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ABSTRACT

Industrial wastewater of cadmium ions in the environment needs to be solved urgently. Nano-
hydroxyapatite and low-cost rice husk-egg shells biochar were successfully hybridized to form
nano-hydroxyapatite/biochar hybrid materials (HBC) for the adsorption of Cd* in aqueous solu-
tion. Scanning electron microscopy, BET, X-ray diffraction and Fourier-transform infrared spec-
troscopy were used to characterize HBC. The results showed that compared with the biochar (BC),
the adsorption efficiency and adsorption capacity of HBC were greatly improved. Specifically, the
adsorption efficiency was increased by 50%, and the saturated adsorption capacity was increased
from 23.835 to 35.2875 mg/g, which was increased by 48%. The adsorption mechanism of HBC on
Cd* is complex. Chemical adsorption and multilayer adsorption provide the most important con-
tribution, and various adsorption methods such as surface complexation, ion exchange, dissolution
and precipitation also affect the adsorption of Cd*. In general, HBC is an efficient and environ-
mentally friendly adsorbent, which can be used for the removal of Cd* from aqueous solution and

has high adsorption capacity and cost effectiveness.
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1. Introduction

Over the past decades, with rapid industrialisation and
urbanisation, water pollution by heavy metals has become
one of the most important environmental concerns world-
wide due to the bioaccumulative and toxic nature [1]. Unlike
most organic pollutants, even very low concentrations of
heavy metals in the environment can have direct or indirect
adverse effects on animals, plants and humans [2]. Heavy
metals such as cadmium are common in wastewater from
manufacturing and mining activities. Long-term exposure or
ingestion of cadmium may lead to serious disease problems
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such as liver and kidney damage [3], osteomalacia [4], repro-
ductive system disorders [5], damage to the human immune
system [6]and cancer [7]. When untreated cadmium waste-
water enters the water and soil, it is absorbed by aquatic
animals or plants and can be further enriched in the human
body through the food chain. Therefore, the effective removal
of cadmium from wastewater is an urgent problem.

At present, various techniques have been studied and
applied to remove cadmium from water. The commonly
used methods are chemical precipitation [8], reverse osmo-
sis [9], membrane filtration techniques [10], adsorption [11],
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ion exchange [12], and electrokinetic repair [13]. Among
them, adsorption is considered as a promising method due
to its cost-effectiveness, high treatment efficiency and sim-
ple operation [14], so the search for an efficient, economical
and green adsorbent is a hot topic of current research. Many
types of adsorbents such as activated carbon [15], biochar
[16,17], agricultural waste [18], biomass [19], clay [20], zeolite
[21] and natural or synthetic polymers [22] have been widely
used for the adsorption of heavy metals such as cadmium.
Although traditional adsorbent materials such as graphene,
activated carbon and carbon nanotubes have shown good
results in removing pollutants from aqueous solutions, their
expensive processing and regeneration costs have prevented
their large-scale application [23,24]. It is the focus of cur-
rent adsorbent research to find low-cost and high-efficiency
adsorbent raw materials.

Biochar, made from biomass heated and decomposed
under anoxic or anaerobic conditions, has received much
attention because of its simple preparation process, wide
source of raw materials, better adsorption of heavy metals,
low production cost, and being environmentally friendly
[25]. The production cost of biochar is estimated to be about
3%—6% of the cost of commercial carbon-based adsorbents
[26]. This has led to biochar being extensively studied in
recent years. Although biochar has many advantages in
the adsorption of heavy metals, it also has defects such as
poor selectivity and low adsorption capacity in the adsorp-
tion of heavy metals. Therefore, in order to make biochar
better used in wastewater treatment, there have been many
studies on the functionalization of biochar by nanomate-
rials [27,28]. Considering the effectiveness and economics
of heavy metal removal, the use of hydroxyapatite hybrid
biochar is a suitable choice.

Hydroxyapatite (HAP) is a green and highly efficient
mineral [29], which has a special crystal structure with strong
binding power for divalent heavy metal ions. In addition, it
is an environmentally friendly material that is less likely to
cause secondary pollution to the environment, especially
nano-hydroxyapatite (nHAP), a new functional material for
the treatment of environmental pollution [30], which has a
stronger adsorption capacity for heavy metals due to its
smaller particle size and larger specific surface area. However,
there are two main problems in using nano-hydroxyapatite
as adsorbent. Firstly, the chemicals required in the prepa-
ration of nano-hydroxyapatite may cause environmental
pollution. Second, nano-hydroxyapatite can agglomerate in
water, resulting in a significant reduction in the surface area
of the nano-hydroxyapatite, which reduces the adsorption
capacity of the target pollutant [31]. Therefore, the prepara-
tion of nano-hydroxyapatite from natural materials is the key
to solving the first problem. Although nano-hydroxyapatite
can be extracted from animal bones such as bovine or fish
bones, problems continue to arise due to the variability of
the physical and chemical properties of the raw material [32].
7.2 million tons of eggshell waste were produced annually
worldwide [33]and eggshells contain 94% calcium carbon-
ate, 1% magnesium carbonate, 1% calcium phosphate, and
4% organic matter [34]. If these waste eggshells are allowed
to be turned into treasure, not only is it waste reuse, but it
is also a way to reduce the environmental pollution caused
by waste eggshells. Using waste eggshells as one of the

raw materials for the preparation of hydroxyapatite would
not only reduce manufacturing costs but also reduce the
environmental pollution from waste eggshells. For the sec-
ond problem, the porous structure of biochar can be used
to prevent the aggregation of nano-hydroxyapatite, which
can ensure its adsorption capacity. In addition, the biochar
In addition, biochar materials can improve their adsorption
capacity and adsorption selectivity by nano-hydroxyapatite
hybridization.

Therefore, in this paper, we hybridized low-cost bio-
char and hydroxyapatite from rice husk and eggshell for
the adsorption removal of Cd*. The adsorption kinetics,
adsorption isotherms, and adsorption mechanism of biochar
hybrid materials (HBC) on Cd*" were studied.

2. Materials and methods
2.1. Chemical reagents

Cd(NO,),4H,0, NaOH, HNO,, NH,H,O, KH,PO,, and
C,H,OH were all analytical reagent grade and purchased
from Sinopharm Chemical Reagent Co., Ltd., China; All
solutions in this experiment were diluted using ultrapure
water (resistivity > 18.2 MU/cm).

2.2. Preparation of material

The rice huck was washed with the ultrapure water,
dried, ground and sieved through 100 mesh. Rice husk pow-
der was transported into the tube furnace (Tian Jin Zhong
Huan Electric Furnace Co., Ltd., SK-G05123k, China) and
heated from room temperature to 550°C at a rate of 5°C/min
in a nitrogen atmosphere and continuous pyrolysis at this
temperature for 120 min. After cooling to room temperature,
the material was removed and stored under dry conditions.
The adsorbent produced by the above method was named
biochar. Eggshells collected from canteens were treated
according to previous methods [35,36]. The eggshell pow-
der was transported into the tube furnace and heated from
room temperature to 550°C at a rate of 10°C/min in a nitrogen
atmosphere and continuous pyrolysis at this temperature for
120 min. After that, the eggshell powder was continuously
pyrolyzed from 450°C to 900°C in a nitrogen atmosphere
for 240 min. After cooling to room temperature, the material
was removed under dry conditions.

The HBC was prepared as follows. According to the pre-
vious research [37], a constant amount of treated eggshells
was weighed into ultrapure water, and the pH was adjusted
to acidic and completely dissolved in the sonication device.
Then a certain amount of biochar (BC) was weighed and put
into the solution, and suspension A was obtained after stir-
ring for 6 h. The potassium dihydrogen phosphate solution
was slowly poured into solution A. The pH of the final solu-
tion was adjusted to 10, aged for 24 h, filtered and washed to
neutral, and dried. Finally, the obtained product was placed
in the tube furnace and heated from room temperature to
600°C at a heating rate of 10°C/min in a nitrogen atmosphere
where it was continuously pyrolyzed for 120 min. After
cooling to room temperature, the material was removed
and stored under dry conditions. The adsorbent produced
by the above method was named HBC.
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2.3. Characterization of biochar

The surface morphology of the samples before and after
modification was characterized by scanning electron micros-
copy (SEM), (Tescan, MiraLms, Czech Republic), and the
change in crystal shape before and after modification was
characterized by X-ray diffraction (XRD; Rigaku, SmartLab
SE, Japan). Moreover, the change in functional groups before
and after reaction was characterized by Fourier-transform
infrared spectroscopy (FTIR) (Thermo Fisher Scientific,
IS50, USA). The characteristics of the specific surface area
and pore structure are measured by fully automatic specific
surface and porosity analyzer (ASAP 2020, PLUS HDSS,
Micromeritics, USA).

2.4. Adsorption experiment

1.3909 g Cd(NO,), 4H,0 was weighed in a 1 L volumet-
ric flask and diluted with ultrapure water to 500 mg/L stock
solution. All experiments were carried out at 25°C + 1°C.
0.04 g of HBC and 40 mL Cd* solution were added into a
100 mL conical flask. It was shaken on a thermostatic oscil-
lator at the condition of 160 rpm. After the adsorption pro-
cess, the adsorbent was separated by a 0.45 um syringe filter,
and the residue was measured by a flame atomic absorption
spectrophotometer (Jena AG, novaa 350, Germany). Except
for isothermal adsorption, the concentrations of Cd* solu-
tion in other adsorption experiments were all 50 mg/L. In
addition to the study of dosage factors, in other adsorption
experiments, 0.04 g HBC was placed in a conical flask.

The adsorption kinetics were performed over 720 min (5,
10, 20, 30, 60, 90, 120, 180, 240, 300, 360, 480, and 720). The
adsorption isotherm experiments were established with Cd*
concentrations of 50 ~ 500 mg/L (50, 100, 200, 300, 400, and
500) after 360 min oscillation. The isotherms were obtained
after the pH influence experiment, dosage influence exper-
iment, and adsorption kinetics. In all adsorption exper-
iments, three groups of parallel experiments were set.

2.5. Analysis methods

The adsorption capacity and removal percentage of
Cd* by the adsorbent were calculated according to Eqs. (1)
and (2):

C,-C )V
L 0
n:(c"cif)xloo% )

0

where g, is the amount of Cd* adsorbed at the time of
adsorption ¢ (mg/g); V is the volume of the solution (L); n is
the removal percentage of Cd*; m is the mass of biochar (g);
C, is the initial concentration of Cd* (mg/L); C, is the equilib-
rium concentration of Cd* (mg/L).

2.6. Adsorption model

Adsorption kinetic model: pseudo-first-order and pseu-
do-second-order models and the Weber-Morris kinetic

model were used to fit the adsorption experimental data.
The specific equations were as follows, where the pseudo-
first-order kinetic model equation was as Eq. (3), the pseudo-
second-order kinetic model equation was as Eq. (4), and
the Weber—Morris kinetic model equation was as Eq. (5).

g, =4.[1-exp(-k)] 3
t 1 t
T 4)
9 k4. 4.
q,= kipto'5 +C (5)
where g, is the equilibrium adsorption capacity (mg/g);

k, is the rate constant of the pseudo-first-order kinetic model
(min™); k, is the rate constant of the pseudo-second-order
kinetic model (g/mg'min); k,_ is the diffusion rate constant
within the particle (mg/g-min'?); ¢ is the adsorption time (min).

Isothermal adsorption model: Langmuir model and
Freundlich model were used to fit and analyze the data.
The equations were as follows, where the Langmuir model
equation was as Eq. (6), and the Freundlich model equation
was as Eq. (7).

K. C,
qB — qm L>~e (6)
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where g, is the equilibrium adsorption capacity (mg/g); q,, is
the saturated adsorption capacity (mg/g); C, is the concen-
tration of Cd** when the adsorption reaches equilibrium
(mg/L); K, is the Langmuir adsorption coefficient; K, is the
Freundlich adsorption coefficient.

3. Results and discussion
3.1. Characterization

In order to study the morphology and microstructure
between BC and HBC, SEM was used for characterization.
It can be seen from Fig. 1A and B that BC has a porous struc-
ture, which is beneficial to the adsorption of heavy metals
by BC. It can be seen from Fig. 1C and D that nHAP has cov-
ered the surface and pore structure of biochar, indicating
that the hybridization effect is obvious.

The XRD patterns of BC and HBC can be seen in Fig. 2A.
According to the standard powder diffraction file (09-0432),
the characteristic peaks (002), (211), (300), (202), (310) and
(222) of HAP appeared on the HBC pattern, indicating that
nHAP has been loaded onto rice husk biochar [38] and also
proving that the surface of BC on SEM is indeed covered by
nHAP. Fig. 2B shows the FTIR of HBC before and after the
adsorption of Cd*. The 3,409.5 cm™ represents the bending
mode of hydroxyl groups in water, 472.5, 565.5, 602, 1,035
and 1,089 cm™ corresponds to the vibration of phosphate
groups, and 1,419 and 454 cm™ corresponds to carbonate
groups, indicating the presence of carbonate [39], which
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Fig. 1. Scanning electron microscopy images of the biochar (A and B) and HBC (C and D) at different expansion ratios.

may come from biochar and the changes in the peaks before
and after the adsorption of Cd* indicated that -PO, and
—CO, participated in the adsorption process.

The nitrogen adsorption—-desorption isotherms of HBC
are shown in Fig. 2C. According to the nitrogen adsorption
isotherms of IUPAC, it shows type II and type IV with H3
hysteresis loops. The high adsorption (P/P, < 0.2) at low rel-
ative pressure indicates the presence of microporous struc-
ture in HBC (type II). HBC shows H3 type hysteresis loops
between P/P; = 0.25-1.0, possibly including mesoporous
structures such as nHAP nanoparticle plate slit structure,
cracks structure, and wedges structure [40], which is con-
sistent with the SEM results. The BET specific surface area
of HBC is 70.3028 m?*/g, the pore size was 14.6694 nm, and
the total pore volume was 0.266614 cm?®/g. The pore size dis-
tribution of HBC can be seen in Fig. 2D. The pore structure
of HBC is mainly distributed in the mesopore range, and
the larger pore size is beneficial to the diffusion of macro-
molecular heavy metal ions in the HBC voids.

3.2. Effect of pH and dosage on the adsorption of Cd**

According to other literature, solution pH has a signif-
icant effect on the adsorption of heavy metal ions [41,42],
mainly reflected in two aspects. Firstly, the hydrogen ions
in the acidic solution will protonate the active site, which

will prevent the metal ions from approaching. Secondly, the
alkaline solution containing a large amount of hydroxide
ions will cause the precipitation of Cd*, which may interfere
with the actual adsorption amount of Cd*". Therefore, the pH
range of this experiment was 2~6. According to Fig. 34, it
can be seen that the adsorption effect of HBC on Cd* in pH
2~6 environments. When pH <3, HBC had almost no adsorp-
tion effect on Cd*. With the increase of pH, the adsorption
efficiency of HBC for Cd* increased. The reason is that
when pH < 3, the nHAP in HBC is dissolved [43] [Eq. (8)],
resulting in the destruction of the crystal structure of nHAP,
thereby inhibiting the adsorption of Cd* by HBC. With the
increase of pH, on the one hand, the H* that competes with
heavy metal ions is greatly reduced, which means that the
adsorption sites occupied by H* on HBC are decreasing, and
the corresponding adsorption sites for heavy metal ions are
increasing [44].

On the other hand, more OH" enhances the electronega-
tivity of the adsorbent surface and enhances the adsorption
effect on heavy metal ions. At pH 6, the adsorption of Cd*
by HBC reached equilibrium and the maximum adsorption
capacity was 30.127 mg/g. In addition, between pH 2 and
pH 3, the adsorption efficiency of HBC for Cd* is greatly
improved, indicating that the zero point of HBC may be
between pH 2 and 3. The pH value corresponding to the
zero point potential is pHzpc. When pHzpc, the surface of
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Fig. 2. X-ray diffraction patterns of biochar and HBC (A), Fourier-transform infrared spectrums of the HBC before and after
sorption of Cd*" (B), N, adsorption-desorption isotherms (C) and the pore-size distribution (D) of HBC.
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Fig. 3. Effects of pH (A) and dosage (B) on the adsorption of contaminants by HBC.

the adsorbent presents a negative potential, which produces The relationship between HBC dosage and Cd*" adsorp-
electrostatic attraction with Cd?¥, thereby improving the tion capacity and adsorption efficiency are shown in Fig. 3B.
adsorption effect [42]. When the HBC dosage was gradually increased from 0 to

1.25 g/L, the adsorption efficiency continued to grow, which
. ) . was due to the increasing specific surface area and avail-
Ca,, (PO4 )6 (OH)Z +2H" »10Ca™ +6PO;" +2H,0 (8)  able adsorption sites as the amount of HBC increased [43].
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However, the adsorption capacity of Cd* was different from
the adsorption rate, and the adsorption capacity was grad-
ually reduced. This is because when the concentration and
volume of Cd? are constant, with the increase of HBC dos-
age, the active sites are not fully utilized, and the aggrega-
tion and overlap of active sites lead to the decrease of the
surface area of adsorption, which leads to the decrease of the
adsorption capacity of HBC to Cd*" in water. Considering the
factors such as cost, adsorption efficiency, and adsorption
capacity, the actual adsorbent dosage is 1 g/L.

3.3. Adsorption kinetics

Fig. 4A shows the effect of adsorption time on the adsorp-
tion of Cd* by BC and HBC. The adsorption amount of BC
and HBC increased rapidly in the first 60 min, gradually
increased after 60 min, and reached the adsorption equilib-
rium at 360 min. At each time point, the adsorption capacity
of HBC for Cd*" was higher than that of BC. Compared with
BC, the equilibrium adsorption capacity of HBC increased
from 23.85 to 35.28 mg/g, which increased by about 48%.
This indicated that the adsorption effect of the HBC was bet-
ter than that of the BC. The main reason for the rapid increase
of adsorption capacity in the first 60 min is that when the
concentration and volume of Cd? solution are constant, BC
and HBC have a large number of active sites in the early
stage of adsorption, the concentration of Cd*" is higher in the
early stage of adsorption, the mass transfer power is larger,
and the concentration of Cd* in the later stage of adsorp-
tion is lower. After 60 min, the adsorption rate was lower
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than the initial rate, which was due to the rapid decrease of
the concentration difference of Cd* and the active sites on
the surface of BC and HBC were less and less. In the later
stage of adsorption, with the depletion of surface active sites
of BC and HBC and the weakening of intraparticle diffu-
sion of BC and HBC, the adsorption rate decreased and the
adsorption reached saturation.

In order to better characterize the adsorption mecha-
nism of Cd*" on BC and HBC, the pseudo-first-order kinetics,
pseudo-second-order, and intraparticle diffusion equations
were used to characterize the adsorption kinetics. The fit-
ting results of pseudo-first-order and pseudo-second-order
kinetic models are shown in Fig. 4A and Table 1. The correla-
tion coefficient R? of the pseudo-second-order kinetic equa-
tion of BC and HBC was higher, so the adsorption process of
Cd* by BC and HBC can be well described by the pseudo-
second-order kinetic equation, indicating that the adsorption
of Cd* by BC and HBC was closer to chemical adsorption.
The fitting results of the intraparticle diffusion model are
shown in Fig. 4B and Table 2. The adsorption fitting curve
of BC can be divided into two stages. The first stage was the
liquid film diffusion stage, the second-stage was the intrapar-
ticle diffusion stage, and the adsorption of BC in the intrapar-
ticle diffusion stage was basically completed. The adsorption
fitting curve of HBC can be divided into three stages, which
was consistent with the classical three-stage adsorption the-
ory. The first stage was the liquid film diffusion stage, in
which Cd* diffuses to the HBC surface through the liquid
film. The second-stage was the intraparticle diffusion stage.
Cd?* further migrates from the HBC surface to the adsorption
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Fig. 4. Adsorption kinetics for Cd* by biochar and HBC (A) and fitting curves of Weber-Morris model (B).

Table 1
Parameters of adsorption kinetics

Adsorbent Pseudo-first-order equation Pseudo-second-order equation

q, (mg/g) k, (min™) R q, (mg/g) k, (g/min-min) R
BC 24.3546 0.0069 0.97265 30.79692 0.000222 0.98077
HBC 30.8023 0.12431 0.75822 32.52142 0.00532 0.90292
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site, and the intraparticle diffusion played a major role in this
stage. The third stage was the adsorption reaction stage, at
which the adsorption reaches equilibrium. The intraparticle
diffusion equation parameters of BC and HBC can be seen in
Table 2. For BC, K, > K,,, C, < C,, the linear slope of the lig-
uid film diffusion stage was larger than that of the intrapar-
ticle diffusion stage, indicating that the adsorption rate was
faster in the liquid film diffusion stage. The C value in the
intraparticle diffusion stage was larger than that in the liquid
film diffusion stage, which reflected that the boundary layer
resistance became larger and the adsorption rate decreased.
This stage was the main step limiting the adsorption rate
of BC. For HBC, K, > K, > K, C, < C, < C,, which indicated
that HBC had the largest adsorption rate in the early stage of
adsorption, mainly due to the presence of a large number of
adsorption sites in the early stage of adsorption. When the
outer surface of HBC reached saturation in the first stage,
the adsorption on the inner surface of HBC increased, and
the diffusion resistance of Cd* increased. The curve fitted
by the internal diffusion equation of BC and HBC did not
cross the origin, indicating that the internal diffusion of par-
ticles was not the only rate-controlling step, and the adsorp-
tion rate was also affected by reactions such as ion exchange
and dissolution precipitation.

3.4. Adsorption isotherm

Cd?* solutions with concentrations of 50, 100, 200, 300,
400, and 500 mg/L were taken in a 40 mL volumetric flask.
The solution pH was 6, 0.04 g of HBC was added, and the
solution was shaken at 25°C for 360 min. It can be seen from
Fig. 5 that with the increase of solution concentration, the
equilibrium adsorption capacity increases, but the increase
rate decreases. This is because with the increase of initial Cd*
concentration, the chance of Cd* contacting the active sites
on the surface of HBC increases, which is conducive to the
adsorption of Cd* by surface functional groups. However,
a certain amount of adsorbent can provide a certain contact
area and adsorption site. When the concentration reaches
a certain level, the adsorption site has been fully utilized,
and the adsorption gradually reaches saturation [47]. The
maximum adsorption capacity was 124.5 mg/g. Langmuir

Table 2
Fitting parameters of Weber—Morris model

and Freundlich isothermal adsorption models were used to
fit the experimental data, and Fig. 5 is the fitting results of
Langmuir equation and Freundlich equation. corresponding
adsorption isotherm fitting parameters are shown in Table 3.
At 25°C, the Freundlich fitting correlation coefficient was
higher than that of Langmuir, and the correlation was more
significant. The adsorption of Cd* by HBC was more in line
with the Freundlich adsorption isotherm equation, which
indicated that the adsorption of Cd* by HBC was mainly
based on multi-molecular layer adsorption. However, the
correlation coefficients of Langmuir and Freundlich models
were both > 0.9, indicating that the adsorption mechanism of
HBC on Cd* was complex, and there were many adsorption
methods such as ion exchange and surface complexation.

3.5. Adsorption mechanism

According to the above characterization and experi-
ments, the adsorption mechanism of HBC on Cd* in aque-
ous solution was not a single chemical adsorption or physical
adsorption, but a multi-mechanism adsorption including

140
L]
120
i &
g
& 8o :
g -
E /’ -
P o
2 60
ff.’
40 / L]
e -
20 e Langumir
Freundlich
0 I : : . L L I
0 50 100 150 200 250 300 350 400

Ce (mg/L)

Fig. 5. Fitting curves of Langmuir and Freundlich isothermal
models.

Adsorbent Step 1 Step 2 Step 3
K, (mg/gmin'?)  C, R? K, (mg/gmin'?)  C, R? K, (mg/gmin'?)  C, R?

BC 1.30623 -1.078  0.98577  0.09585 2155  0.84889

HBC 1.94832 12.84 097575  0.66517 2244 0.98973  0.0685 33.58 0.9195
Table 3
Fitting parameters of isothermal adsorption models

Adsorbent Langmuir model Freundlich model

q, KL 1/n KF R?
HBC 110.47956 38.37749 0.9065 246111 10.44704 0.98037
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physical and chemical action. SEM and XRD results showed
that nano-hydroxyapatite successfully hybridized to bio-
char. The pseudo-first-order and pseudo-second-order
models also showed that the adsorption mechanism in the
adsorption process and the diffusion in the particles were
the main rate-limiting steps. FTIR results before and after
adsorption indicated that the oxygen-containing functional
groups (-PO, -CO,) on the HBC surface adsorbed Cd*
through complexation. The isothermal adsorption model
further indicated that the adsorption mechanism of Cd* on
HBC was complex, and Cd* underwent single-layer chem-
ical adsorption and multi-layer physical adsorption on the
surface of HBC. The experimental results of the influenc-
ing factors showed that the pH of the solution and dosage
could make a great influence on the adsorption capacity
and adsorption efficiency. The pH will change the surface
charge of HBC, and the change of dosage will change the
number of adsorption sites of HBC in water, which indicates
that HBC has electrostatic interaction with Cd*. In general,
the main adsorption mechanisms of Cd* on HBC are com-
plexation, electrostatic adsorption, surface adsorption, ion
exchange [Egs. (9) and (10)], and dissolution precipitation of
hydroxyapatite [Eqgs. (11) and (12)].

10Cd** +6PO;” +2H,0 —» Cd,, (PO, ) (OH) +2H" )

Ca, (PO, ), (OH), +xCd**

— xCa® +Ca,, Cd (PO,) (OH), (10)
Ca,, (PO, ), (OH), +14H" —»10Ca* +6H,PO, +2H,0  (11)
10Cd* + 6H,PO; +2H,0 - Cd,, (PO, ) (OH), +14H"  (12)

4. Conclusion

In this study, we successfully prepared the nano-hy-
droxyapatite/biochar hybrid materials (HBC). The HBC
synthesized in this study exhibited superior adsorption per-
formance for Cd*. The characterization results confirmed
the successful hybridization of nano-hydroxyapatite onto
biochar. The adsorption capacity of HBC was 48% higher
than that of BC. The Freundlich isotherm model described
the sorption well and the maximum adsorption capacity
was 124.5 mg/g. Adsorption kinetics followed the pseu-
do-second-order model, and the Weber and Morris intrapar-
ticle diffusion model showed that the sorption mechanism
included three different steps. Both physical and chemical
mechanisms were involved in Cd* adsorption onto HBC.
The main adsorption mechanisms were electrostatic interac-
tion, ion exchange, and dissolution precipitation of hydroxy-
apatite. The results from the present study indicate that HBC
could be a technically feasible and promising Cd*" sorbent for
wastewater treatment.
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