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Abstract

In this paper, the biochar prepared by pyrolysis biomass of Water Hyacinth were used as adsorption
materials. The effects of initial concentration, adsorption temperature and electrolyte concentration on
the adsorption process were analyzed. The adsorption effect of biochar prepared from the stem and
root parts of biomass on Cd*" in solution was investigated, and the interaction between leaching rule of
alkali (earth) metal K, Mg?", Ca?" and adsorption of heavy metal ions in the process of adsorption was
studied. The results showed that the biochar prepared by pyrolysis of stem biomass (SBC) has a richer
pore structure. Compared with the biochar prepared by root biomass (RBC), the specific surface area
and pore volume of SBC increased by 25.85% and 27.91% respectively. This phenomenon indicated that
SBC had a stronger adsorption effect than RBC. At 25°C, the maximum adsorption capacity of RBC
and SBC for Cd** was 77.20 mg g and 87.20 mg g, respectively. Isothermal adsorption experiments
and ionic strength experiments showed that the increase of temperature could promote the adsorption of
Cd* by biochar. The adsorption process has a high degree of fitting with the Langmiur model, as well
as the pseudo-second-order model. The adsorption sites were normally on the inner and outer surfaces
of biochar, and the adsorption process was multi-molecular layer adsorption. In addition, the adsorption
of Cd** by biochar had a correlation with the leaching of alkali (earth) metal in the system. In the
adsorption process, the leaching of alkali (earth) metals was affected by the initial concentration of Cd*
in the solution, and SBC leached more alkali (earth) metals than RBC, which proved that SBC has more
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active sites and can replace heavy metals in the solution. This study proved that Water Hyacinth biochar

owned characteristics of high recovery and low economic cost, which showed good adsorption to Cd**

polluted wastewater and was feasible as a heavy metal adsorption material.

Keywords: Water Hyacinth, biochar, adsorption, cadmium, alkali (earth) metal

Introduction

In recent years, with the rapid development of
urbanization and industrialization, more and more heavy
metals entered into the water body directly or indirectly,
causing serious pollution to the ecological environment
[1, 2]. Most heavy metals are highly toxic, carcinogenic,
bioaccumulative and non-biodegradable, especially
the acute, subacute and chronic toxic effects of non-
essential elements such as Hg, Cd, Pb, Cr, and As on
organisms [3]. Once they accumulate in the human body
through the biological chain, they pose a serious threat
to human health [4, 5]. This irreversible damage is due
to the internal stimulation of heavy metal to produce
reactive oxygen species, and then produce a series of
toxic effects on the organism, such as lipid peroxidation,
mercapto protein consumption, and mutation and
variation of genes [6]. Heavy metal cadmium (Cd)
is a common pollutant in the environment, which
mainly comes from various industrial activities such as
electroplating, mining, smelting, printing and dyeing,
and has high fluidity and durability [7, 8]. It is one of
the most toxic metals in the environment, and cannot
be eliminated only by relying on the self-purification
ability of the natural environment [9], which is a major
problem that needs to be solved urgently in the field
of environment today. The main mechanism of Cd
accumulation in organisms is through binding with
Cd-binding proteins such as metallothionein [10]. What’s
more, it can interfere with the synthesis and secretion of
hormones, which forms endocrine disrupting toxicity,
increases oxidative stress and induces mitochondrial
dysfunction [11]. At present, there are many conventional
technologies for the disposal of cadmium-contaminated
wastewater, including chemical precipitation, membrane
removal, ion exchange, chelation and adsorption, etc
[12-14].

Among these methods, adsorption is considered
to be one of the most ideal methods due to its
environmentally  friendly characteristics  [15-17].
Biochar is a carbon-rich solid produced by biomass
pyrolysis in anoxic environment. In recent years,
biochar has received extensive attention as a carbon-
based adsorption material [18, 19]. The physical and
chemical properties of biochar are mainly affected by
the preparation conditions. The adsorption properties of
biochar for heavy metals are mainly affected by specific
surface area, pore structure and surface functional
groups, etc. In addition, it is also related to coexisting
ions in solution, pH value and initial concentration
of heavy metal ions in solution [20]. Raw materials
will form microporous structures due to the loss of

moisture and volatile substances during pyrolysis [21].
Generally, the higher temperature can reach, the richer
and denser the pore structure can be formed. However,
some studies have found that a lower specific surface
area may be generated at higher temperatures, which is
due to tar generated from pyrolysis blocking the pore
structures, resulting in a decrease in specific surface
area [22]. There are many adsorption mechanisms
for heavy metals by biochar. Currently, there are five
mechanisms proposed and widely accepted, which
include surface electrostatic adsorption, physical
adsorption, surface complexation, surface precipitation,
and ion exchange [23].

The relative contribution of the adsorption
mechanism of biochar in the adsorption process depends
largely on the preparation materials and adsorption
conditions of biochar. There are many raw materials
for the preparation of biochar, including livestock
manure, straw, sawdust, distiller’s grains, kitchen
waste, and sludge, etc. The adsorption properties of
materials prepared from different raw materials are
quite different. Therefore, it is urgent to choose low-
cost and environment-friendly raw materials to prepare
adsorbent. Water Hyacinth, as an exotic species lacking
natural enemies, has extremely strong growth and
reproduction ability, which is widely distributed in
rivers and lakes in South China, East China and Central
China. A large amount of Water Hyacinth biomass is
produced every year. If disposed of improperly, it will
pose a threat to the environment as a waste. However,
Water Hyacinth, as a raw material for preparing biochar,
has natural advantages. its petioles part swelled like
a gourd, and has a sponge-like structure with large cell
gaps, which can generate a large specific surface area
after pyrolysis. In addition, Water Hyacinth is rich in
trace elements such as nitrogen, phosphorus, potassium,
sodium, calcium and magnesium, which will produce
abundant functional groups and more adsorption sites,
and can effectively adsorb and retain heavy metals,
reducing the harm of heavy metals to the environment
[24-26].

Biochar prepared from hyacinth biomass was
studied in this paper. Analyze the differences in
physical and chemical properties of biochar prepared
by pyrolysis of different parts of biomass. The effects
of initial concentration, adsorption temperature and
electrolyte concentration in solution on the adsorption
of Cd* on biochar were confirmed by sequencing
experiments. By analyzing the leaching concentration
of alkali (earth) metal in biochar during adsorption, the
interaction between alkali (earth) metal leaching and
Cd** adsorption was clarified.
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Fig. 1. The schematic diagram of synthesizing biochar and applying in heavy metal adsorption.

Experimental
Material Preparation

All the processes involved, including pre-treating
biomass, calcining to produce biochar and adsorbing
heavy metal, have been schematically illustrated
in Fig. 1, which can ensure the highest conformity level.
In this experiment, Water Hyacinth biomass was selected
as raw material to prepare biochar. After a certain
growing period, the biomass was harvested and separated
from the root and steam parts. Then, the different organ
biomasses were washed and dried to constant weight in
the oven at 105°C. The following operation is to obtain
uniform biomass pellets by crushing with a grinder and
passing through a 100 mesh sieve. Biomass was weighed
and put in a crucible, then fed into tubular muffle furnace
(KJ-T1200-S10400-LK). Under N, flow, the temperature
rises to 900 ‘C at the rate of 10°C min™. The calcination
temperature is maintained for 2 hours, then cooled to
room temperature and taken out, placed in a desiccator
for reserve. The biochar prepared by pyrolysis of roots
and stems was named RBC and SBC, respectively. And
the biochar samples used in the experiment were all
passed through a 100 mesh sieve, and the fine fraction
was ready for the following characterization and series
sorption experiments.

Characterization of Biochar

The specific surface area and pore volume of
biochar were determined by automatic rapid surface
area and pore size analyzer (ASAP2460). SEM-EDS
scanning electron microscope (BCPCAS4800) was
used to observe the surface and internal morphological
characteristics of Water Hyacinth biochar as well as
the types and contents of micro zone elements under
different magnification. The crystal structure of the
sample was analyzed by X-ray diffractometer (Bruker
D8 Advance), the working conditions of the instrument
were: Cu/Ka ray, tube voltage was 10 kV, tube current
was 10 mA, working distance was 9 mm, scanning step
was 0.026°, the scanning range is from 5° to 90°.

Sequencing Experiment

Effect of Initial Concentration on Adsorption
of Cd** by Biochar

Cd(NO,),H,0 was used to prepare Cd** solutions
with initial concentration of 0, 5.00, 10.00, 15.00,
20.00, 25.00, 30.00, 50.00, 100.00, 200.00 and
500.00 mg L' respectively. NaNO, solution with
0.01 mol L' was used as supporting electrolyte, and the
pH was adjusted to 5.5 [27-29] with HCI and NaOH.
0.02 g of SBC and RBC biochar were weighed and
added into a 100.00 mL conical flask and add, and
20.00 mL of different concentrations of Cd** solution
was added. They were placed in a constant temperature
water bath oscillator and oscillated at 25°C for 8 hours
at 200 r min'. The supernatant was centrifuged and
filtered by a filter equipped with a 0.45um water system
filter. The equilibrium concentration of Cd*, K, Ca*’,
Mg?* in the clarified solution was determined by ICP-
OES (iCAP 6000, Thermo). The adsorption equilibrium
and removal rate of Cd** by biochar were calculated
by formula (1) and formula (2), respectively, and the
leaching amount of alkali (earth) metal was calculated
by formula (3).

0= Sy
m (1)
R:ﬁXIOO%
o )
C,-C
0= : =V
m 3)

where: Q, is the adsorption equilibrium amount of
Cd*, mg g'; C, and C, are the concentration of Cd*
initial and adsorption equilibrium, respectively, mg L;
V is the solution volume, L; m is the mass of biochar,
g; R is the removal rate of Cd*, %; Q, is the amount
of alkali (earth) metal leaching, mg g'; C, and C, are
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the concentrations at the initial and adsorption
equilibrium of the alkali (earth) metal, respectively,
mg L.

Isotherm and Kinetics Adsorption Experiment

Cd(NO,),;H,0 was used to prepare Cd*" solutions
with initial concentration of 0, 5.00, 10.00, 15.00,
20.00, 25.00, 30.00 mg L™ respectively. NaNO, solution
with 0.01 mol L' was used as supporting electrolyte,
and the pH was adjusted to 5.5 with HCI and NaOH.
0.02 g of SBC and RBC biochar were respectively
weighed into a 100.00 mL conical flask and 20.00 mL
of different concentrations of Cd** solution was added
in the reactor. The isotherm adsorption experiments
were conducted as follows: The mixture was placed
in a constant temperature water bath oscillator
and oscillated at 25°C, 35°C and 45°C for 8 hours at
200 r min'. Kinetic experiments were implemented
for contact time studies (0-1440 min) under the
temperature of 25°C. At fixed intervals, the supernatant
was centrifuged and filtered by a filter equipped
with a 045um water system filter. The equilibrium
concentration of Cd*, K, Ca*, Mg* in the clarified
solution was determined by ICP-OES (iCAP 6000,
Thermo). The equilibrium adsorption amount of biochar
to Cd** was calculated by the formula (1).

The isotherm can describe the interaction between
the adsorbent and the adsorbate, which is of great
significance to the optimization of adsorbent materials
and their application in practice.

Langmuir isotherm adsorption model is expressed
as:

0,bC

e

=1+bCe

QE
@

Freundlich isotherm adsorption model is expressed
as:

_ 1/n
Qe _KFCe (5)

where: (= refers to saturated adsorption capacity,
mg-g”'; which is an important index of the adsorption
performance of the adsorbent; b is Langmuir adsorption
characteristic constant L g'!, which is a parameter
to characterize the affinity between adsorbent and
adsorbate, the larger the b wvalue, the greater the
adsorption affinity; K, is the adsorption capacity
parameter of Freundlich, and the value of n in the
equation can be used as an indicator of the adsorption
strength of biochar on heavy metal ions. The larger
the K, value, the greater the adsorption capacity,
and the smaller the n value, the greater the adsorption
capacity.

The kinetics of adsorption is used to predict
the adsorption rate, which gives important information

for designing and modeling the processes [30].
In this paper, two commonly used models were applied
to determine the diffusion mechanism for Cd adsorption
from aqueous solutions: the pseudo-first-order and
pseudo-second-order models. The adsorption kinetics
of Cd(II) onto biochar described by pseudo-first-
order model and pseudo-second-order model are given
in formulas (6) and (7).

lOg(Qe _Qr ) = log Qe _klt (6)

t
Qt k 2 Qe2 Qg Vo Qe (7)

where: O and Q, (mg g') are the adsorption capacity
at equilibrium and at any time ¢ (min). The constant k,
(min™), £, (g mg"' min™) are the adsorption rate constants
of pseudo-first-order reaction, pseudo-second-order
reaction, respectively. v, (mg g' min') represents the
initial reaction rate of adsorbing material.

Adsorption Experiments with Different
lonic Strengths

Different concentrations of NaNO, solution were
used as supporting electrolytes for the adsorption
process. Cd** solution with a concentration of
20.00 mg-L" was prepared with Cd(NO,),"H,0O, and the
pH was adjusted to 5.5 with HCI and NaOH. 0.02 g of
SBC and RBC biochar were weighed and added into
a 100.00 mL triangular conical flask, then 20.00 mL
of Cd* solution was added with different electrolyte
concentrations. They were placed in a constant
temperature water bath oscillator and oscillated at
25°C for 8 hours at 200 r min'. The supernatant was
centrifuged and filtered by a filter equipped with
a 045 pm water system filter. The equilibrium
concentration of Cd*, K, Ca*, Mg* in the clarified
solution was determined by ICP-OES (iCAP 6000,
Thermo). The adsorption equilibrium and removal rate
of Cd*" by biochar were calculated by formula (1) and
formula (2), respectively, and the leaching amount of
alkali (earth) metal was calculated by formula (3).

Regeneration Experiments

Regeneration experiments was carried out in an
alkaline environment. According to the adsorption
condition parameters, adsorption experiment with
20 mg/L Cd(II) (20 mL) and 0.02 g SBC/RBC at
pH 5.5 reached an equilibrium and washed with
deionized water several times. Then, solutions
containing 0.1 M NaOH was used to desorb Cd from
the biochar during agitated on a shaker at 300 rpm
and room temperature for 18 h. Samples were removed
within a certain period of time for Cd detection
determined by ICP-OES.
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Table 1. Basic properties of Water Hyacinth biochar.
i Element concentrations (%
Sample Yield (%) Specific s;urﬁace area Pore v;olgme (%) :
i a
(m* g") (em’ g) C 0 Mg Al S C
RBC 4521 217.05 0.145 61.71 21.86 1.02 2.36 5.44 5.88
SBC 33.48 273.16 0.196 71.89 14.46 1.71 0.34 3.59 6.77

Results and Discussion

Analysis and Characterization of Physical
and Chemical Properties of Biochar

Analysis of Physical and Chemical Properties
of Two Kinds of Biochar

Table 1 showed the yield and basic physical and
chemical properties of RBC and SBC from pyrolysis
of different parts of Water Hyacinth. The basic physical
and chemical properties of biochar prepared from
different parts of the raw materials were significantly
different. In this paper, the yield was calculated as
the ratio of biochar mass and the raw material mass.
The yields of RBC and SBC were 45.21% and 33.48%,
respectively.

Plant biomass was mainly composed of cellulose,
hemicellulose and lignin, therefore, the difference in
yield might be due to the different components of the
pyrolysis feedstock. Studies have shown that the roots
of Water Hyacinth biomass contain more abundant
lignin, while the stem contains more cellulose and
hemicellulose [31]. Cellulose and hemicellulose are more

susceptible to pyrolysis than lignin, so the root yield
is higher than that of stem. The presence of cellulose
and hemicellulose is more conducive to the formation
of pore structure of pyrolysis products [32], therefore
SBC has larger specific surface area and pore volume
than RBC, the former has a specific surface area
of 273.16 m? g, and the pore volume is 0.19 cm® g -,
the latter has a specific surface area of 217.05 m? g’
and a pore volume of 0.15 ¢cm?® g -, which increased
by 25.85% and 27.91%, respectively. The adsorption
of biochar mainly occurred on the inner and outer
surfaces, and the specific surface area and pore
structure are one of the important factors affecting
the adsorption capacity [33]. In general, the larger
the specific surface area of biochar, the larger the
pore volume, which can provide more powerful
conditions for adsorbing heavy metals, and the stronger
the adsorption capacity.

SEM Combined with EDS Analysis of Biochar
Scanning electron microscopy (SEM) was used to

observe the surface and internal morphology of biochar.
The electron microscopic scans of RBC and SBC were

RBC

1.00um

Fe  Fe

T T T T T
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5 5 7 8
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Fig. 2. SEM and EDS graphs of RBC and SBC.
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shown in Fig. 2. Water Hyacinth petiole is expanded
with spongy tissue with large cell gaps. After pyrolysis,
SBC forms a porous regular bundle structure, in which
pores are densely arranged and orderly, showing
quadrangular shape, and the side length is about
4.50 pm. The root has a high lignin content and a dense
structure. After pyrolysis, a variety of amorphous
structures are formed in the RBC, and porous sheets
are produced. The pore size of the pores in the sheet
is about 1.10 um, which may be caused by the pyrolysis
of the cross-section of plant root duct structure.
Comparing the two biochar materials from the
microscopic morphology, combined with the specific
surface area and pore volume measurement parameters
of the two materials, it can be considered that SBC
has a richer and more favorable pore structure than
the RBC. It can be seen that the raw material is an
important factor affecting the adsorption performance
of biochar.

The EDS elemental analysis of the two kinds of
biochar in Table 1 and Fig. 2 indicated that the carbon
content of RBC was lower than that of SBC, while the
oxygen content was higher than that of SBC, that is, the
C/O ratio of SBC was greater than that of RBC, which
indicated that SBC was deoxidized more completely
after pyrolysis, while RBC contained more oxygen-
containing functional groups. In addition, the two kinds
of biochar contain Si, Ca, Mg, Al and other elements.
The content of Si and Al in RBC were higher than that
in SBC, while the content of Mg and Ca in SBC were
higher than that in RBC. This difference is related to
the raw material composition of biochar preparation.

XRD Analysis of the Two Kinds of Biochar

Fig. 3 showed the X-ray diffraction (XRD) patterns
of RBC and SBC. By comparing the standard X-ray
diffraction cards, it can be seen that the crystal structure
of the two kinds of biochar is obviously different.
The main crystals of RBC were SO, and
Ca, Ai,SiO,H,O (orbital calcium zeolite). There were
two weak peaks near 20 = 32° and 20 = 35°, which
belong to the diffraction peak of AlCaMg, O.Si
(calcium magnesium aluminosilicate) [34]. The main
crystalline phases in SBC were MgO and NacCl,
and there were three obvious peaks near 20 = 27°
20 = 34° and 20 = 51°. It belongs to the diffraction peak
of Na,SO,, and CaSO, [35].

Effect of Initial Concentration on Adsorption
of Cd*" by Biochar

Effect of initial concentration on adsorption
of Cd* by biochar RBC and SBC were shown in
Fig. 4. It can be observed that the adsorption capacity of
biochar RBC and SBC to Cd** increases gradually with
the increase of initial concentration when the initial
concentration of Cd** in solution is in a lower range
(0-200.00 mg L); The higher the initial concentration,
the stronger the adsorption capacity of Cd*.
The results show that biochar has multiple active
sites on the surface when exposed to Cd** solution,
which can be attributed to the unsaturated adsorption
of biochar at low Cd** concentration. At this stage,
the active sites on the surface of biochar are much
higher than the content of Cd*. Because of the high
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Fig. 3. XRD spectra of RBC and SBC.
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Fig. 4. Effect of initial concentration on adsorption capacity of RBC and SBC.

affinity of the interaction, Cd*" is captured very quickly,
and the removal efficiency is high at this stage.

When the initial concentration reaches 200.00 mg L,
the adsorption capacity of the two kinds of biochar for
Cd?*" changed little with the increase of concentration.
The initial concentration of Cd?' continues to rise,
its speed gradually slows down and finally presents
a stable trend with slight changes. The concentration
of Cd* in the solution reaches a certain degree, the
reaction equilibrium. The adsorption of biochar tends
to be saturated, and the adsorption capacity of biochar
to heavy metals reaches the maximum value, which
means it no longer increases with the increase of initial
concentration. The experimental data showed that the
maximum adsorption capacity of RBC and SBC can
reach 77.20 mg g' and 87.20 mg g' respectively. At
different initial concentrations, the removal ability of
biochar to Cd* was obviously different, which may
be caused by mass transfer effects. The higher the
concentration of Cd*" ions in solution, the stronger
the driving force of mass transfer, which increases the
driving force of adsorption on the surface of biochar,

enhances the influence of diffusion flow, and promotes
the removal of Cd* by adsorbents [36]. The maximum
adsorption capacity of RBC and SBC detected from
the actual experiments are relatively higher than the
one observed for activated carbon, zeolite, sawdust,
chitosan, and dairy manure biochar (Table 2).

It can also be seen from Fig. 4 that at the same initial
concentration, the adsorption performance of the two
kinds of biochar always presents SBC>RBC. Especially
when the initial concentration of Cd* was 25.00 mg L,
the adsorption capacities of RBC and SBC were
1.86 mg g' and 15.15 mg g', respectively. SBC was
8.14 times of RBC, which was consistent with BET, pore
volume and SEM test results, indicating that compared
with RBC, SBC has more developed pore structure and
stronger adsorption performance.

Effect of Electrolyte Strength on Biochar
Adsorption in Solution

Considering that there are many cations in industrial
wastewater and polluted groundwater, the existence

Table 2. Comparison of Cd adsorption effect onto RBC and SBC with other adsorbents.

Material Sources Heavy metal The adsorption amount
Activated carbon Sabela et al., 2016 [37] Cu(ID) 75.0 mg g!
Zeolite from coal fly ash Ifeoma et al, 2020 [38] Cd(II) 39.01 mg g
Sawdust Gupta and Babu, 2009 [39] Cr(VD) 41.5mg g’
Chitosan from chemical agent Asandei et al., 2009 [40] Pb(II) 4739 mg g'!
Biochar from dairy manure Xuetal., 2013 [41] Cd(II) 51.4mgg’!
Biochar from Water Hyacinth Root 772 mg g

This paper Cd(ID)

Biochar from Water Hyacinth Stem 87.20 mg g’!
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Fig. 5. Effect of electrolyte strength on adsorption performance in solution.

of these cations may affect the adsorption of Cd** by
biochar [42], Na* ion was chosen as the representative
to study the effect of ionic strength on the adsorption
performance of biochar. The effect of electrolyte NaNO,
concentration on the adsorption of Cd** by biochar RBC
and SBC at 25°C were shown in Fig. 5.

The dependence of biochar adsorption performance
on ion concentration is usually divided into inner sphere
(independent) and outer sphere (dependent) adsorption
mechanisms [43]. When biochar is adsorbed by the
inner sphere, the cation has no competition for the
position inside the sphere; when adsorbed by the outer
sphere, cations such as Na*, Ca** and AI’** can compete
with the target ion to form the outer sphere surface
complex, thus reducing the adsorption efficiency of
target ions [44]. In this experiment, with the increase
of electrolyte NaNO, concentration, the adsorption
capacity of biochar RBC and SBC to Cd*" decreased
first, then increased, and finally tended to be stable. This
may be due to that when the concentration of electrolyte
in the solution is low, the biochar is mainly adsorbed
by the outer sphere, which leads to the thickness of
the electric double layer in the biochar is compressed,
and the electrostatic interaction between Cd** and
biochar is reduced, inhibiting the adsorption of Cd** by
biochar. In addition, electrolyte ions compete with Cd*",
and may even form complexes outside the adsorbent
sphere, affecting the adsorption of Cd*" by biochar [45].
When the electrolyte concentration increases further
and reaches 0.05 mol-L"!, the adsorption capacity of
biochar to Cd** increases slightly, which may be due
to the formation of surface complexes between Cd**
and anions, or the change of surface charge of biochar
after the ionic strength increases to a certain extent,
resulting in the change of adsorption performance [46].

Previous studies have also found the same phenomenon
and put forward the hypothesis that the ionic strength
of the medium has an inflection point [47].

Equilibrium Adsorption Isotherms

Fig. 6 exhibits the equilibrium adsorption isotherms
for RBC and SBC adsorption towards Cd carried out at
different temperatures. SBC showed good adsorption
effect at 25°C, 35°C and 45°C, and the adsorption
rate was above 99.60% for solutions with initial
Cd?** concentration lower than 30.00 mg L. At 25°C,
the initial concentration of Cd*" in the solution was
increased, the adsorption capacity of biochar increased
at the beginning. When the concentration reached
to 10.00 mg L, the adsorption capacity of RBC was
7.28 mg g'. As the concentration of Cd*" in solution
continues to increased, the adsorption capacity of RBC
tends kept stable. At 35”°C and 45°C, the equilibrium
adsorption capacity of RBC to Cd** increases gradually
with the increasing initial concentration. At 35°C,
the adsorption capacity of RBC to Cd*" solution of
30.00 mg L' was 28.23 mg g, and the adsorption rate
was 94.11%. At 45°C, the adsorption capacity of RBC to
Cd?** solution of 30.00 mg L' was 29.97 mg g, and the
adsorption rate can was 99.89%.

The isothermal curves of RBC and SBC were fitted
nonlinearly. Fig. 6 revealed the relationship between
Cd equilibrium concentration and saturated adsorption
capacity for biochars from Water Hyacinth. The fitting
parameters of RBC and SBC were showed in Table 3
and Table 4, respectively. From the parameter Tables 3
and 4, it can be seen that Langmiur model has a better
fitting effect on RBC and SBC adsorption.
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Fig. 6. The relationships between Cd equilibrium concentration and saturated adsorption capacity of RBC and SBC at different

temperatures.

Table 3. Langmuir and Freundlich fitting parameters of RBC.

Langmuir isotherm fitting Freundlich isotherm fitting
Temperature
R? b(L-g") Q, (mg-g") R? K, n
25°C 0.983 1.118 7.107 0.389 20.50 2914
35°C 0.838 4.702 25316 0.568 895.78 2.999
45°C 0.901 3.456 28.091 0.042 653.88 10.707
Table 4. Langmuir and Freundlich fitting parameters of SBC.
Langmuir isotherm fitting Freundlich isotherm fitting
Temperature
R? b(L-g") Q, (mg-g") R? K, n
25°C 0.931 0.222 11.765 0.660 15.192 2.644
35°C 0.921 4.046 28.409 0.832 1291.22 2.539
45°C 0.979 13.5 26.455 0.807 1835.27 2.90
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Fig. 7. Adsorption kinetics of Cd(II) ions onto SBC and RBC at 25°C
The Langmuir isotherm assumes that the surface Adsorption Kinetics

of the adsorbent is uniform and there is no interaction
between adjacent sites in the adsorbate molecules.
The Freundlich adsorption model is an empirical
equation, assuming that metal ions are multi-layered
on heterogeneous surfaces. Comparing the fitting
parameters, it is found that the Langmiur adsorption
model can better fit the adsorption process, and with
the increase of adsorption temperature, the O value of
the adsorption model in Langmuir gradually increases
except for SBC at 45°C, which is basically consistent
with the experimental results. It is indicated that
the adsorption of heavy metals by Water Hyacinth
biochar is a kind of chemisorption at the monolayer,
while the O value fitted by Langmuir model is close to
the actual value.

Combined with the EDS results in Fig. 2, metal ions
such as Ca?, Mg?, AI*" are observed on the biochar.
It can be concluded that these metal ions could be
exchanged by Cd?*' in solution during sorption process
due to direct electrostatic cation exchange, or metal
exchange reactions with carboxyl and hydroxyl groups
as well as co-precipitation [48]. Correspondingly, metal
ion exchange has been suggested as a major mechanism
for metal sorption by biochar.

The plots of Q, against t for different biochar
materials at 25°C are shown in Fig. 7. Fitting kinetics
parameters of Cd(II) adsorption on SBC and RBC
according to pseudo-first-order and pseudo-two-order
models are tabulated in Table 5.

The results show that two models fit the experimental
data quite well due to the R? values exceed 0.950.
However, notable variances between the experimental
and theoretical uptakes reveal the adsorption behavior
is not a first-order reaction [49]. By comparison, the
higher correlation coefficients (R?>0.990) indicated
that uptakes of Cd(II) onto SBC and RBC can be well
represented by the pseudo-second-order model. The
calculated Q, values (12.136 mg g' of SBC for Cd(II),
and 7.386 mg g of SBC for Cd(II)) were very close to
the experimental data (12.186 mg g' of SBC for Cd(II),
and 7.397 mg g of SBC for Cd(II)). Moreover, the initial
adsorption rate (v,) of RBC (0.252 mg g' min™) is larger
than SBC (0.170 mg g' min') according to the linear
fitting. The results indicate the applicability of pseudo-
second-order model to describe the adsorption behavior,
and the two biochars show significant differences
in the initial adsorption rates and heavy metal uptakes.

Table 5. The Kinetic fitting parameters of Cd(II) ions Uptake onto SBC and RBC.

) The pseudo-first-order model fitting The pseudo-second-order model fitting
Blochars R? k, (min™) Q. (mg g" R? k, (g mg' min™') Q(mgg")
SBC 0.970 0.00461 9.931 0.993 0.00116 12.140
RBC 0.953 0.00967 5.560 0.999 0.00461 7.386
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Leaching Characteristics of Alkali (earth)
Metal in Biochar

The alkali (earth) metals in biochar mainly come
from the nutrients absorbed during the growth of
biomass, and mainly exist in biochar in the form of
ionic salts, among which K, Mg and Ca have certain
effects on the adsorption performance of biochar.
Studies have shown that it can form coprecipitation
with heavy metals in solution to remove heavy metals,
and can also serve as an adsorption site to enhance the
adsorption effect of biochar on heavy metals [50].

Leaching Rule of Alkali (earth) Metal in Biochar
at Different Initial Concentrations

The change of leaching amount of alkali (earth)
metal with the increase of initial concentration of Cd**
in solution were shown in Fig. 7.

The leaching amount of K, Ca* and Mg** in SBC
was basically consistent with the increase of the initial
concentration of Cd?' in the solution, and increased
with the increase of the initial concentration of Cd?*,
indicating that the presence of alkali (earth) metals in
biochar was correlated with its adsorption capacity.
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Fig. 8. Leaching of alkali (earth) metals in RBC and SBC at
different initial concentrations.

The leaching amount of Mg* in RBC increases
with the increase of the initial concentration of Cd** in
solution, and the leaching amount of K* and Ca** shows
similar trends, when the initial concentration of Cd**
reaches to 200.00 mg L', reaching the maximum value
0.59 mg-g' and 0.49mg-g’, respectively. The initial
concentration of Cd?" continues to increase, while the
leaching amount of K" and Ca®" decreases slightly. In
addition, when the initial concentration of Cd*" in
solution is the same, the leaching amount of three ions
in SBC was obviously larger than that in RBC, which
was consistent with the conclusion that the content of
Mg and Ca in SBC is higher than that in RBC in EDS
elemental analysis, and may be related to the larger
specific surface area of SBC.

Effect of lonic Strength on Leaching of Alkali (earth)
Metal in Biochar

The effect of electrolyte strength on alkali (earth)
metal leaching in RBC and SBC were shown in
Fig. 9. It can be seen that with the increase of
electrolyte concentration in the solution, the equilibrium
concentrations of alkaline earth metal ions K'Y, Mg*
and Ca* in RBC show a trend of decreasing at first
and then increasing. Combined with the foregoing, it
can be seen that the increase of ionic strength in the
solution not only affects the adsorption of heavy metals
by biochar, but also affects the release of alkaline earth
metals in biochar. When the concentration of electrolyte
in solution was 0.10 mol L', the leaching amount of
three alkaline earth metals in RBC was the lowest, and
the leaching trend of Mg?" and Ca’" was similar to that
of RBC for adsorbing Cd*". In contrast, the leaching
amount of alkali metal K" in SBC was much higher
than that of alkaline earth metal Mg?* and Ca*', which
may be due to the high content of K in raw materials.
The maximum amount of K' leaching can reach
147.35 mg g, and the leaching amount shows a trend
of increasing first, then decreasing and gradually
stabilizing. The leaching amount of Mg*" and Ca®" has
a similar trend, which is gradually increasing and tends
to be stable. The maximum leaching amount of Mg is
7.67 mg g', and the maximum leaching amount of Ca?*
is 7.17 mg g

Correlation Analysis between Alkali (earth) Metal
Leaching and Biochar Adsorption

Correlation between Initial Concentration and Alkali
(earth) Metal Leaching from Biochar

The correlation between the leaching of alkali (earth)
metal and the biochar adsorption performance of RBC
and SBC in different Cd*" initial concentration solutions
are shown in Tables 6 and 7. The correlation analysis
showed that the adsorbability of RBC and SBC to Cd*
was positively correlated with the leaching amount
of Mg* and the correlation degree was SBC>RBC
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Fig. 9. Effect of electrolyte strength on alkali (earth) metal
leaching in solution.

with correlation coefficients of 0.849*%* and 0.724%
respectively. The results are completely consistent
with the adsorption effect of the two kinds of biochar,
indicated that when the alkaline earth metal Mg?* in the
biochar is released into the solution, the vacancy points
on the surface of the biochar are exposed, which can
replace the heavy metals in the solution.

As shown in Tables 6 and 7, the release of alkaline
earth metal Mg?" is not only positively correlated with
the concentration of heavy metals in the solution, but
also positively correlated with other alkali metals and
alkaline earth metals. The leaching of Mg in RBC is
significantly positively correlated with leaching of K*
and Ca?', with correlation coefficients of 0.891** and
0.947**, respectively. The leaching of Mg** in SBC is
mainly positively correlated with the leaching of Ca*,
with a correlation coefficient of 0.803**; It can be
concluded that the leaching of Mg?* is synchronous
with the leaching of K and Ca?".

Cluster Analysis

Cluster Analysis (HCA) is a method of data
verification that divides all paradigms into smaller
clusters or based on how similar they are to other
groups. The smaller the distance between the samples,
the more similar they are. Cluster analysis diagrams
of RBC and SBC are based on the data of Mg**
leaching, which were shown in Fig. 10., respectively.
The evolutionary tree represents the similarities and
differences between various factors in Mg?* leaching

Table 6. Correlation between initial concentration of Cd** in solution and alkali (earth) metal leaching in RBC.

Correlation
RBC Cd K Mg Ca*
RBC 1 0.901" 0.006 0.669" 0.218
Cd* 1 0.351 0.724" 0.557
K* 1 0.891™ 0.823"
Mg*" 1 0.947"
Ca* 1

** . Significant correlation was found at 0.01 level (bilateral). * . Significant correlation was found at 0.05 level (bilateral).

Table 7. Correlation between initial concentration of Cd** in solution and alkali (earth) metal leaching in SBC.

Correlation
SBC Cd* K* Mg? Ca*
SBC 1 0.895™ 0.684" 0.800™ 0.751"
Cd* 1 0.424 0.849™ 0.575
K+ 1 0.822™ 0.793"
Mg* 1 0.803"
Ca* 1

** . Significant correlation was found at 0.01 level (bilateral). " . Significant correlation was found at 0.05 level (bilateral).
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ability. Among them, 1, 2, 3, 4, 5, and 6 in Fig. 10
indicated that the initial concentration of Cd*" in the
solution were 5.00, 10.00, 15.00, 20.00, 25.00, and
30.00 mg L' at a temperature of 25°C, respectively, and
cluster analysis of leaching of Mg*" and adsorption of
Cd** in RBC and SBC. Seen from Fig. 10, 7, 8, 9, 10, 11,
and 12 indicated that the initial concentration of Cd**
in the solution were 5.00, 10.00, 15.00, 20.00, 25.00,
and 30.00 mg L at a temperature of 35°C, respectively,
and cluster analysis of leaching of Mg? and adsorption
of Cd** in RBC and SBC. 13, 14, 15, 16, 17, and 18 in
Fig. 10 indicated that the initial concentration of Cd*" in
the solution were 5.00, 10.00, 15.00, 20.00, 25.00, and
30.00 mg L at a temperature of 45 “C, respectively, and
cluster analysis of leaching of Mg*" and adsorption of
Cd* in RBC and SBC.

At 25°C, 35°C and 45°C, the leaching amounts
of alkaline earth metals Mg* of RBC and SBC in
solutions with different initial concentrations of Cd*
form three clusters, and the clusters formed at 35°C
and 45 °C were the same category, indicating that there
was little difference in the leaching capacity of alkaline
earth metal Mg?" at these two temperatures, while the
largest difference was the clusters formed at 25°C.

Regeneration of Biochar Adsorbents
and Economic Assessment

Regeneration experiments were carried out using
a commonly utilized alkaline washing method used
for obtaining biochar-based carbonaceous adsorbents.
It is researched that desorption rate (%) of Cd(II) by
disruption the coordination of metal ions and subsequent
release from the material surface into the basic solution.
The results relating to the regeneration of Cd(II) by
desorption cycle are shown in Figure 11. In the chemical
regeneration trials, the desorption rate increased in
the first test and then decreased gradually with each
subsequent regeneration cycle. The decreasing trends
were largely due to the structural deterioration of the
adsorbents during the continuous regeneration process
[51, 52]. However, both weight loss and desorption rate
reduction were not remarkable. The rate of the biochar
regeneration was over 80% for five cycles. After five

usages, the regeneration efficiency of RBC slightly
decreased to 86.33% compared to the peak value, which
is higher than the maximum of SBC (85.64%) after the
third cycle. The better desorption rate of RBC should
be ascribed to the rich root structure. On the whole, the
findings show the promising possibility of the NaOH
regeneration of the SBC and RBC adsorption for Cd(II).

The use of Water Hyacinth biochar in heavy metal
treatment could provide a chance for turning into a
valuable resource, as well as benefiting the socio-
economic value of the whole ecology. In addition, the
wide source for SBC and RBC combined with no need
for activation process further enable the engineering
implication possible. Globally, the mean price for
biochars was $2.65 kg, which ranged from as low as
$0.09 kg! to as high as $8.85 kg' [53]. Investigations
reveal commercial grade carbon absorbent costs almost
$0.54 kg' in Chinese market. After considering the
cost of cultivation, pretreatment, carbonization, and
adsorption, the cost of SBC and RBC prepared from
Water Hyacinth and adsorbing Cd(II) in this research
is approximately $0.25 kg'!. Hence, this carbonaceous
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Fig. 11. Effect of HCI concentration on desorption of Pb(II) and
Zn(ID).
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material would be a commercial alternative with
a certain economic value in removing heavy metal from
aqueous solutions.

Conclusion

In this paper, biochar was prepared by pyrolysis of
Water Hyacinth biomass to study the characteristics
of biochar and its adsorption mechanism on Cd*". It is
indicated that it is feasible to remove the heavy metal
Cd?* in wastewater by Water Hyacinth biochar, and the
following conclusions were drawn.

Firstly, the physical and chemical properties of
biochar prepared from different parts of Water Hyacinth
are different. The yield of biochar prepared from stem
is lower than that from root. The pore structure of SBC
is rich and the crystal structure is different, and the
adsorption performance of SBC is better than that of
RBC.

Secondly, the adsorption capacity of Water
Hyacinth biochar increased with the increase of initial
concentration of Cd*" in the solution. When the initial
concentration reached 200.00 mg-L", the adsorption
capacity gradually stabilized; and the increase of
temperature was also beneficial to the adsorption of Cd**
by Water Hyacinth biochar. The adsorption isotherm
curves of RBC and SBC adsorbing Cd(II) can be well
fitted by Langmiur adsorption model. The kinetics
simulated by the relation between the adsorption
capacity and equilibrium Cd(II) concentration is
admirably explained by the pseudo-second-order model.
The results show that there are adsorption sites on the
inner and outer surfaces of Water Hyacinth biochar,
and the adsorption process is multi-molecular layer
adsorption

Finally, the adsorption effect of RBC and SBC on
Cd?*" in solution is positively correlated with the amount
of leaching of alkaline earth metal Mg*, indicating that
the leaching amount of alkaline earth metal Mg* in
biochar is affected by Cd** concentration. The leaching
amount of Mg* in SBC is larger than RBC, and the
adsorption effect is stronger than RBC, which proves
that the release of alkaline earth metal Mg*" in biochar
is beneficial to the adsorption of Cd*" by biochar.

Due to high recovery and advantageous economic
cost, Water Hyacinth can be used to treat wastewater
stream containing large amounts of Cd(II).
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