSSION

Characteristics of Biochar

The elements of C, H, O and N of biochar are 45.21%,
5.18%, 46.16% and 3.45%. BET specific surface area of
biochar is 42.24 m2/g. The large BET specific surface area
means the high adsorption capacity. The SEM and TEM
images of biochar are shown in Fig. 1.

As seen from the Fig. 1, the surface of biochar is a
smooth sheet with irregular arrangement. It has a very few
holes and mainly some debris particles.

The FT-IR spectra of biochar are shown in Fig. 2.
From Fig. 2, it can be concluded that several bands were
associated with oxygen functional groups appeared on the
surface of biochar. The peaks of biochar at approximate-
ly 3903, 3422, 1512, 1401, 1060 and 612 cm’' were as-
signed to the — OH stretching vibration of the — OH groups,
the COO- groups, —C-O stretching vibration or bending
vibration of —-C—OH or C-O stretching and the finger print
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region which is related to phosphate and sulphur functional
groups (Montesinos et al. 2016, Subramanian et al. 2018).
In a word, there are a lot of oxygen functional groups on the
surface of biochar.

Sorption Kinetics

The effect of reaction time on the removal rate of Cr(VI) by
biochar is shown in Fig. 3.

As shown from Fig. 3, it can be concluded that the
removal rate of Cr(VI) increases gradually as the reaction
time increases. When the adsorption equilibrium is
approached, the removal rate of Cr(VI) increases slowly.
After the reaction time reached 120 min, the removal rate
did not increase obviously. So, the adsorption equilibrium
time is thought to be 120 min.

According to data from Fig. 3, the sorption kinetics
was discussed in detail. In this experiment, the pseudo-first
order and pseudo-second order kinetic rate models were
evaluated to predict the removal rate of Cr(VI) ions by the
biochar.

The pseudo-first order rate is given as (Hu et al. 2017b):

In(g, —q,) =1Ing, — k1 (2
The pseudo-second order rate is given as:

1 1
! L ..3)

4% ka; 9.
Where, g, (mg/g) is the amount of adsorbed solute at
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Fig. 2: FT-IR spectra of biochar.
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Fig. 3: The effect of reaction time on the removal rate of Cr(VI) by biochar.

equilibrium conditions, g, (mg/g) is the amount of adsorbed
solute at any time ¢ (min), k; (h") and k, (g/mg/h) are the
model rate constant respectively.

Parameters of the pseudo-first order kinetic model and
the pseudo-second order kinetic model for the description
of Cr(VI) adsorption onto biochar are given in Table 1.

Table 1: Parameters of the pseudo-first order kinetic model and the pseudo-
second order kinetic model for the description of Cr(VI) adsorption onto
biochar.

pseudo-first order kinetic model  pseudo-second order kinetic model

k; (min) g, (mg/g) R’
0.49 4.62 0.892

q. (mg/g) R’
4.95 0.998

k, (mg/g'min)
0.21

From Table 1, it can be shown that the adsorption
process fits well with the pseudo-second order kinetics
model according to the value of R? (0.998 > 0.892). It
also indicated that the adsorption of Cr(VI) by biochar is
chemisorption process. The new compounds are formed on
the surface of the adsorbent (Pozdnyakov et al. 2012).

Sorption Isotherm

The initial concentration of Cr(VI) was ranged from 10
to 100 mg/L. pH in solution is 2.0, and the samples were
determined at 120 min. The experimental results are shown
in Fig. 4.

In Fig. 4, the removal rate of Cr(VI) by biochar
increases with the increase of initial concentration of

Cr(VI), and adsorption reaches saturation eventually. It
indicated that concentration gradient was the driving force
for adsorption process. High concentration is benefitial for
adsorption process. Further, the contact area and active sites
on the surface of adsorbent are constant. At the first stage,
Cr(VI) can be very rapidly adsorbed by biochar because
of many adsorption sites. As the initial concentration of
Cr(V]) increases, adsorption sites are utilized fully, and the
adsorption process reaches saturation gradually.

According to data from Fig. 4, the sorption isotherms
were determined. The Langmuir model and Freundlich
model were used in this experiment. The Langmuir model
and Freundlich model of linear forms are (Ameed & Ahmad
2009):

C C

—< = ! +—< (4

qe KLqmax Imax

lnqezanF+llnCe -5
n

Where, C, (mg/L) is the equilibrium concentration
in the solution, g, (mg/g) is the adsorbate adsorbed at
equilibrium, ¢, (mg/g) is the maximum adsorption
capacity, n is the Freundlich constant related to adsorption
intensity, K; (L/mg) and K ((mg/g)l/“) are the adsorption
constants for Langmuir and Freundlich models respectively.

Parameters of Langmuir isotherm model and Freundlich
isotherm model for the description of Cr(VI) adsorption
onto biochar are given in Table 2.
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Fig. 4: The effect of the initial concentration of Cr(VI) on the removal rate of Cr(VI) by biochar.

Table 2: Parameters of Langmuir isotherm model and Freundlich isotherm
model for the description of Cr(VI) adsorption onto biochar.

Langmuir Freundlich
qumgle) K, R’ K n R’
5.12 0.03 0.999 1.24 0.18 0.812

From Table 2, Langmuir isotherm model can better
describe the adsorption isothermal process of biochar on
Cr(VI]) according to the value of R*(0.999 > 0.812). The
adsorption process is monolayer adsorption process.

Sorption Mechanism

Cr(V]) ions in aqueous solution mainly exists in the form of
H,CrO,, Cr,0,%, HCrO, and CrO,” in the environment. As
the pH value in the solution is low, it mainly exists in the
form of HCrO,’, a small amount of H,CrO, and Cr2072’.
It is due to the presence of a large amount of H ions in
the solution, which leads to reaction of functional
groups on the surface of the biochar with ions, such as
H*, ~OH, —-COOH and so on. The positively charged
of ~OH% and —~COOH} functional groups were appeared.
These functional groups combine with Cr,0,% , HCrO,
and CrO,” through electrostatic interaction (Mohan et al.
2014). They were reacted with oxygen functional groups (-
OH,—-COOH and so on) appeared on the surface of biochar,
and a lot of stable compounds were formed (Kotodynska
et al. 2012). So, it can be concluded that the adsorption
mechanism of biochar on heavy metal Cr(VI) contains
the electrostatic attraction and complexation reaction of

oxygen functional groups.

CONCLUSIONS

1. The Torreya grandis nutshell can be effectively
converted into the biochar, which can gain the goal of
recycling waste resources. The obtained biochar derived
from Torreya grandis nutshell is a smooth sheet and
irregular arrangement structure. It has a large specific
surface area and a lot of oxygen functional groups on
the surface. So, it can be applied for the treatment of
heavy metal.

2. The biochar can effectively remove Cr(V) in aqueous
solution. It can be described by the pseudo-second
order kinetic rate model and Langmuir isotherm model.
The adsorption process is monolayer chemical process.

3. The adsorption mechanism of biochar on heavy
metal Cr(VI) contains the electrostatic attraction and
complexation reaction of oxygen functional groups.
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