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Abstract

In this work, a novel biochar was prepared from the Artemisia argyi stem at 300 °C (AS300), 450 °C (AS450), and 600 °C
(AS600). The structural properties of these biochars were characterized with various tools. The sorption kinetic processes of
Cr(VI) and Cu(Il) onto these biochars were better described by the pseudo-second order. The sorption isotherm processes of
Cr(VI) onto these biochars were better described by the Freundlich model while the adsorption processes of Cu(ll) were
consistent with the Langmuir model. Batch sorption experiments showed that AS600 had the maximum adsorption capacity
to Cr(VI) and Cu(Il) with 161.92 and 155.96 mg/g, respectively. AS600 was selected for the follow-up batch and dynamic
adsorption experiments. Results showed that AS600 had larger adsorption capacity for Cr(VI) at lower pH while the larger
adsorption capacity for Cu(Il) was found at higher pH. The effect of ionic strength on the adsorption of Cu(Il) by AS600 was
greater than that on the adsorption of Cr(VI). Dynamic adsorption experiments showed that Cu(Il) had a higher affinity for the
adsorption sites on the AS600 compared with Cr(VI). The adsorption mechanisms mainly involved electrostatic attraction, ion
exchange, pore filling, and chemical bonding effect.
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Introduction

In recent years, heavy metal pollution is becoming one of
the major environmental problems in the world (Rizwan
et al. 2016). Once the heavy metals invade the human
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body, they will gradually accumulate in certain organs in
the body and cause chronic poisoning (Zhang et al.
2018a). Just as the excessive intake of Cr can cause head-
aches, nausea, diarrhea, vomiting, and other symptoms
(An et al. 2018). Cu poisoning can seriously impair liver
function and induce Wilson disease (Saber et al. 2018).
There are many treatment methods for the removal and
recovery of heavy metal pollution in water, such as chem-
ical precipitation, coagulation, membrane separation, ion
exchange, and electrolytic methods (Burakov et al. 2018;
Fan et al. 2018). Compared with the high cost, high-
energy requirements, sensitive operating conditions, and
massive residual sludge of these methods, adsorption is
considered to be an economical and effective choice for
removing heavy metals from wastewater (Burakov et al.
2018; Fan et al. 2018; Hu et al. 2015). The choice of the
adsorbents in the adsorption process is particularly impor-
tant, and the currently used adsorbents may be of mineral,
organic, or biological sources, such as activated carbon,
zeolites, clay minerals, industrial by-products, agricultural
waste, biomass, and polymeric materials (Burakov et al.
2018; Thines et al. 2017; Zhao et al. 2018b). At present,
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most of the traditional adsorbents used for the treatment
of heavy metal pollution in the water body are physically
or chemically activated. In practical applications, there are
bottlenecks such as high cost and easy-to-cause secondary
pollution. The biochar adsorbent prepared by the directly py-
rolyzed biomass has the characteristics of eco-environmental
protection, simple operation, wide adaptability, and no sec-
ondary pollution, which can make up for the deficiency of
the traditional adsorbent (Essandoh et al. 2015).

Biochar, a class of carbon-rich, stable, and highly aromatic
solid products, is derived from biomass pyrolysis at moderate
or high temperature under anoxic or anaerobic conditions
(Mohan et al. 2014). Biochar has large specific surface area
and porosity, highly aromatization structure, and surface func-
tional groups such as carboxyl group, hydroxyl group, and
acid anhydride (Inyang et al. 2016). These surface structures
make biochar have good adsorption properties. Currently,
biomass-derived biochars have been used as effective adsor-
bents to remove heavy metals from aqueous solutions (Zhang
et al. 2018c). Biochar is becoming a low-cost and economic
substitution to activated carbon to remove multiple contami-
nants (Oliveira et al. 2017).

Biochar can be produced from a wide range of raw
materials including natural plants, industrial and agricul-
tural waste, municipal sludge, and livestock manure, such
as sludge (Fan et al. 2019), wood (Zhang et al. 2018c),
swine manure (Meng et al. 2014), microalgae (Saber et al.
2018), rice straw (Deng et al. 2018), crawfish shell (Yan
et al. 2018), and other raw materials. The feedstock type
and preparation conditions of biochar determine its phys-
iochemical properties that would further influence its ad-
sorption performance (Ahmad et al. 2014). These proper-
ties are mainly reflected in the pH, porosity and total pore
volume, specific surface area, composition of compound
and ash content, water holding capacity of materials, and
so on. The cost and adsorption capacities are highly de-
pendent on the properties of the biochars (Meng et al.
2014). For large-scale applications of biochar on waste-
water treatment, it is meaningful to find a biomass with
lower cost and higher adsorption capacity for preparing
biochar.

Artemisia argyi, belonging to the genus Artemisia of the
Asteraceae, is a perennial herb or a slightly semi-shrubby
perennial herb with a strong aroma (Zhang et al. 2013). The
Artemisia argyi contains plentiful flavonoids and is widely
used in the food and pharmaceutical industries (Fu et al.
2018). Its leaves are widely used in clinical treatments (Liu
et al. 2018; Yang et al. 2016), while the residual parts are
always disposed, which makes pollution to the environment
and is also a waste of natural resources. As a large planting
country and a big consumer country of Artemisia argyi,
China’s Artemisia argyi planting area has exceeded
12,000 ha. In view of this, it is urgent to seek a resource
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utilization route for Artemisia argyi stems (AAS). In previous
studies, rapeseed stem (Zhao et al. 2018a), Melia azedarach
wood (Zhang et al. 2018c), and maize straw (Li et al. 2018a)
have been pyrolyzed into biochar, which have a good effect on
the removal of contaminants. Considering that the AAS has
similar properties to these substances and its wooden vascular
structure is easy to form pore channels, it is appropriate to
pyrolyzed the AAS into biochar.

Besides the feedstock type, pyrolysis conditions, especially
the pyrolysis temperature, also affect the properties of biochar
via changing both the morphology structure and surface
chemical functional groups (Zhang et al. 2017; Zhao et al.
2018a). Lee et al. (2013) prepared Miscanthus biochar and
found that the specific surface area gradually increased as
the pyrolysis temperature increased from 450 to 500 °C,
which is beneficial for adsorbing contaminants. Zhao et al.
(2018a) pyrolyzed rapeseed stem biochar under various tem-
peratures (200—700 °C) and found that pyrolysis temperature
is significantly correlated to biochar yield, fixed C and surface
area. Due to changes in their physicochemical properties, bio-
chars prepared at different pyrolysis temperatures (300, 450,
and 600 °C) were observed to have significantly different
adsorption capacities for heavy metals (Xiao et al. 2017). In
order to optimize its adsorption capacity, it is necessary to find
the optimum pyrolysis temperature for biochar preparation.

The adsorption process of heavy metal ions by biochar is
affected by many factors, such as initial concentration, contact
time, solution pH, and ionic strength (Burakov et al. 2018).
The initial concentration and contact time can reflect the ad-
sorption behavior and adsorption mechanism of biochar on
heavy metals. This adsorption process can be described by
isotherm models and kinetic models, respectively (Inyang
et al. 2016). The pH can affect the charge distribution on the
surface of the biochar and the existing form of heavy metal
ions in solution (Wang et al. 2015). The ionic strength of the
solution also plays an important role in the adsorption of
heavy metals through its influence on the electrostatic double
layer of biochar (Xiao et al. 2017). Previous studies have
found that the coexistence of multiple heavy metal ions may
reduce the adsorption capacity of biochar on heavy metal ions
(Park et al. 2016).

Therefore, this study directly pyrolyzed the AAS into a
novel biochar for the first time and conducted a series of
experiments to evaluate the adsorption properties of
Artemisia argyi stem biochar (ASB) for Cr(VI) and
Cu(Il) in aqueous solution. The objectives of this study
were as follows: (1) prepare and characterize the ASB; (2)
study the effects of pyrolysis temperatures, pH, ionic
strength, and coexisting ions on the adsorption of heavy
metals by the ASB; and (3) understand the responsible
mechanisms of the adsorption processes. This work might
add some new insights into the concept of natural waste
disposal and recycling.
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Materials and methods
Materials

All of the reagents and chemicals used in this study were of
analytical grade, and the solutions were all prepared using
deionized (DI) water. Potassium bichromate (K,Cr,0O5), cop-
per nitrate trihydrate (Cu(NOs3),-3H,0), nitric acid (HNO3),
sodium hydroxide (NaOH), and sodium chloride (NaCl) were
purchased from Sinopharm Chemical Reagent Co., Ltd.,
China. AAS were collected from a company in Nanyang pro-
ducing Artemisia products (Henan Province, China).

Biochar production

The raw materials were washed repeatedly with deionized
water until the surface impurities were cleaned up, and then
the surface was repeatedly washed again with DI water until
neutral. It was dried in an oven to a constant weight and placed
in an airtight container prior to use.

AAS were pyrolyzed in a tube furnace under N, flow at
different temperatures (300, 450, and 600 °C) for 2 h. The
obtained biochar was repeatedly washed again with DI water
until neutral and oven dried at 105 °C. The biochar samples
were ground and pulverized using a mortar and sieved to form
a homogeneous biochar (0.9—1.0 mm). The samples were la-
beled as AS300, AS450, and AS600, respectively, and then
placed in a dry airtight container for later use.

Biochar characterization

The contents of organic elements C, H, and N in the biochar
were analyzed by a CHN elemental analyzer (RARIO EL III,
Elementar, Germany). The ash content was calculated by the
mass difference method (Keiluweit et al. 2010; Li et al.
2018a). The content of the O element was obtained by
subtracting the contents of C, H, N, and ash in the total mass
ofthe sample (Li et al. 2018a). The yield was calculated by the
mass ratio of the biochar to the biomass feedstock. The spe-
cific surface area and pore size distribution were measured by
a multi-channel-specific surface area and pore size analyzer
(TriStarl13020, Micromeritics, USA) using the Brunauer-
Emmett-Teller (BET) method. The surface morphology of
the biochar was measured by a scanning electron microscope
(SEM, JEM-6700F, Japan). The surface functional groups
were qualitatively analyzed using a Fourier transform infrared
spectroscopy (FTIR, Thermo Nicolet, 6700, Madison, W1,
USA).The changes of crystalline elements in the biochar be-
fore and after adsorption were characterized by an X-ray
Diffractometer (XRD, D8 Advance, BRUKER AXS
GMBH, Germany) operated at 40 kV and 40 mA using Cu
K radiation (Zhang et al. 2018b).

Sorption experiments

Of a certain mass concentration, 0.1 g biochar and 50 mL
heavy metal solution were mixed in a 250 mL conical flask.
The flask was sealed with a plastic film and shaken with a
speed of 120 r/min for a certain period of time at 25 £ 0.5 °Cin
a gas bath thermostat. The concentration of heavy metals in
the filtrate was determined by an inductively coupled plasma-
atomic emission spectrometry (ICP-OES, Optima 4300DV,
PerkinElmer SCIEX, USA) after the suspension was filtered
with a 0.45 pwm microfiltration membrane. All experiments
were performed in triplicates. The adsorption amounts of
Cr(VI) and Cu(Il) on different biochars were calculated as
follows:
V(CO_Ce)

qde = T (1)
where ¢, is the adsorption amount of the adsorbent at equilib-
rium (mg/g), Cy, is the initial solution concentration (mg/L), C,
is the adsorption equilibrium solution concentration (mg/L), V
is the solution volume (L), and m is the amount of biochar (g).

Sorption kinetics

The initial mass concentrations of Cr(VI) and Cu(Il) solutions
were both 50 mg/L, and the adsorption time was set to 5, 10,
20, 30, 60, 120, 300, 600, 900, 1440, and 2880 min. The
variation of the adsorption capacity with time was described
using a dynamic curve. In order to clarify the reaction order
and adsorption mechanism of the adsorption process, the ad-
sorption kinetic data were fitted by pseudo-first-order, pseudo-
second-order, and Elovich models. The governing equations
of these kinetic models are as follows:

Pseudo—first—order : ¢, = ¢.(1—exp(—kit)) (2)
kzqzl
Pseudo— d-order : ¢, = ——°*— 3
seudo—second—order : ¢, T fogut (3)
1
Elovich : ¢, = Bln(aﬁt +1) (4)

where g, and ¢g. are the adsorption amount of the adsor-
bent at time t and equilibrium (mg/g), respectively, k; and
k, are the pseudo-first- and pseudo-second-order apparent
adsorption rate constants (h™"), respectively, o is the ini-
tial adsorption rate (mg/kg), and [ is the desorption con-
stant (kg/mg).

Sorption isotherms

The initial mass concentration gradients of Cr(VI) and Cu(IIl)
solutions were set to 4, 10, 20, 30, 40, 60, 80, 120, and
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Table 1 Bulk element

composition, ash content, and Biochar Bulk element composition and ash contents (%) Bulk atomic ratio
atomic ratio of ASB
C H N (o) Ash N+0)/C o/C H/C
AS300 69.22 4.63 0.73 21.94 348 0.328 0.317 0.067
AS450 77.03 3.28 0.63 13.74 5.32 0.187 0.178 0.043
AS600 84.32 2.11 0.40 6.50 6.68 0.082 0.077 0.025

(N+ O)/C, atomic ratio of sum of N and O to C, the higher value indicates the greater polarity; O/C, atomic ratio of
O to C, the higher value indicates the greater polarity; //C, atomic ratio of H to C, the lower value indicates the

higher aromaticity

160 mg/L, and the contact time was 24 h. In order to better
study the adsorption behavior of the adsorbent, the isotherm
adsorption data were fitted by the Langmuir model and the
Freundlich model. The governing equations of these kinetic
models are as follows:

Langmuir sorption isotherm : g, = ———— 5
& © T T+KC. ®)
Freundlich isotherm adsorption : g, = K C? (6)

where K and Kyrepresent the Langmuir bonding term related to
interaction energies (L/mg) and the Freundlich affinity coeffi-
cient (mg!'"’L"/g), respectively, Smax denotes the Langmuir
maximum capacity (mg/g), and » is the Freundlich linearity
constant.

Some of the adsorbed adsorbents were rinsed with DI
water, dried in an oven at 105 °C, and then stored for
further characterization tests. The biochar with the max-
imum adsorption capacity for Cr(VI) and Cu(Il) in the
preliminary evaluation test was selected for the follow-
up tests.

Effects of pH and ionic strength

The initial mass concentrations of Cr(VI) and Cu(Il) solutions
were both 100 mg/L. In order to study the effects of the initial
pH and ionic strength of solution on the adsorption of Cr(VI)
and Cu(Il), the initial pH of Cr(VI) and Cu(Il) solution were

set to 1.0-10.0 and 1.0-7.0, respectively. The NaCl concen-
tration in the solution ranged from 0 to 0.5 mol/L. The con-
centration of heavy metals in the filtrate was determined by
ICP after shaking at 25+0.5 °C for 24 h. The pH of the
solution was adjusted with NaOH or HNO; solutions
(1.0 mol/L).

Dynamic sorption experiments

A mixed solution in which both Cr(VI) and Cu(II) concen-
trations were 100 mg/L was prepared. In triplicate, biochar
(3 g) was loaded into an adsorption column (DxH =
16 mmx240 mm). The above mixed solution of Cr(VI)
and Cu(Il) was flowed through the adsorption column at
a flow rate of 20 mL/h using a peristaltic pump. The efflu-
ent samples were collected at the top of the column by the
operation mode of the bottom-in and upper-out, and the
dynamic adsorption efficiency was studied according to
the concentration variation of Cr(VI) and Cu(Il) in the
effluent. Concentrations of Cr(VI) and Cu(Il) in the efflu-
ent were determined by ICP.

Results and discussion

Effect of pyrolysis temperature on physicochemical
properties of biochars

The pyrolysis temperature had a significant effect on the ele-
mental composition of biochar (Xiao et al. 2017). The ash

Table 2 The yields and BET characteristics of ASB
Biochar Yield BET t-plot BJH adsorption Single-point BJH adsorption t-plot BJH adsorption
(%)  surface micropore  cumulative surface  adsorption total pore  cumulative volume micropore average pore
area (m?/ g) area (m?/ g) area (m?/ 2) volume (cm® /g) (cm3/g) volume (cm®/  width (nm)
g)

AS300 3896 1.85 0.85 0.21 1.87 x 107° 1.62 x 107 431 x10*  31.08

AS450 2898 56.99 30.16 8.65 244 x 1072 9.43 x 107 1.56 x 1072 436

AS600 25.68 81.57 44.10 11.10 3.12 x 1072 8.90 x 107 228 x 1072 3.21
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Fig. 1 The SEM images of a AS300, b AS450, and ¢ AS600

content of pyrolytic biochar at high temperature was higher
than that of pyrolytic biochar at low temperature, which was
expressed as AS600 > AS450 > AS300 (Table 1). The ash
content in biochar was mainly related to the metal elements,
carbonates, and silicates contained in the biomass raw mate-
rials. As the pyrolysis temperature increased, organic matter
and volatile substances decreased and non-volatile substances
such as oxides and silicates remained in biochar, causing the
relative content of ash to rise (Chow et al. 2004).

The proportion of each element in biochar varied with the
pyrolysis temperature. The highest content in the three bio-
chars was C element, followed by O element, while the con-
tents of H and N were relatively low (Table 1). The content of
C increased with the rising of pyrolysis temperature, which
meant that the degree of carbonization of the biomass became
more obvious at higher temperature. This could be because the
decomposable organic carbon in the AAS had been complete-
ly pyrolyzed at a lower pyrolysis temperature, while the fixed
carbon continued to carbonize and concentrate instead of
decomposing and reducing at the higher pyrolysis temperature
(Bruun et al. 2011). Under high-temperature conditions, the
contents of H, N, O, and other elements in biochar were
lowered because the high pyrolysis temperature caused the
decomposition of organic matter and the decrease of groups
such as hydroxyl groups, carboxyl groups, and carbonyl
groups attached to carbon (Cantrell et al. 2012). The atomic
ratio of (N + O)/C and O/C can characterize the polarity of
biochar, and H/C was an indicator of the aromaticity of bio-
char (Chefetz and Xing 2009). The aromaticity of the three
biochars was expressed as AS600 > AS450 > AS300, which
indicated that the volatile organic matter in AAS disappeared
and more amorphous carbon can be converted into condensed
aromatic carbon with the increase of pyrolysis temperature (Li
et al. 2018a). The polarity of biochar decreased with the tem-
perature, which may be due to the breakage of groups such as
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Fig. 3 Sorption kinetics data and fitted models of heavy metal ions onto
the ASB: a Cr(VI) and b Cu(II)

amino (-NH,), hydroxyl (-OH), and carboxyl (-COOH) linked
to carbon skeleton in biochar (Uchimiya et al. 2011).

The yields of ASB gradually decreased with the tempera-
ture (Table 2). This was because the volatile components in
biomass were gradually escaping from the raw materials when
the pyrolysis temperature rose, which made the residual mass
less and less. The yields of the ASB were 25.68% to 38.96%,
which was slightly lower than the average yields of biochars
produced from other feedstocks reported, such as rice straw,
algal, and livestock and poultry manure (Li et al. 2018b; Yu
etal. 2017). There are many factors that significantly affect the
yield of biochar produced via pyrolysis, mainly including py-
rolysis temperature, pyrolysis type, residence time, and feed-
stock properties (Tripathi et al. 2016). In this study, the reason
for the lower yields of washed AAS may be attributed to the
loss of hydrocarbon moieties capable of promoting cross-
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linking reactions that foster char production (Cantrell et al.
2012).

The specific surface area and pore size structure of biochar
can explain its adsorption capacities to heavy metals (Peng
et al. 2016). The BET surface area, micropore area, single-
point total pore volume, and micropore volume of biochar
increased with the rising of pyrolysis temperature, which in-
dicated that the structural characteristics of biochar had a great
dependence on the pyrolysis temperature (Table 2). At lower
temperatures, incomplete carbonization can make most of the
amorphous carbon stay on the biochar, which may hinder the
pore structure and reduce the BET surface area and porosity.
However, higher temperatures result in higher carbonization,
conversion of amorphous carbon to higher density aromatic
carbons, and removal of aliphatic volatiles to form more pores
(Keiluweit et al. 2010). The micropore areas of AS600,
AS450, and AS300 accounted for 54.06, 52.92, and 45.95%
of the BET-specific surface area, respectively, indicating that
the biochar derived from the AAS was prone to form a micro-
porous structure. Previous studies had shown that the micro-
pores of biochar were mainly caused by aromatic structures
rather than aliphatic structures (Han et al. 2014). In this study,
with the rising of temperature, the aromaticity of biochar and
the proportion of micropore volume in the total pore volume
increased, while the average pore width of biochar decreased,
which further indicated that a large number of mesopore and
micropore structures were formed on the surface of the ASB at
higher temperature.

Comparing the SEM images of AS300, AS450, and AS600
(Fig. 1), it was found that the surface fiber structure of ASB
was smooth and fine, and its internal hierarchical structure
was distinct. There were a large number of pores and channels,
which not only strengthened the contact between the adsorp-
tion sites on the surface of biochar and heavy metal ions but
also helped to the introduction of new functional groups. With
the increase of pyrolysis temperature, the micropore structure
began to form on the surface of the biochar, which can in-
crease the specific surface area of the biochar and reduce the
average pore size of the biochar. That was consistent with the
results obtained in Table 2. Therefore, as an adsorbent, ASB
had certain structural advantages, which will contribute to
enhance the physical adsorption capacities.

It can be seen from the FTIR spectra (Fig. 2) that the num-
ber of functional groups on the surface of the ASB gradually
decreased at higher temperature. These changes were mainly
reflected in the bending vibration of C—H in olefins and aro-
matics (625-1000 cm "), the stretching vibration level 2 of C—
O in hydroxyl (1070-1120 cm "), the bending vibration of O—
H/C—H in olefins, alkyds, phenols and alcohol (1360—
1430 cmfl), the stretching vibration of C=C in Aromatic
structures (1450-1610 cm '), the stretching vibration of C—
H in fatty chain structure (2700-3000 c¢cm™'), and the
stretching vibration of O—H in hydroxyl (3200-3700 cm ')
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Table 3 Best-fit parameters for kinetic models of heavy metal sorption onto the ASB
Adsorbate Biochar Kinetic models Parameter 1 Parameter 2 R?
Cr(VI) AS300 Pseudo-first-order k1 =3.4148 q.=12.1686 0.9361
Pseudo-second-order k»=0.5261 q.=12.4798 0.9786
Elovich a=7961.45 (3=0.9353 0.9762
AS450 Pseudo-first-order k1 =12.9970 q.=8.8607 0.9731
Pseudo-second-order kr,=2.3683 q.=9.1737 0.9951
Elovich a=1.5867 £=2.4277 0.9871
AS600 Pseudo-first-order ky =1.6470 q.=15.2671 0.9072
Pseudo-second-order ky=0.1713 q.=15.7743 0.9528
Elovich a=486.49 £5=0.5462 0.9461
Cu(Il) AS300 Pseudo-first-order ky=2.4783 q.=11.1021 0.8991
Pseudo-second-order k, =0.4030 q.=11.3803 0.9711
Elovich a=1720.34 3=0.8953 0.9544
AS450 Pseudo-first-order k1 =2.8786 q.=15.1422 0.9648
Pseudo-second-order k»=0.3337 ge=15.551 0.9913
Elovich «=3410.73 (3=0.6813 0.9631
AS600 Pseudo-first-order k1 =1.8413 q.=18.0305 0.9778
Pseudo-second-order ky=0.1485 q.=18.7411 0.9935
Elovich a=461.621 (=0.4443 0.9605

«, the initial adsorption rate (mg/kg); 3, the desorption constant (kg/mg); g., the amount of adsorbate in the adsorbent at equilibrium (mg/g); k;, the
pseudo-first-order apparent adsorption rate constant (h ' ); &, the pseudo-second-order (h ' ); R?, the correlation coefficient values

(Xiao et al. 2017). The changes of these functional groups
revealed the dehydration and molecular transformation of bio-
mass during pyrolysis process (Yao et al. 2011). This indicated
that there are a large number of oxygen-containing functional
groups in the ASB. As a low-cost adsorbent, ASB has great
potential for application.

Sorption experiments
Sorption kinetics

The adsorption capacity of Cr(VI) and Cu(Il) onto the ASB
was gradually accumulated with time, and then remained sta-
ble at a certain level (Fig. 3). For all the metal ions tested,
about 80% of the adsorption occurred within the first few
hours, then the adsorption rate decreased, and the adsorption
gradually reached equilibrium after 10 h. This was because at
the initial stage of adsorption, the porous channels and func-
tional groups on the surface of adsorbent were abundant,
which can provide more binding sites, and be more favorable
for the adsorption of heavy metal ions. As the adsorption
continued, the reduction of active binding sites and the en-
hancement of the electrostatic repulsion between ions made
it difficult for the adsorption reaction to continue, thus
achieved adsorption equilibrium (Lu et al. 2012).

In order to study the rate-limiting steps in the adsorption
process, the adsorption kinetic data were fitted and analyzed
using the pseudo-first-order, pseudo-second-order, and
Elovich models (Fig. 3). The correlation coefficient values
of'the fitting results of the pseudo-second-order kinetic model
for the adsorption of Cr(VI) and Cu(Il) on the ASB were

higher than that of the other two models (Table 3), and the
measured equilibrium adsorption amounts were also closer to
the equilibrium adsorption amounts calculated by the pseudo-
second-order kinetic equation. These results indicated that the
pseudo-second-order kinetic model was more suitable to de-
scribe the adsorption process of Cr(VI) and Cu(Il) onto the
ASB. The pseudo-second-order kinetic model can reflect the
adsorption kinetics mechanism of liquid-solid reaction more
comprehensively (Fang et al. 2014), such as external liquid
membrane diffusion, surface adsorption, and intra-particle dif-
fusion, which can more accurately reflect the adsorption pro-
cess of Cr(VI) and Cu(Il) onto the ASB.

Sorption isotherms

With the increase of initial concentration of heavy metal ions,
the adsorption capacities of Cr(VI) and Cu(Il) on the ASB
increased rapidly and then gradually stabilized (Fig. 4). The
adsorption capacities of three biochars to Cr(VI) and Cu(Il)
were AS600 > AS300 > AS450, and AS600 > AS450 >
AS300, respectively (Table 4). The maximum adsorption ca-
pacities of AS600 to Cr(VI) and Cu(Il) were 161.92 and
155.96 mg/g, respectively.

In order to further study the isothermal adsorption charac-
teristics of heavy metal ions on the ASB, the isotherm adsorp-
tion data of Cr(VI) and Cu(Il) adsorbed by the ASB were
fitted by the Langmuir and Freundlich models (Fig. 4). For
the adsorption process of Cr(VI), the fitting correlation coef-
ficient values of Freundlich model were better than that of the
Langmuir model (Table 4). Therefore, the Freundlich model
was more suitable to describe the adsorption process of Cr(VI)
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Fig. 4 Sorption isotherm data and fitted models of heavy metal ions onto
the ASB: a Cr(VI) and b Cu(II)

by the ASB. It also showed that the adsorption process of
Cr(VI) was multi-molecular layer adsorption, which may be
related to the functional groups carried on the surface of the
ASB, such as hydroxyl (-OH) and carboxyl (-COOH). For the
adsorption process of Cu(II), the correlation coefficient values
of the Langmuir model were better than that of the Freundlich
model, which indicated that the adsorption process of Cu(Il)
was monolayer adsorption and consistent with the Langmuir
model. Compared with the maximum adsorption capacities of
Cr(VI) and Cu(Il) on the other adsorbents in the previous
studies, ASB used in this study showed better adsorption per-
formance (Table 5), which indicated that the AAS could be a
highly efficient material for preparing biosorbent.
Additionally, the raw materials are very cheap and easily
available. Therefore, the ASB has attractive advantages such
as simple production process, low cost and good adsorption
capacity and had great potential for large-scale wastewater
treatment.

@ Springer

Effects of pH and ionic strength

The change of initial solution pH had a significant effect on
the adsorption of heavy metals on ASB (Fig. 5). In the
adsorption process, pH not only affected the surface prop-
erties of the adsorbents but also determined the forms of
metal ions in solution (Wang et al. 2015). With the increase
of pH, the adsorption capacity of Cr(VI) by AS600 de-
creased gradually and then tended to remain stable. The
major reason for higher adsorption capacity of Cr(VI) at
lower pH was that the carboxyl and hydroxyl groups on the
surface of ASB can be protonated with hydrogen ions un-
der the acidic environment, forming positive functional
groups -OH,* and -COOH,*, which can be combined with
the anions HCrO, and Cr,0,> in the solution by electro-
static interaction (Shen et al. 2012). When the pH in-
creased, the existing form of chromium changed from
Cr,0,% to CrO4* and the space occupied by a single
chromium increased, moreover, OH can compete with
HCrO,, Cr,0,° and CrO,*" for adsorption sites, all of
which may result in the decrease of adsorption capacity
(Wang et al. 2012). The adsorption of Cu(Il) by AS600
was also significantly affected by the initial pH of the so-
lution (Fig. 5). The adsorption capacity of Cu(Il) increased
with the variation of pH from 1.0 to 7.0. This was mainly
due to the influence of pH on the existing forms of copper
in the solution. When pH < 5.0, Cu(Il) was the main
existing form. In this case, a large number of H" competed
with Cu(Il) for the limited binding sites on the surface of
biochar, so the adsorption capacity was relatively little
(Zhang et al. 2018a). When pH >5.0, the content of
[Cu(OH)]* was the highest and the decrease of H* weak-
ened the repulsion of positive charges. Cu(Il) in the solu-
tion was adsorbed in the form of its monovalent hydroly-
sate. With the increase of pH, the surface of biochar grad-
ually turned into electronegativity, which enhanced the
electrostatic attraction to free Cu(Il). In addition, at high
pH, Cu(OH), started to form and the adsorption capacity
increased sharply. When the pH increased sequentially and
exceeded 7.0, Cu(Il) completely existed in the form of
insoluble hydroxide precipitation. Previous studies had al-
so shown that precipitation played an important role in the
removal of heavy metal ions from aqueous solutions by
biochar (Saber et al. 2018).

During the adsorption process, the ions generated by the
hydrolysis of salt substances may compete with metal ions for
adsorption sites to reduce the adsorption efficiency, or accel-
erate the effective collision between the adsorbents and the
metal ions to increase the adsorption efficiency (Wang et al.
2015). As the Fig. 6 showed, the low concentration of NaCl
(£0.05 mol/L) had little effect on the adsorption of Cr(VI) and
Cu(Il). However, when the concentration of NaCl was above
0.5 mol/L, the negative effect of ionic strength on the
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Table 4 Best-fit parameters for
isotherm models of heavy metal Adsorbate Biochar Isotherm models Parameter 1 Parameter 2 R
sorption onto the ASB
Cr(VI) AS300 Langmuir K= 0.0018 Smax = 127.66 0.9767
Freundlich K¢ = 0.5561 n=0.7687 0.9885
AS450 Langmuir K=0.0013 Sinax = 108.74 0.9640
Freundlich K= 0.3435 n=0.7864 0.9901
AS600 Langmuir K= 0.0018 Sinax = 161.92 0.9714
Freundlich K= 0.6219 n=0.7929 0.9893
Cu(II) AS300 Langmuir K= 0.0020 Sinax =72.31 0.9660
Freundlich Ky= 0.7374 n=0.6648 0.9540
AS450 Langmuir K= 0.0049 Sinax = 89.06 0.9911
Freundlich Ky= 27182 n=0.5202 0.9884
AS600 Langmuir K= 0.0027 Sinax = 155.96 0.9781
Freundlich Ke= 1.7101 n=0.6509 0.9635

K, the Langmuir bonding term related to interaction energies (L/mg); K the Freundlich affinity coefficient (mg"
DL"/g); Spav, the Langmuir maximum capacity (mg/g); 1, the Freundlich linearity constant

adsorption of Cu(Il) was more serious than that of Cr(VI). The
main reasons for the above phenomenon were as follows: (1)
At lower concentrations, the competitive ability of CI” and
Na* with metal ions to the adsorption sites on the adsorbent
was weak and can be neglected. (2) When the C1” and Na* in
the solution reached a certain concentration, the existence of
them would hinder the electrostatic attraction between the
metal ions and the adsorbents, and compete with the metal
ions for the adsorption sites. (3) High concentration of NaCl
could increase the ionic strength of the solution, which could
weaken the activity of the metal ions and result in a reduction
of effective collision between the metal ions and the adsor-
bents (Xiao et al. 2017).

Dynamic sorption experiments

The results of dynamic adsorption experiments were shown in
Fig. 7. The removal rate of heavy metals increased at the initial
stage of adsorption (<1 h) and reached a peak at 1 h. The
adsorption order was Cu(Il) > Cr(VI). The removal rates of
Cr(VI) and Cu(Il) showed different degrees of decline after
2 h. Cr(VI) showed significant release at 4 h, while Cu(Il)
showed significant release at 6 h. This may be due to the
interaction between metal ions in the mixed system. Cr(VI)
in the mixed solution was mostly adsorbed to the surface of
biochar in the form of HCrO, , and HCrO4 usually had a
large ionic space volume. With the reaction proceeding, more

Table 5 Comparison of the

maximum adsorption capacities Adsorbate  Adsorbent Adsorption capacity Reference
of Cr(VI) and Cu(1l) on the (mg/g)
different adsorbents
Cr(VI) Clarified sludge 26.31 Kyzas and Kostoglou
(2014)
Fe’/Fe;0, nanoparticles 55.64 Rao et al. (2013)
Magnetized activated carbon 57.19 Nethaji et al. (2013)
Zinc-biochar nanocomposites 102.66 Gan et al. (2015)
Melia azedarach wood magnetic biochar 25.27 Zhang et al. (2018c¢)
AS600 161.92 This study
Cu(Il) Spartina alterniflora biochar 48.49 Lietal. (2013)
Cortex banana waste 36 Kelly-Vargas et al.
(2012)
Swine manure biochar 21.94 Meng et al. (2014)
Chestnut bur 34.77 Kim et al. (2015)
Rice straw hydrochars 144.9 Li et al. (2018b)
Ferromanganese binary oxide—biochar 64.9 Zhou et al. (2018)
composites
AS600 155.96 This study
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Fig. 5 Effect of initial pH on a 50
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ASB: a Cr(VI) and b Cu(Il)
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and more HCrO,  were adsorbed on the surface of AS600,
thus forming a larger and larger ionic framework space near
the surface of the AS600. The negatively charged framework
structure and the free Cu(Il) in solution were attracted to each
other, so the adsorption effect on Cu(Il) was better. The

@ Springer

adsorption sites on the AS600 were gradually saturated with
time. Due to AS600 exhibited different dynamic adsorption
capacities for Cr(VI) and Cu(Il), Cr(VI), and Cu(Il) had dif-
ferent degrees of release in solution, which was consistent
with research results reported by Xiao et al. (Xiao et al. 2017).
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Fig. 7 Dynamic adsorption 100
experiments of heavy metal ions
onto the ASB 90
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the heavy metal ions entered the confirmed pores through
the diffusion motion. Generally, the pH mainly affected the
electrostatic action of the outer layer, and had little effect
on the chemical bond of the inner layer. In the pH influ-
ence experiment, the adsorption capacity changed with the
variation of pH, which could be understood as the influ-
ence of the adsorption of the outer layer by the pH.
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Therefore, the existence of electrostatic attraction was con-
cluded. If the adsorption of Cr(VI) and Cu(Il) was caused
only by electrostatic attraction, when the pH of
counteracted the positive and negative charges on the sur-
face of the ASB, there should be a low value inflection
point. However, no such results were found in the experi-
ment, so it could be inferred that in addition to the

Fig. 8 XRD diffraction patterns
before and after AS600
adsorption
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electrostatic attraction effect, the chemical bond force also
promoted the adsorption of heavy metals by the ASB,
which led to the formation of the inner layer complex.
The FTIR spectra showed the presence of hydroxyl, lac-
tone, and carboxyl groups on the surface of the biochar.
The distribution of a large number of oxygen-containing
functional groups provided a good condition for the chem-
ical complexation of Cr(VI) and Cu(Il) on the biochar. A
large amount of heavy metal ions were adsorbed to the
surface of the ASB through the ion exchange and chemical
bonding effects formed with hydroxyl, lactone, and carbox-
yl. This was the main chemical adsorption mode for re-
moving heavy metal ions by the ASB.

Conclusions

Batch and dynamic adsorption experiments were conduct-
ed to reveal the effects of pyrolysis temperature, pH, ionic
strength, and coexisting ions on the adsorption of heavy
metal ions by the ASB. The BET-specific surface area and
the micropore area increased with the pyrolysis tempera-
ture, and a large number of mesopore and micropore
structures occurred, thus achieving the maximum adsorp-
tion capacity of 161.92 and 155.96 mg/g for Cr(VI) and
Cu(Il) by AS600, respectively. The adsorption kinetic ex-
periments showed that pseudo-second order was more
suitable to describe the adsorption process of Cr(VI) and
Cu(II) onto the ASB. The adsorption isotherm experi-
ments showed that the Freundlich model was more suit-
able to describe the adsorption process of Cr(VI) by the
ASB while the adsorption process of Cu(Il) was consis-
tent with the Langmuir model. The ASB had larger ad-
sorption capacity for Cr(VI) at lower pH while the larger
adsorption capacity for Cu(Il) was found at higher pH.
The ionic strength had a great influence on the adsorption
of Cu(Il) by the ASB and had little effect on the adsorp-
tion of Cr(VI). When Cr(VI) and Cu(Il) coexisted, the
ASB was more likely to adsorb Cu(Il). This study con-
firmed that the ASB can be used as a low-cost and highly
efficient adsorbent, providing a new way for its resource
utilization.
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