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ABSTRACT

The adsorption characteristics of Pb(II) onto bone char were studied by conducting batch exper-
iments, and the influence of the solid-liquid ratio, pH, ionic strength, reaction time, temperature,
and initial concentration on Pb(Il) adsorption was evaluated. Based on the adsorption kinetic and
isothermal adsorption characteristics of Pb(II), Cd(II), Ni(II), and Cu(lII), the competitive adsorption
characteristics between heavy metal ions in the multi-component system were explored. The results
reveal that bone char exhibits a relatively high adsorption capacity for Pb(II). The adsorption capac-
ity reached 158.36 mg g when the initial concentration was 200 mg L, the solid-liquid ratio was
1.0 g L, the temperature was 20°C, and the optimum pH was 2-3. Furthermore, Pb(II) adsorption
onto bone char was substantially affected by the solid-liquid ratio and the pH, and less affected by
the ionic strength. Langmuir model fit the isothermal processes better than the Freundlich model,
and the coefficients of determination were larger than 0.970. Pseudo-second-order kinetic model
was best fitted to the adsorption kinetic processes of Pb(II), Cd(II), Ni(Il), and Cu(II), which had the
coefficients of determination larger than 0.990. Moreover, Cd(II) and Ni(II) had a low impact on the

adsorption capacity of bone char to Pb(II), while Cu(II) showed a significant impact.
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1. Introduction

The wastewaters discharged by industrial enterprises
contain varying concentrations of heavy metal ions. If the
wastewater treatment process does not meet standards or
if wastewater is directly discharged, heavy metal pollution
can directly enter soil and water bodies via the wastewater.
According to the recent survey on groundwater pollution
by the Ministry of Water Resources of China, 60% of the
groundwater in China is contaminated to varying degrees.
The pollution caused by industrial production cannot be
ignored. In China, water and soil pollution has had a severe
impact on economic and social development. Heavy metals
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cannot be degraded and removed from soil and water but
rather accumulate in animals or plants and then accumu-
late by the food chain, possibly damaging human organs
and posing a severe threat to human health [1]. Common
methods for removing heavy metals include chemical pre-
cipitation, membrane treatment, ion exchange, and adsorp-
tion [2]. The adsorption method has been extensively stud-
ied due to its cost-effectiveness, versatile feasibility and
environmental friendliness, and its reliability in removing
heavy metal ions has been successfully verified. Studies
have indicated that heavy metal ions (Ni(II), Zn(II), Mn(II),
Hg(II), Pb(II), As(III), As(V), Cd(II), Cr(VI), and Cu(Il)) can
be effectively removed from wastewater by Pliocene clays
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[3], sunflower biochar [4], bentonite nanocomposites [5],
modified bamboo [6], modified kapok fiber [7], modified fir
biochar [8], activated carbon/zirconium oxide composites
[9], and modified carbon adsorbent [10].

Studies have shown that synthetic hydroxyapatite
can be used as an adsorbent to effectively removes heavy
metal ions. The main component of animal bones, corals,
and eggshells is hydroxyapatite, and animal bones are an
inexpensive material that can be recycled. The bone char
after treatment possesses a large specific surface area, high
porosity, and satisfactory stability and can be used as a
new biosorbent to treat wastewater. Rojas-Mayorga et al.
[11] noted that the adsorption capacity of bovine bone char
ranged from 68.3 to 119.4 mg g, and the removal effect of
Cd(II) was better than that of Zn(II) and Ni(II). Begum et al.
[12] concluded that the maximum adsorption capacity of
As(V) onto bone char reached 0.13 mg g, and the Langmuir
model and second-order kinetics model accurately fit the
test results. To investigate the adsorption characteristics of
Cr(III) onto bone char, Flores-Cano et al. [13] pointed out
that the adsorption capacity increased by 2.6 times as the
pH changed from 3 to 5, whereas the adsorption capacity
reduced by 1.3 times as the temperature increased from
25°C to 35°C. Maria and Mansur [14,15] investigated the
adsorption characteristics of manganese onto bone char by
mathematical models and found that the diffusion model
could well describe the manganese adsorption for dis-
tinct particle sizes, whereas the shrinking core model was
more accurate for larger adsorbent particles and the mass
transfer phenomena within spherical adsorbent particles.
Based on the combination of Fe, O, particles and bone char,
Soltani et al. [16] found that the adsorption ability of As(V)
onto nanocomposites increased with increasing dose and
initial concentration, whereas decreased with increasing
temperature, and the maximum adsorption ability reached
112 ug g'. Hernandez-Hernandez et al. [17] studied the
adsorption behaviors of Cu(Il) and Zn(II) onto bone char
and found that stratified adsorption columns were better
than conventional bed columns, and the adsorption pro-
cess was more evident for Zn(II) than Cu(II). Martins et al.
[18] revealed that the adsorption ability of Cu(II) onto bone
char reached 1.093 mmol g, which was higher than that
of Cd(Il) and Ni(II), and the Langmuir model fit the test
results better than the Freundlich model. Ranjbar et al. [19]
studied the adsorption of Cr(VI) onto bone char-ZnO com-
posites and concluded that the removal rate increased as
the adsorbent dose, shaking rate, temperature, and contact
time increased, suggesting that the composite is a poten-
tial adsorbent for wastewater treatment. Sellaoui et al. [20]
revealed that the adsorption ability of bone char to Cu(II)
was significantly higher than that of Cd(II) and Zn(II), and
a statistical model considering thermodynamic equilibrium
was established. Gordillo-Ruiz et al. [21] constructed a neu-
ral network model to investigate the adsorption character-
istics of Cd(II), Ni(II), and Zn(II) onto bone char and found
that the new model was superior to the traditional model.
Park et al. [22] reported that chicken bone char could be
used as an effective adsorbent for Pb(II) removal, and the
maximum adsorption ability reached 263 mg g™. Wang et
al. [23] investigated the adsorption behavior of Cu(II) onto
bovine bone char and found that the adsorption ability

varied from 72.53 to 83.71 g kg™ and that rib bone char
had a better adsorption ability. Based on modified bone
char, Yang et al. [24] pointed out that the volatile organic
compounds adsorbent was more effective in a hierarchi-
cal structure which containing abundant adsorption sites,
and the adsorption characteristics could be well described
by the pseudo-second-order model. Medellin-Castillo et
al. [25] noted that bone char was effective in removing
fluoride and Cd(II) from solutions, and the adsorption
ability for fluoride increased with pH decreased, while the
adsorption ability for Cd(Il) increased with pH increased.
As an additive or main heavy metal material, lead is
extensively used in electricity storage, leather, petrochemi-
cals, dyestuff, and ceramics. Lead can accumulate in human
blood, cause nervous system disorders, destroy kidney
function and liver function, and affect brain development
in children, leading to mental retardation in severe cases
[26]. Previous studies have indicated that bone char has an
excellent adsorption capacity for metal ions (Cd(II), Cu(Il),
Zn(II), Ni(II), As(V), Cr(Ill), and Cr(VI)). To date, relatively
few studies have examined the adsorption characteristics of
Pb(II) onto bone char, especially the competitive adsorption
characteristics between Pb(II) and other heavy metal ions.
In this paper, the adsorption characteristics of Pb(II) onto
bone char were studied by conducting batch experiments.
The effects of the solid-liquid ratio, pH, ionic strength, ini-
tial concentration, and temperature on the adsorption char-
acteristics of Pb(II) were analyzed, and the competitive
adsorption characteristics between Pb(II), Cd(II), Ni(II),
and Cu(Il) in the multi-component system were explored.

2. Materials and methods
2.1. Materials

A commercial bone char (Shijiazhuang Baogian Trading
Co., Ltd., China) was used. Following sample pulveriza-
tion by a high-speed pulverizer, the particles were passed
through a sieve (0.025 mm) to meet the requirements of
the experiments. The pulverized bone char was placed in
an oven at 60°C for 24 h and then cooled and stored in a
desiccator for future use. X-ray fluorescence spectrometry
analysis showed that the main chemical components of the
bone char were CaO and P,0,, which accounted for 49.9%
and 47.5% by mass, respectively, and their total percent-
age exceeded 97.0% (as shown in Table 1). Table 2 shows
the physical properties of bone char based on Brunauer—
Emmett-Teller (BET) analysis.

The concentration of the stock solution was 1,000 mg L™,
which was produced by dissolving 1.598 g of analytically
pure Pb(NQO,), in 1 L of distilled water, and the Pb(II) solution
used in the experiment was prepared by diluting the stock
solution.

2.2. Characterization techniques

X-ray fluorescence spectrometry (SRS 3400, Bruker,
Germany) was used to characterize the chemical components
of the adsorbent. BET analysis (NOVA 2200e, Quantachrome,
USA) was employed to determine the surface area, pore
size and pore volume. Fourier-transform infrared (FTIR)
spectrophotometry (Nicolet 6700, Thermo Fisher Scientific,
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Table 1
Chemical composition of bone char

Chemical component Mass percent (%)

CaO 49.9
P,0, 47.5
MgO 0.890
SiO, 0.433
ALO, 0.389
SO, 0.359
Fe O, 0.260
Cl 0.078
SrO 0.071
K,O 0.056
ZnO 0.054
CuO 0.026
ZrO, 0.017
Table 2
Physical properties of bone char
Bulk density (kg m~) 640
Pore size (nm) 7.5-60
Pore volume (cm® g7) 0.225
Surface area (m? g™) 100.06

USA) was used to identify the functional groups on the
surface of the adsorbent with spectra in the wavenumber
range of 4,000-400 cm™. X-ray diffraction (XRD) (XPert Pro,
PANalytical B.V., Holland) with a 20 range of 0°-80° was
used to examine the mineralogical characterization. Atomic
absorption spectrophotometry (AA6000, Shanghai Tianmei
Biochemical Engineering Equipment Co., Ltd., China) was
used to measure the metal concentration of the superna-
tant. A pH meter [Starter 2C, Ohaus Instruments (Shanghai)
Co., Ltd., USA] was used to measure the pH of the super-
natant. In addition, an oven (DHG-9011A, Shanghai Jing
Hong Laboratory Instrument Co., Ltd., China), a thermo-
static oscillator (SHA-C, Guohua Electric Appliance Co.,
Ltd., China) and a centrifuge (CT15RT, Shanghai Tianmei
Biochemical Engineering Equipment Co., Ltd., China) were
used during the experiments.

2.3. Experimental methods

Erlenmeyer flasks containing the samples were num-
bered and placed in a constant temperature oscillator. The
temperature of the shaker was adjusted to a predetermined
value, and the shaker was operated at a constant tempera-
ture for 12 h at a speed of 120 r min™'. The solution follow-
ing the reaction was filtered through filter paper, and the
supernatant was collected. An atomic absorption spectro-
photometer was used to measure the concentration in the
supernatant, and a pH meter was used to measure the pH of
the supernatant before and after the reaction (pH, and pH,,
respectively).

The adsorption ability at equilibrium g, (mg g), the
removal rate R (%), and the experimental solid-liquid ratio
r (g L) were calculated from the following equations:

C,-C
qczwxv 1)
m
(Co_ce)
R=-——"x100% (2)
G
m
r=4 ®)

where C; and C, are the initial and equilibrium concentra-
tions (mg L), respectively, V is the solution volume (L), and
m is the mass of bone char (g).

2.4. Theoretical models
2.4.1. Isothermal adsorption models

e Langmuir model [27]

cCC 1 C

=4 £
q, bQ Q

where C, is the equilibrium concentration (mg L), g, is
the adsorption capacity at equilibrium (mg g7), Q is the
single-layer maximum adsorption capacity (mg g™), and b is
the model constant (L mg™).

(4)

R, = 1
1+0bC,

©)

where R, is the separation factor (dimensionless), b is the
Langmuir model constant (L mg™), and C, is the initial con-
centration (mg L7).

The R, value indicates whether the adsorption reaction
is favorable [28]. When 0 < R, < 1, the reaction is favorable
for adsorption. When R, > 1, it is unfavorable for adsorption.
When R, = 1, the adsorption is reversible. When R, =0, it is
irreversible [29].

e Freundlich model [30]
logg, =log K, + llogCe 6)
n

where g, is the adsorption capacity at equilibrium (mg g™),
C, is the equilibrium concentration (mg L™), K, is the model
constant related to the adsorption capacity (mg g™), and
n is the model constant related to the adsorption strength
(dimensionless).

2.4.2. Adsorption kinetic models [31]

e Pseudo-first-order kinetic model

d
“r=k(a.-q) @
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Its integral form is as follows:

K, )

log (g, —q,)=logq, - 7303

where ¢, and g, are the adsorption capacity (mg g™) at time
t and at equilibrium, respectively, and k, is the adsorption
rate constant of the pseudo-first-order kinetics (min™).

e Pseudo-second-order kinetic model

The pseudo-second-order kinetic model can be expressed

as:

dq 2

M ti(0,-a) o
Its integral is:

LA S+ lt (10)

9% kg, 4.

where g, and g, are the adsorption capacity (mg g™) at time ¢
and at equilibrium, respectively, and k, is the adsorption rate
constant (g mg™ min™).

When t approaches 0, I can be expressed as
h=kq’ (11)
where k, is the adsorption rate constant (g mg™ min™), g, is

the adsorption capacity at equilibrium (mg g™), and h is the
initial adsorption rate (mg g™ min™).

* Intraparticle diffusion model

G =kt € (12)
where g, is the adsorption capacity (mg g™), k,, is the inter-
nal diffusion rate constant (mg g™ min™?), and c is the inter-
cept, which is related to the thickness of the boundary layer
(dimensionless).

2.4.3. Adsorption thermodynamic model [32]

The adsorption thermodynamic equation can be
expressed as:

q,
K =t 13
) (13)
AS AH
InK,==—"-=x 14
M = T RT (14
AG = AH —TAS (15)

where K is the distribution coefficient at the solid-liquid
interface (mL g™), g, is the adsorption capacity at equilibrium

(mg g), C, is the equilibrium concentration (mg L), R
is the molar gas constant (8.314 J mol™ K7), T is the ther-
modynamic temperature (K), AH is the enthalpy change
(k] mol™), AS is the entropy change (J mol™ K7), and AG is
the Gibbs free energy (k] mol™).

3. Adsorption characteristics of Pb(II)
3.1. Effect of the solid-liquid ratio on Pb(II) adsorption

The V of Pb(II) was fixed to 50 mL in the experiment,
and the r was adjusted by varying the bone char mass.
The r exhibits a certain effect on the adsorption ability
and the removal rate of Pb(Il). The C, was 200 mg L, the
experimental temperature was 20°C, and the pH was not
adjusted during the experiment. Then, r was increased from
0.2 to 2.0 g L™ to analyze the impact on the adsorption and
removal of Pb(II). As shown in Fig. 1, the R of Pb(II) by bone
char increased correspondingly when r was varied from
0.2 to 2.0 g L. The reason is that as r increases, the mass of
bone char increases, as does the number of adsorption sites
[33]. However, the amount of Pb(II) adsorbed by bone char
decreased with increasing r. The reason for this phenome-
non is that after the mass of the bone char increases, some
of the bone char particles aggregate, resulting in incomplete
mixing of the bone char particles with the Pb(Il) solution
and a failure to completely expose the adsorption sites of
the bone char [34].

3.2. Effect of pH on Pb(1I) adsorption

When the pH is less than 6, Pb(II) in solution exists in the
form of Pb*; when the pH is more than 6, the concentration
of Pb* in the solution decreases rapidly. In this experiment,
it was concluded that when the initial pH exceeded 5.5, a
small amount of precipitates started to appear. To prevent
precipitation, the pH was controlled to less than 5.5 in the
experiment. To study the effect of pH on Pb(II) adsorption,
r was kept at 1 g L, the C;, was 200 mg L, the tempera-
ture was 20°C, and the initial pH (pHj) was controlled
with HNO, and NaOH. The impact of pH on the adsorbed
amount of Pb(Il) and the pattern of change in the solution
pH after the reaction (pH,) was analyzed, and the results are
shown in Fig. 2.

When the solution pH was less than 2, some of the bone
char was dissolved by the acid, and the H" in the solution
occupied a certain number of adsorption sites. As a result,
the capacity of the bone char to adsorb Pb(Il) was greatly
reduced, and the amount of adsorbed Pb(II) was low [35].
As the pH increased to a suitable range (e.g., approximately
2.5), the decomposition of hydroxyapatite Ca,(PO,),(OH),
(CaHA)-the effective component in the bone char was pro-
moted. Subsequently, the decomposition products reacted
with Pb(Il) in solution to form a precipitated mineral,
pyromorphite Pb,(PO,)(OH), (PbHA), and the highest
amount of Pb(II) adsorbed by bone char was reached at
this time [36]. When the pH exceeded 3.5, the adsorption
amount decreased slightly, mainly due to the formation of
a soluble hydroxyl complex. Our analysis indicates that a
suitable acidic environment is beneficial to Pb(II) removal
by bone char.
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3.3. Effect of ionic strength on Pb(II) removal

To investigate the effect of ionic strength on the removal
of Pb(Il), r was fixed at 1 g L7, the C, was 200 mg L™, and
the temperature was set at 20°C. The ionic strength of the
solution was controlled between 0.0025 and 0.5 mol L™ by

adding different concentrations of NaCl, and the R of Pb(II)
under different ionic strengths was analyzed. As shown
in Fig. 3, when the ionic strength in the solution was less
than 0.05 mol L7, the R of Pb(II) by bone char decreased
slightly, indicating that a certain competitive adsorption
relationship exists between Na' and Pb*. When the ionic
strength was equal to 0.05 mol L™, the electric double layer
at the adsorption site was compressed [37], the thickness
of the electric double layer was decreased, and the adsorp-
tion distance of Pb(II) in the solution on the bone char
was reduced, thereby the R was increased. When the ionic
strength of the solution changed from 0.05 to 0.5 mol L7, the
effect of the competitive adsorption between Na* and Pb*
was more prominent than that of the electric double layer,
and the R showed a downward trend. The results revealed
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that the overall ability of bone char to remove Pb(Il) is less
affected by the ionic strength [38].

3.4. Adsorption kinetics characteristics of Pb(II)

In this experiment, r was 1 g L7, the temperature was
20°C, the C, were 200, 300, and 500 mg L™, and the pH
was not changed during the experiment. The relationship
between the adsorbed amount and t was analyzed, and the
results are shown in Fig. 4. The removal of Pb(II) by bone
char was a fast reaction process; the amount of adsorbed
Pb(II) exceeded 95% in the first 20 min, and the adsorption
attained equilibrium within 30 min. In the initial stage, there
were a large number of adsorption sites on the surface of the
bone char, so Pb(I) was easily adsorbed, and the reaction
rate was fast. With increasing ¢, the number of adsorption
sites on the surface decreased, the concentration difference

J. Zhang et al. | Desalination and Water Treatment 239 (2021) 241-258

between the solid and liquid decreased, and the reaction
rate between the adsorption sites inside the bone char par-
ticles and Pb(II) decreased. For the three different C, as the
C, increased, and the adsorbed amount of Pb(Il) increased
correspondingly, but the adsorption reaction rate was essen-
tially the same, which is consistent with previous research
results [37].

Fig. 5 shows the fitted curve of the experimental results
by the adsorption kinetic models. Table 3 lists the model
parameters and R? values. Compared with pseudo-first-
order and intraparticle diffusion models, the pseudo-second-
order kinetic model provided an excellent fitting to the
experimental results. The model assumes that the adsorption
process is divided into two stages, fast adsorption and slow
adsorption, which is consistent with the adsorption reaction
process of bone char. Fig. 5c shows the fitted result of the
intraparticle diffusion model, which contains an initial stage
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Fig. 3. Relationship between R and ionic strength for Pb(II) adsorption.
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Table 3
Parameters of the adsorption kinetic models for Pb(II) adsorption
Model Parameters 200 mg L* 300 mg L 500 mg L
Qoo (MG ) 174.79 224.08 267.14
Pseudo-first-order kinetic model Geca (1.'ng 8" 15124 15114 20983
k, (min™) 0.101 0.094 0.171
R? 0.9714 0.9042 0.9719
9, (Mg ™) 177.94 224.22 265.96
Pseudo-second-order kinetic model k, (10 g mg™ min™) 2.589 2.677 10.027
R? 0.9998 0.9995 0.9997
k, (mg g™ min™?) 9.868 5.451 10.004
c, 114.500 182.809 213.064
. . R? 0.9997 0.9934 0.9275
Intraparticle diffusion model k, (mg g min17) 1131 1173 0.049
c, 162.351 207.433 264.361
R} 0.7560 0.6060 0.0516

followed by linear and plateau stages. The initial stage was
due to boundary layer sorption, the linear portion was due
to intraparticle diffusion, and the plateau stage was due
to equilibrium. This kind of intraparticle diffusion curve
was also observed in other studies [39,40]. In addition,
the boundary layer thickness (c) increased with increas-
ing Pb(Il) initial concentration, and c, was smaller than c,
whereas k, was significantly larger than k,,.

3.5. Isothermal adsorption characteristics of Pb(Il)

In this experiment, r was 0.4 g L,  was 12 h, the tempera-
tures were 20°C, 30°C, 40°C, and 50°C, and various C, were
used to analyze the characteristics of the isothermal adsorp-
tion of Pb(II). The experimental results are shown in Fig. 6.
Under equilibrium adsorption conditions, the g, of Pb(II) sig-
nificantly increased with increasing C. The reason is that a
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high C, can accelerate the decomposition of phosphate and
produce adsorption sites [38], thereby improving the capac-
ity of bone char to adsorb Pb(II). The adsorbed amount of
Pb(II) increased slightly with increasing temperature, which
indicated that the adsorption reaction is an endothermic pro-
cess and that an increase in temperature favors the reaction.

The Langmuir and Freundlich models were used
to describe the isothermal adsorption process of Pb(II).
At different temperatures, the experimental results of Pb(II)
adsorption onto bone char were fitted by the Langmuir and
Freundlich adsorption models. The results are shown in
Fig. 7, and Table 4 lists the corresponding model parame-
ters. Both models provide an excellent fitting for the exper-
imental results. The calculated R, value is between 0 and

J. Zhang et al. | Desalination and Water Treatment 239 (2021) 241-258

3.6. Adsorption thermodynamic characteristics of Pb(Il)

To study the adsorption thermodynamics of bone char,
linear fitting was performed, and the results are shown in
Fig. 8. Based on the slope and intercept of the fitted line,
the changes in the enthalpy AH, entropy AS, and Gibbs free
energy AG during adsorption were obtained.

Because the C of a solution has a large impact on the
thermodynamic parameters, thermodynamic data fitting

Table 4
Parameters of the Langmuir and Freundlich models for Pb(II)
adsorption

AR - . Model Parameters 20°C 30°C 40°C 50°C
1, indicating that the adsorption of Pb(II) onto bone char is
favorable. The Freundlich model parameter 1 is greater than | .~ Q(mgg?) 492611 495050 518.135 526316
1, and the curve fitted by the Freundlich model is a type-I & b(Lmg?) 0.034 0039 0044  0.050
R - model
curve (a convex-upward shape), indicating that there is an R? 09790 09714 09781 0.9814
affinity promoting the adsorption between the surface of K, (mgg?) 115337 139.894 147.069 159.397
:he adso:bent. and thedadsorbati: K, 1tr}11c1:[e;115.e;11 sthghtly ats the Fre:nldhch " 4022 4670 4597 4805
emperature increased, suggesting that high temperatures  mode )
are beneficial to the adsorption of Pb(Il) onto bone char. R 09805 09552 0.9703 09743
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and parameter determination were performed at different
C, in the experiment, and the results are shown in Table 5.
When the C; of Pb(II) was changed from 100 to 110, 120, 130,
150, and 200 mg L7, the corresponding adsorption enthalpy
change AH was 49.070, 22.600, 16.401, 15.650, 12.807, and
10.548 k] mol™, respectively, and the corresponding adsorp-
tion entropy change AS was 185.96, 90.43, 66.05, 61.04, 48.12,
and 35.93 ] mol™ K7, indicating that the changes in enthalpy
and entropy during adsorption decrease with increasing ini-
tial Pb(II) concentration. Generally, positive AH denote that
the adsorption is endothermic, whereas negative AH indi-
cates an exothermic reaction. Therefore, the enthalpy change
AH during adsorption always maintained a positive value,
indicating that the adsorption process is an endothermic
reaction. In addition, adsorption can be divided into phy-
sisorption and chemisorption based on the magnitude of the
change in enthalpy. Physisorption (2.1 < AH < 20.9 k] mol™)
is characterized by reversibility and weak bonding, and
chemisorption (80 < AH < 200 k] mol™) is characterized by
strong electrostatic forces that establish chemical bonds
between the adsorbate and adsorbent. Table 5 shows that
the AH ranged from 10.55 to 49.07 k] mol™, indicating that
it mainly physical and physicochemical adsorption [41,42].
The free energy change AG showed a negative value, indi-
cating that the adsorption process was spontaneous. The
C, of Pb(Il) was fixed, and the change in Gibbs free energy
AG decreased with increasing temperature, suggesting that
an increase in temperature can promote the adsorption
of Pb(Il) and produce a better adsorption effect.

3.7. Comparison of the adsorption capacity

To analyze the adsorption characteristics of bone char
and other adsorbents, Pb(II) was used as a target ion to mea-
sure the adsorption capacity under different experimental
conditions. Table 6 shows the maximum adsorption capac-
ities of Pb(Il) for the adsorbents. The adsorption capacity
of bone char reached 492.61 and 526.32 mg g™ at 20°C and
50°C, respectively. Furthermore, the adsorption capacity of

bone char was significantly higher than that of modified
biochar, raw tamarind seeds, cacao activated carbon, apple
tree branch biochar, white pottery clay, and modified ben-
tonite and nearly similar to that of modified pomelo peels,

Table 5
Parameters of the thermodynamic model for Pb(II) adsorption

C, T AG AH AS R
(mgL?) (K) (KJmol") (kJmol") (Jmol!KY)
293 -5.42
100 305 —7.28 49.070 185.96 0.980
313 -9.14
323 -11.0
293 -3.90
110 305 .80 22.600 90.43 0.979
313 571
323 -6.61
293 -2.95
120 305 =361 16.401 66.05 0.998
313 -4.27
323 -4.93
293 -2.23
303 -2.85
130 33 46 15.650 61.04 0.994
323 -4.07
293 -1.29
150 305 -L77 12.807 48.12 0.998
313 -2.26
323 274
293 -0.02
303 -0.34
200 33 070 10.548 35.93 0.993
323  -1.06

]

C=100mg/L |
C=110mg/L |
C,=120mg/L
C,=130mg/L
C,=150mg/L
C=200mg/L

O L
0.0030 0.0031

n 1 " 1 L
0.0032 0.0033 0.0034 0.0035 0.0036 0.0037

L/T/(1/K)

Fig. 8. Fitting curves of the thermodynamic model for Pb(II) adsorption.
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Table 6
Comparison of maximum adsorption capacities of Pb(II) using various adsorbents
Adsorbent pH T (°C) r(gL?) C, (mgL™) q, (mgg') References
KOH-modified N-enriched biochar 5.0 25 0.2 1,000 143.00 [43]
Modified pomelo peels 4.0 25 1.0 100-800 482.42 [44]
Raw tamarind seeds 6.0 30 35 25-150 16.00 [45]
Modified ginkgo leaves 5.0 - 0.5 50-350 551.60 [46]
Theobroma cacao activated carbon 6.4 30 4.0 25-150 47.17 [47]
Leonardite-derived humic acid 5.0 25 0.7 0-200 185.90 [48]
Hydroxyapatite from chicken eggshell 6.0 - 1.0 200-500 505.05 [49]
Cotton straw-derived biochar 5.5 25 5.0 5-300 124.70 [50]
Pure zeolite 5.0 - 0.3 10-200 432.57 [51]
Zeolite-carbon composite 5.0 - 0.3 10-200 321.91 [52]
Apple tree branch biochar 5-5.5 25 2.0 50-500 53.90 [53]
Maize stalk biochar 5-5.5 25 2.0 50-500 62.86 [53]
White pottery clay 5.5 20 1.0 80-280 155.04 [54]
Acid-modified bentonite 5.5 20 2.0 5-50 10.55 [55]
Rice husk biochar 5.0 40 2.0 5-50 37.20 [56]
Modify watermelon rind biochar 6.0 - 2.0 200 102.81 [57]
Manure biochar - 23 1.5 300 50.41 [58]
Ti(IV) iodovanadate cation exchanger 6.0 20 2.0 10-60 18.80 [59]
Bone char 5.0 20 0.4 100-400 492.61 This study
Bone char 5.0 50 0.4 100-400 526.32 This study
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Fig. 9. FTIR and XRD spectra of bone char for Pb(II) adsorption with (1) unloaded and (2) loaded: (a) FTIR and (b) XRD).

modified ginkgo leaves, and hydroxyapatite from chicken
eggshells. Therefore, it can be concluded that bone char
shows an excellent adsorption capacity for Pb(II) and has
extensive potential in wastewater treatment.

3.8. Adsorption mechanism of Pb(II)

To investigate the adsorption mechanism of Pb(II),
the bone char-loaded Pb(Ill) before and after adsorp-
tion were analyzed by FTIR and XRD, and the results are
shown in Fig. 9. A characteristic peak consistent with that
of hydroxyapatite was found in the frequency range of
3,425 to 3,570 cm™ in the infrared spectrum of bone char
[60]; this peak corresponds to the stretching vibrations of
—OH. In the infrared spectrum of Pb(II)-loaded bone char,
the characteristic peak intensity in the frequency range of

3,425-3,570 cm™ increased, mainly because the -OH anion
in Ca—OH exchanged with other anions in solution and the
content of free -OH increased [60]. This is also the reason
for the increase in solution pH (i.e., pH,) after the adsorp-
tion reaction.

Fig. 9b shows that the XRD diffraction pattern of bone
char was similar to that of Pb(II)-loaded bone char, and no
new diffraction peak was formed, suggesting that the sec-
ondary crystalline phase did not appear after the bone char
was loaded with Pb(II).

When pH < pH = (zero charge point), P-OH is the
dominant surface functional group of bone char. When
the pH is less than and close to pH , P-O- is dominant;
when pH > pH , Ca-OH is dominant [61]. In the experi-
ment, ApH = pﬁe - pH, > 0, that is, pH < pszc' Therefore,
the surface complexation can be expressed as [62].
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P-OH+Pb* -»P-O-Pb* +H" (19)

When the pH is low and Pb* is present, the decomposi-
tion of CaHA can be promoted to release Ca* [63], and pre-
cipitates can be formed after the replacement of Ca* with
Pb*. The above process can be described as:

Ca,, (PO,), (OH), +xPb* — Pb Ca,, , (PO,), (OH),
+xCa® (20)
Ca, (PO, ). (OH), +14H" —»10Ca*" +6H,PO, +2H,0  (21)

Fig. 10 shows the relationship between the Pb* and
Ca?" concentrations in the solution at equilibrium, thereby
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demonstrating the reaction process. In summary, the adsorp-
tion mechanism of Pb(Il) onto bone char mainly includes
surface complexation and CaHA decomposition-replace-
ment-precipitation. These two processes are fast reac-
tions, and adsorption equilibrium can be reached within
60 min.

4. Adsorption characteristics of multi heavy metal ions

4.1. Adsorption kinetic characteristics of Pb(Il), Cd(1I), Ni(II),
and Cu(Il)

In this experiment, r was 1 g L7, the temperature was
20°C, the C, was 100 mg L7, and the pH was not changed.
The relationship between the adsorbed amounts of Pb(II),
Cd(II), Ni(II), and Cu(Il) and t were analyzed, and the results
are shown in Fig. 11.
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Fig. 11. Relationship between g, and t for Pb(II), Cd(II), Cu(II), and Ni(II) adsorption.
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The adsorption processes of Pb(Il), Cd(II), Ni(Il), and
Cu(IT) onto bone char were fast reactions: the amount of
adsorbed heavy metals reached more than 90% in the first
30 min, and adsorption equilibrium was attained within
60 min. In the initial stage, a large number of adsorption
sites existed on the surface of the bone char, the heavy metal
ions could be easily adsorbed, and the reaction rate was
fast. With increasing f, the number of surface adsorption
sites decreased, the concentration difference between the
solid and liquid decreased, and the reaction rate decreased
between the adsorption sites inside the bone char particles
and heavy metal ions.

The experimental results were fitted using the adsorp-
tion kinetic models, and the results are shown in Fig. 12.
Table 7 lists the kinetic model parameters. Compared with
pseudo-first-order and intraparticle diffusion models,
the experimental amount of adsorbed heavy metals g,
was very close to the theoretical adsorbed amount of heavy
metals q, , and the R* was as high as 0.999, indicating that
the pseudo-second-order kinetic equation provided a satis-
factory fit to the experimental results. The model assumes
that the adsorption process involves fast adsorption and
slow adsorption, which is consistent with the process of
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pseudo-second-order kinetic model to analyze the adsorp-
tions of Pb(II), Cd(II), Ni(II), and Cu(Il).

4.2. Isothermal adsorption characteristics of Pb(Il), Cd(Il), Ni(Il),
and Cu(II)

Fig. 13 reflects the relationship between the amount of
adsorbed heavy metals at a certain temperature and the
equilibrium concentration of the solution. In the experiment,
rwas 1 gL, t was 12 h, and the temperature was controlled
at 20°C. The isothermal adsorption characteristics of Pb(II),
Cd(II), Ni(II), and Cu(II) onto bone char were analyzed.

The Langmuir and Freundlich models were used to
describe the isothermal adsorption processes of Pb(I),
CdI), Ni(II), and Cu(Il). Table 8 shows the model parame-
ters of two models. The adsorption capabilities of bone char
for heavy metal ions in the Langmuir model were ordered
as Pb(II) >> Cd(II) > Cu(Il) > Ni(Il). In the Freundlich model,
the n of the bone char for Pb(Il), Cd(II), Ni(Il), and Cu(II)
were all greater than 1, and the curve fitted by the Freundlich
model was a type I curve (i.e., a convex-upward shape),
indicating the presence of affinity promoting adsorption
between the surface of the adsorbent and the adsorbate. The

adsorption by bone char. Therefore, it is suitable to use the  n values of all heavy metals were ordered as n,,,, >> 1.,
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Fig. 12. Fitting curves of the adsorption kinetic models for Pb(II), Cd(II), Cu(Il), and Ni(II) adsorption (a) pseudo-first-order kinetic
model, (b) pseudo-second-order kinetic model and (c) intraparticle diffusion model.
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Table 7
Parameters of the adsorption kinetic models for Pb(II), Cd(II), Ni(II), and Cu(II) adsorption
Model Parameters Pb(II) Cd(r) Ni(II) Cu(Il)
Qoo (Mg 87 89.52 21.60 15.02 18.00
. L q,., (mgg) 18.78 21.06 3.07 7.33
Pseudo-first-order kinet del oca
seudortirst-order Xnetic mode k, (min™!) 0.059 0.089 0.030 0.048
R? 0.9985 0.9622 0.8663 0.9904
4, (Mg &™) 90.17 22.33 15.13 18.20
Pseudo-second-order kinetic model k, (10° g mg™ min™) 0.011 0.009 0.063 0.031
R? 0.9998 0.9997 0.9994 0.9998
k, (mg g™ min"'?) 3.712 1.502 1.013 1.502
o 66.692 9.999 8.971 8.408
Intraparticle diffusion model Ry 09942 09999 09655 09999
P k, (mg g min?) 0.263 0.081 0.081 0.226
c, 87.029 20.899 13.740 15.893
R} 0.9543 0.9979 0.9979 0.9614
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Fig. 13. Relationship between g, and C, for Pb(II), Cd(II), Ni(II) and Cu(II) adsorption.

Table 8
Parameters of the Langmuir and Freundlich models for Pb(II),
Cd(II), Ni(II), and Cu(II) adsorption

Model Parameters Pb(II) Cdd) Ni(ll) Cudl)
. Q(mgg) 100.301 23.348 16.875 18.477
Langmuir i
b (Lmg™) 0.503 0.132 0.067 0.282
model
R? 0.999 0.995 0.949 0.994
. K. (mgg') 82.966 5.923 3.936 9.103
F dlich " F
reundiict 28249 3185 3531 6412
model
R? 0.863 0.920 0.944 0.996
Mgy Meam 1, and the corresponding K, values were
ordered as KF poy KF Cuty K, Ny mdicating that

F,Cd(I
the capacity of bone char to adsori) Pb(Il) and the affinity
of bone char to Pb(Il) are considerably larger than those of

Cd(II), Ni(Il), and Cu(Il), which is consistent with the results
of the Langmuir model.

Table 2 shows that the pore size of the bone char ranged
from 7.5 to 60 nm, the pore volume attained 0.225 cm® g,
and the surface area reached 100.06 m? g-'. The ionic radius
of the hydrated heavy metal ion Pb(Il) is smaller than that
of the other three heavy metal ions (Pb(Il) = 0.401 nm,
Cd(II) = 0.426 nm, Cu(Il) = 0.419 nm, and Ni(II) = 0.404 nm)
[64,65]. Hydrated ions with a small ionic radius are more
likely to be close to the mineral surface and to diffuse into
the pores of the mineral [22,66-68], and the adsorption
sites on the same surface area can adsorb a larger number
of ions relative to hydrated ions with a larger ionic radius.
The smaller the hydrated ionic radius is, the stronger the
possibility that the metal ions can be adsorbed onto the
mineral surface. The Pb(II) hydration energy is the small-
est among the four heavy metal ions (Pb(II) = 1,481 kJ mol™,
Cd(I) = 1,807 kJ] mol?, Cu(ll) = 2,100 k] mol?, and
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Ni(II) = 2,106 kJ mol™?); therefore, a bare Pb(II) ion is more
likely to be present and thus fixed by minerals. According
to the model-fitting results, the Langmuir model is signifi-
cantly better than the Freundlich model.

Through calculation, it was found that the separation fac-
tors obtained in the experiment all satisfied 0 < R, <1, indi-
cating that the adsorptions of Pb(II), Cd(II), Ni(II), and Cu(II)
onto bone char were all favorable.

4.3. Competitive adsorption characteristics in the binary system

In actual engineering environments, the leachate may
contain a variety of heavy metal ions, so it is necessary to
consider the effect of other heavy metal ions on the adsorp-
tion of Pb(II) onto bone char. In this experiment, r was 1 g L,
t was 12 h, the temperature was controlled at 20°C, and the
C, of Pb(Il) varied from 100 to 200 mg L. The influence of
divalent ions on Pb(Il) adsorption was analyzed by adding
Cd(I), Ni(II), and Cu(Il) at different C, in the range of 10 to
200 mg L. The experimental results are shown in Fig. 14.

The Langmuir and Freundlich models were used to fit
the experimental results, and the associated parameters are
shown in Table 9. When the C; of Cd(Il) and Ni(Il) ranged
from 0 to 200 mg L7, the Langmuir adsorption isotherm
model provided a satisfactory fit for the adsorption of Pb(II)
onto bone char; the R? was greater than 0.99. When differ-
ent concentrations of Cu(Il) were added to the system, the
R* was greater than 0.988 if the C, of Cu(Il) was not more
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than 50 mg L7; the R*> was 0.147, 0.411, or 0.182 when the
C, of Cu(Il) was 50, 100, or 200 mg L™, respectively, indicat-
ing that the Langmuir isotherm adsorption model was no
longer suitable. The Freundlich model provided an excel-
lent fit for the effects of Cd(II) and Cu(Il) on the adsorption
of Pb(Il) onto bone char; the R? ranged from 0.72 to 0.92.
However, this model was not suitable for describing the
effect of Ni(Il) on Pb(II) adsorption, and the R? of the fitting
result was small. The dimensionless factor satisfied 0< R, <1,
indicating favorable adsorption.

In the competitive adsorption system of bimetal or multi-
metal ions, there is a finite number of total adsorption sites
in the adsorbent, so the presence of other heavy metal ions
in the adsorption system invariably produces an adverse
effect on Pb(II) adsorption. The adsorption performance is
determined mainly by the concentration of other ions and
the selective adsorption of bone char. When the C, of Cd(II),
Ni(II), and Cu(Il) were less than 50 mg L™, the g, of Pb(II)
decreased as the C, of Cd(II), Ni(Il) and Cu(II) increased,
mainly because the heavy metal ions that were added exter-
nally occupied a certain number of adsorption sites on the
surface of the bone char. When the C, of Cd(II), Ni(II), and
Cu(II) exceeded 50 m g L7, the effect of increased C, on
Pb(Il) adsorption gradually stabilized. The divalent heavy
metal ions Cd(II) and Ni(II) showed a low impact on Pb(II)
adsorption. The main reason is that the adsorption affinity
of bone char for Cd(I) and Ni(II) is smaller than that for
Pb(Il); thus, the Pb(Il) in bone char is not easily desorbed
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Fig. 14. Effect of Cd(II), Ni(II) and Cu(II) on Pb(II) adsorption (a) Cd(II), (b) Ni(Il) and (c) Cu(II).
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Table 9
Parameters of the Langmuir and Freundlich models in binary system
Model Ion Parameters OmgL?' 10mgL? 20mgL?’ 30mgL' 50mgL’ 100mgL”' 200mgL"
Q(mgg™) 100301  100.301 97.182 94.340 93.633 92.593 92.166
Cd) b(Lmg')  0.503 0.258 0.233 0.202 0.169 0.152 0.149
R? 0.999 0.997 0.997 0.997 0.994 0.997 0.996
Q(mgg') 100301  101.317 91.491 87.796 86.505 86.356 85.690
Langmuir model ~ Ni(Il)  b(Lmg™)  0.503 0.241 0.359 0.383 0.408 0.293 0.255
R? 0.999 0.999 0.999 0.997 0.998 0.996 0.992
Q(mgg™) 100301  99.404 94.429 95.057 - - -
Cu(ll) b(Lmg') 0503 0.103 0.067 0.048 - - -
R? 0.999 0.997 0.993 0.988 0.147 0.411 0.182
K, (mgg') 82966 71.846 69.178 64.288 61.817 55.971 55.951
Cd) =n 28.249 16.027 16.003 14.086 13.340 10.584 10.762
R? 0.863 0.862 0.823 0.834 0.725 0.911 0.866
K, (mgg') 82966 68.221 73.612 - - - -
Freundlich model Ni(Il) =n 28.249 12.979 25.278 - - - -
R? 0.863 0.985 0.740 0.144 0.345 0.327 0.138
K, (mgg?) 82.966 47.075 35.955 28.736 1.202 0.027 0.044
Cu(l) =n 28.249 7.036 5.606 4.603 1.148 0.695 0.757
R? 0.863 0.907 0.874 0.859 0.918 0.886 0.850

Note: means R? is smaller and the model is unsuitable.

in the presence of Cd(II) and Ni(Il), the exchange pro-
cesses of Cd(I) and Ni(Il) with Pb(Il) adsorbed by bone
char are restricted, and the amount of exchanged ions
does not increase with increasing concentration. However,
although the selective capacity of bone char to adsorb Pb(II)
is considerably higher than that to adsorb Cu(lI), the pres-
ence of Cu(ll) significantly influences Pb(II) adsorption.
When the C; of Cu(ll) exceeded 50 mg L, the ability of
bone char to adsorb Pb(II) was substantially reduced.

4.4. Competitive adsorption characteristics in the quaternary
system

To study the competitive adsorption characteristics in the
quaternary system, r was 1 g L7, t was 12 h, the temperature
was controlled at 20°C, and the pH was not changed during
the experiment. The ratio of the C, of Pb(II), Cd(II), Ni(II),
and Cu(ll) was 1:1:1:1; that is, the C; of the mixed system
solution in the table was 10 mg L, indicating that the C, of
Pb(II), Cd(II), Ni(Il), and Cu(Il) in the mixed solution were
all 10 mg L. The experimental results are shown in Table 10.

The g, of Pb(Il), Cd(II), Ni(Il), and Cu(II) by bone char
in the quaternary system were smaller than those in the
mono component system because under a certain r, bone
char has a finite number of total adsorption sites. In the
multi component system, the adsorption sites are occupied
by four heavy metal ions at the same time. Therefore, the
amounts of all heavy metal ions adsorbed by bone char are
lower than those in the mono component system. Note that
although the C; were equal, the amounts of these metal ions
adsorbed by the bone char in the quaternary system were
different. The order of the adsorbed amount was consistent
with that in the mono component system, and the g, of Pb(II)

by bone char was significantly higher, confirming again that
bone char shows selective adsorption for Pb(II).

5. Conclusions

Bone char possesses a high selective adsorption capac-
ity for Pb(Il) and is a biosorbent with promising applica-
tion prospects. Based on batch experiments, the adsorption
characteristics of Pb(II) onto bone char were systematically
studied, and the influence of the solid-liquid ratio, pH, ionic
strength, and temperature on the adsorption characteristics
was assessed. Additionally, the kinetic and thermodynamic
adsorption characteristics of Pb(II) onto bone char were
studied, and the corresponding adsorption mechanism was
analyzed. In the binary system and quaternary system, the
effects of other divalent heavy metal ions on the adsorp-
tion characteristics of Pb(Il) onto bone char were evaluated.
The main conclusions are as follows:

* Bone char possessed a high adsorption capacity for Pb(II).
When the C; was 200 mg L™, » was 1.0 g L™, the tempera-
ture was 20°C, and the optimum pH was 2-3, the amount
of adsorbed Pb(II) reached 158.36 mg g™. The r and pH
substantially affected the Pb(II) adsorption onto bone
char, whereas the ionic strength exhibited a low impact.
Pb(II) adsorption onto bone char was a spontaneous and
endothermic process. The adsorption mechanism of Pb(II)
onto bone char mainly included surface complexation
and CaHA decomposition-replacement-precipitation.

e The Langmuir model satisfactorily predicted the iso-
thermal adsorption process of Pb(II), Cd(II), Ni(II), and
Cu(Il) onto bone char. Moreover, the pseudo-second-
order kinetic model well described the adsorption kinetic
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Table 10
Comparison of the adsorption capacity between mono and quaternary systems

System Ions 10 mg L 20 mg L™ 30 mg L~ 50 mg L™ 100 mg L™ 200 mg L™
Pb(II) 10 20 30 50 90.58 99.16
Cd(1) 7.22 12.50 16.12 17.65 21.61 41.74

Mono system .
Ni(II) 6.17 7.66 8.73 10.76 15.02 32.80
Cu(IT) 9.01 12.61 14.25 15.57 18.00 36.71
Pb(II) 6.26 8.82 13.03 17.11 23.22 48.23
Cd(1) 0.92 1.16 1.66 2.83 4.60 8.20

Quaternary system Ni(II) 0.12 0.31 0.54 1.02 1.35 1.60
Cu(ID) 4.00 4.62 5.18 6.10 8.00 14.91

Note: The relative standard deviation (RSD) is less than 1.0%.
processes of Pb(II), Cd(II), Ni(II), and Cu(Il) onto bone  References

char.

Under the competitive adsorption of multiple heavy
metal ions, the g, of bone char to Pb(Il) was consid-
erably higher than that for Cd(II), Ni(Il), and Cu(II).
Furthermore, Cd(II) and Ni(II) showed a minor impact
on Pb(II) adsorption, while Cu(II) exhibited a significant
impact.
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T — Thermodynamic temperature, K
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