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ABSTRACT: Eggshell is a cheap and environmentally friendly
calcium source. In this study, Ca-modified biochar adsorbents
(CEA) were prepared by 1:10, 1:2, and 1:1 mass ratio of the
eggshell and Eupatorium adenophorum. The CEA-2 sample
prepared with a 1:2 mass ratio showed a maximum Pb adsorption
capacity (97.74 mg·g−1) at the conditions of an initial pH of 7.0, an
adsorbent dosage of 0.5 g·L−1, and a contact time of 8.0 h. The
kinetic and isotherm studies indicated that the adsorption process
of the CEA-2 sample had monolayer adsorption characteristics,
which was controlled together by intraparticle and interface
diffusion. Thermodynamic studies indicated that the adsorption
process of CEA-2 was spontaneous (ΔG0 <0) and endothermic
(ΔH0 > 0). X-ray diffraction and scanning electron microscopy analyses showed a uniform distribution of Ca−Pb precipitation on
the CEA-2 surface, which proved that chemical precipitation was the main adsorption mechanism. Fourier transform infrared spectra
found that CEA-2 had abundant active groups, especially nitrogen-containing functional groups, which could adsorb Pb through a
surface complexation reaction. The Brunauer−Emmett−Teller surface area of CEA-2 was found to be 621 m2·g−1, and such
developed pores could ensure the smooth diffusion of Pb. Finally, the effect of coexisting cation and anion experiment and the cyclic
regeneration experiment indicated that CEA-2 had prominent stability and reusability for Pb adsorption.

1. INTRODUCTION

Lead (Pb), one of the main pollutants in industrial wastewater,
has high toxicity, accumulates easily, and has difficult
degradation.1 The adsorption method has many advantages
of simple processing, broad applicability, green environmental
protection, and can get rid of heavy metals from wastewater.2

In previous studies, many researchers have paid more attention
to the preparation of traditional adsorbents (such as zeolite,
chitosan, pumice, etc).3−8 Biochar, as a kind of adsorbent, has
the obvious advantages of wide raw material sources, low cost,
and a stable physicochemical structure compared to the
traditional adsorbents.9,10 Usually, the biomass feedstock is
converted to biochar via a high-temperature treatment (600−
800 °C) under an inert atmosphere.11 However, the biochar
prepared from different raw materials (such as switchgrass,1

woody biomass,1,12 crofton weed,13 straw,14 etc.) has relatively
low adsorption capacities of heavy metals. Usually, the biochar
has only some undeveloped pores and almost no functional
groups after high-temperature treatment. It is difficult for such
a physicochemical structure to exhibit excellent adsorption
capacity. At present, the metal modification method using
potassium (K), iron (Fe), copper (Cu), and magnesium (Mg)
is used to improve the physicochemical structure of biochar.
Our previous studies explored the effects of Fe-based

compounds on the physicochemical structure of biochar and
further confirmed the high adsorption capacity of Fe-modified
biochar.11 Mahdavi et al.15 prepared a functional biochar using
CuO. They found that the addition of a Cu source promoted
the affinity of Cu-modified biochar for heavy metals. Li et al.16

found that the Mg-modified biochar from straw had high
adsorption capacities of dyes and heavy metal ions. However,
these metal compounds may be released from the adsorbent
surface into an aqueous solution during the adsorption process,
inevitably causing the secondary pollution and toxic effects.
Calcium (Ca) is an environmentally friendly modifier with

non-toxic properties with abundant resources in nature.17−19

Some studies have found that many materials (such as
clinoptilolite, sludge, and biochar) modified by a Ca source
have high adsorption capacities for the pollutants from water.
Mitrogiannis et al.20 successfully prepared a zeolite-based
adsorbent modified by Ca(OH)2. They found that the
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Ca(OH)2-modified adsorbent had high adsorption capacity for
phosphate (167.7 mg·g−1). Wang et al.21 found that CaCl2-
modified biochar from the flour showed a maximum
adsorption capacity for phosphorus (134.5 mg·g−1). However,
the price of a calcium source may limit the actual application of
the Ca-modified adsorbent. It is therefore meaningful to study
effective alternatives with low cost using biomass waste.
Eggshells contain a lot of calcium carbonate (∼94%) and a
small part of organic matter (∼6%) and are therefore expected
to be an ideal calcium source instead of traditional calcium
sources [such as Ca(OH)2, CaCl2, CaCO3, etc.] for the
preparation of Ca-modified biochar.22 To the best of our
knowledge, few studies have explored the effect of eggshell
modification on the physicochemical structure, Pb adsorption
properties, and the mechanism of biochar adsorbent.
Eupatorium adenophorum, a worldwide malignant weed, is a

perennial herb with developed roots and ovate or rhombic
leaves, and it was introduced into southwest China in 1940s.23

In addition, it also has the characteristics of high carbon
content, strong renewability, and abundant resources. In this
study, Eupatorium adenophorum and eggshells were used as
the raw material and calcium source, respectively. Three kinds
of Ca-modified biochar adsorbents were prepared with
different ratios of raw materials and calcium sources. First,
suitable conditions including the pH value, dosage, and contact
time of three kinds of biochar for Pb adsorption were
confirmed, and the corresponding adsorption kinetics,
isotherms, and thermodynamic were investigated. Next, the
changes in the physicochemical structure of three kinds of

biochar before and after Pb adsorption were systematically
evaluated by scanning electron microscopy (SEM), X-ray
diffraction (XRD), Fourier transform infrared (FTIR) spec-
troscopy, and Brunauer−Emmett−Teller (BET) analyses,
which clarified the adsorption properties and mechanism of
Ca-modified biochar. To explore the potential and extensive
applications of Ca-modified biochar adsorbents, the effect of
coexisting cation and anion experiment, the mass loss, the
adsorption capacity, and the Ca2+ release of adsorbents during
the desorption regeneration experiment were studied.

2. RESULTS AND DISCUSSION
2.1. Effect of Initial pH, Adsorbent Dosage, and

Contact Time. Figure 1a shows the speciation of Pb species at
different pH values predicted by visual MINTEQ 3.1 software.
The speciation of Pb species was Pb2+ under strong acidic
conditions (Pb ≤ 2.0), and the Pb species of the solution were
the mixture of Pb2+ and Pb(OH)+ with the increase of pH
value from 2.0 to 7.0. When the pH value was greater than 7.0,
Pb precipitates [Pb(OH)2] could be formed in the solution.
The effect of initial pH on Pb adsorption of Ca-modified
biochar is shown in Figure 1b. The Pb adsorption rate (η) of
all three kinds of Ca-modified biochar increased gradually with
the increase of initial pH (2.0−8.0), and the η value of CEA-2
was the highest among all samples. The η values of CEA-1,
CEA-2, and CEA-3 were 1.27, 10.44, and 5.44% under strong
acidic conditions (Pb = 2.0), which might be caused by the
competitive adsorption of Pb2+ and H+.24 However, the
competitive adsorption of H+ was weakened with the decrease

Figure 1. Speciation of Pb species versus pH predicted by the visual MINTEQ 3.1 software (a); effect of initial pH (b), adsorbent dosage (c), and
contact time (d) on Pb adsorption onto Ca-modified biochar.

ACS Omega http://pubs.acs.org/journal/acsodf Article

https://doi.org/10.1021/acsomega.2c01957
ACS Omega 2022, 7, 21808−21819

21809

https://pubs.acs.org/doi/10.1021/acsomega.2c01957?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.2c01957?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.2c01957?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.2c01957?fig=fig1&ref=pdf
http://pubs.acs.org/journal/acsodf?ref=pdf
https://doi.org/10.1021/acsomega.2c01957?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


of acidity of the reaction system (pH = 2.0∼7.0), which was
conducive to the Pb adsorption of Ca-modified biochar. In
addition, the pHPZC values of CEA-1, CEA-2, and CEA-3 were
5.83, 3.63, and 4.01, respectively (Figure S1). When the pH
value of the solution was higher than the pHpzc of Ca-modified
biochar, the adsorbent surface could become negatively
charged through the deprotonation reaction of functional
groups, which helped to adsorb the cations [Pb(OH)+ and
Pb2+] in the reaction system.25 Therefore, the η value of CEA-
1, CEA-2, and CEA-3 rapidly increased to 18.02, 83.74, and
97.74% at pH = 7.0. However, the continuous increase of η
value was mainly related to the formation of Pb precipitates
under alkaline conditions (pH = 7.0−8.0). Significantly, the
equilibrium pH value of the solution was higher than its initial

pH value, and this difference was more obvious in the ranges of
2.0 and 5.0. In this process, the rise of pH value came from the
dissolution of CaO or Ca(OH)2 by H+ (eqs 1 and 2). As the
acidity of the initial solution decreased, the resultant high pH
value could be explained by the dissolution of CaO by H2O
(eq 3).

CaO 2HCl CaCl H O2 2+ → + (1)

Ca(OH) HCl CaCl H O2 2 2→ + (2)

CaO H O Ca 2OH2
2+ → ++ −

(3)

The effect of dosage on Pb adsorption of Ca-modified
biochar is given in Figure 1c. Ca-modified biochar had the low

Figure 2. Fitting results of adsorption kinetics (a−c) and isotherms (d−f).
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qe and η values under a condition of 0.2 g·L−1. Then, the qe of
CEA-1, CEA-2, and CEA-3 reached the maximum values
(18.02, 97.74, and 83.73 mg·g−1) under a condition of 0.5 g·
L−1, while the η values of CEA-1, CEA-2, and CEA-3 were
18.02, 97.74, and 83.73%, respectively. A large number of
active sites caused by high-dose adsorbent were conducive to
Pb adsorption. The η value of Ca-modified biochar continued
to increase, and the qe value began to decrease rapidly under
the excessive dosage (0.5−0.7 g·L−1). The active site could not
be fully utilized by the agglomeration of excessive adsorbent,
which inevitably reduced the unit adsorption capacity (qe) of
adsorbents.26

The effect of contact time on Pb adsorption of Ca-modified
biochar is given in Figure 1d. When the contact time was 2 h,
the qt values of CEA-1, CEA-2, and CEA-3 were 13.16, 94.99,
and 81.40 mg·g−1, and they had reached 73.0, 97.1, and 97.3%
of saturated adsorption capacity, respectively. The result
indicated it was a fast adsorption process, which was related
to the rapid diffusion of Pb species to the active sites on the
adsorbent surface at the beginning of the reaction. As the
reaction time increased to 8 h, the qt values of CEA-1, CEA-2,
and CEA-3 were 17.95, 97.73, and 83.68 mg·g−1, and they had
reached 99.6, 99.9, and 99.8% of saturated adsorption capacity,
indicating a slow adsorption process. In this process, the
increase of the number of positive charges on the adsorbent
surface greatly hindered the continuous progress of Pb
adsorption. Based on the above results, the suitable adsorption
conditions of Ca-modified biochar were initial pH of 7.0,
adsorbent dosage of 0.5 g L−1, and contact time of 8.0 h,
respectively, which were used for a subsequent adsorption
experiment.
2.2. Adsorption Kinetics, Isotherms, and Thermody-

namic Studies. The kinetic results of Ca-modified biochar
fitted by the pseudo-first/second-order equation and intra-

particle diffusion models are shown in Figure 2a−c and Table
1.
As seen in Table 1, the measured equilibrium adsorption

capacity (qe,exp) of CEA-1 is only 18.023 mg·g−1, however, that
of CEA-2 and CEA-3 increased to 97.742 and 83.731 mg·g−1,
which demonstrated only a large amount of Ca-source was
helpful to increase the adsorption capacity of biochar. The
fitting correlation coefficient (R2 = 0.976) of pseudo-first-order
of CEA-1 was higher than that (R2 = 0.881) of pseudo-second-
order, and the fitting qe value (19.531 mg·g−1) of first-order
kinetics was closer to the qe,exp value (18.023 mg·g−1). This
result indicated that the pseudo-first-order kinetic model was
more suitable to describe Pb adsorption process of CEA-1,
which was mainly controlled by the diffusion process. Similarly,
the Pb adsorption process of CEA-2 and CEA-3 was more
consistent with the pseudo-second order model, which was
mainly controlled by chemical adsorption. Especially, the
pseudo-first-order of CEA-2 achieved a higher fitting accuracy
(R2 = 0.967) than CEA-3 (R2 = 0.904), implying the important
role of diffusion process on the Pb adsorption process of CEA-
2.
In this case, the role of diffusion process was further

confirmed by the intraparticle diffusion model.27 As seen in
Table 1, the fitting correlation coefficient (R2) of the
intraparticle diffusion model of CEA-1 could reach 0.820,
and the adsorption equilibrium time of CEA-1 exceeded 8 h
(Figure 1d), this result indicated the important role of
intraparticle diffusion process. The driving force of this
physical diffusion was the van der Waals force that belonged
to the weak interaction between molecules.28 Next, R2 values
of the intraparticle diffusion model of CEA-2 and CEA-3 were
0.742 and 0.515, respectively. This indicated that the key
controlled step of CEA-3 was the interface diffusion process;
however, the Pb adsorption process of CEA-2 was controlled
together by intraparticle and interface diffusion. Next, the

Table 1. Kinetic Parameter of Ca-Modified Biochar for Pb Adsorption

kinetic models parameters CEA-1 CEA-2 CEA-3

pseudo-first-order qe,exp (mg·g−1) 18.023 ± 0.42 97.742 ± 1.41 83.731 ± 2.21
qe (mg·g−1) 19.531 96.641 81.758
k1 (h−1) 0.510 6.660 5.531
R2 0.976 0.967 0.904

pseudo-second-order qe (mg·g−1) 21.926 98.960 85.087
k2 (g·mg−1·h−1) 0.074 0.122 0.109
R2 0.881 0.993 0.987

intragranular diffusion Ci (mg·g−1) 1.548 66.463 57.704
kid (g·mg−1·h−0.5) 1.783 6.960 7.854
R2 0.820 0.724 0.515

Table 2. Isotherm Parameters for Pb Adsorption of Ca-Modified Biochar

Langmuir isotherm model Freundlich isotherm model

sample T (K) qe,exp Qmax (mg·g−1) KL (L·mg−1) RL R2 KF (mg1−n·g−1·L−n) n R2

CEA-1 298 19.223 ± 0.19 23.431 0.052 0.114−0.562 0.914 4.272 3.380 0.993
318 16.075 ± 0.43 19.793 0.034 0.164−0.661 0.922 2.939 2.843 0.985
338 13.743 ± 0.25 16.412 0.021 0.241−0.760 0.930 1.933 2.356 0.978

CEA-2 298 97.454 ± 1.26 98.811 0.218 0.029−0.234 0.987 37.742 4.752 0.898
318 99.696 ± 1.48 102.974 0.374 0.017−0.151 0.991 41.026 5.944 0.861
338 102.142 ± 2.16 104.249 1.138 0.006−0.055 0.994 52.248 6.896 0.789

CEA-3 298 79.967 ± 1.21 81.487 0.185 0.035−0.265 0.976 27.780 3.713 0.908
318 83.951 ± 1.52 85.429 0.309 0.021−0.177 0.983 33.448 4.396 0.846
338 86.392 ± 1.60 87.851 0.816 0.008−0.075 0.985 36.873 4.873 0.797
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isotherm results of Ca-modified biochar fitted by Langmuir
and Freundlich isotherm models are shown in Figure 2d−f and
Table 2.
As seen in Figure 2d−f, the measured equilibrium

adsorption capacities (qe) of CEA-1 decreased gradually with
the increase of reaction temperature (Figure 2d), indicating an
exothermic reaction. Conversely, that of CEA-2 and CEA-3
increased gradually (Figure 2e,f), indicating the endothermic
reaction. Furthermore, there were significant differences in the
adsorption equilibrium concentrations (Ce) of Ca-modified
biochar, which was related to the key-controlled steps of the Pb
adsorption process. Inyang et al.29 found that the effect of
adsorbate concentration on the chemisorption process could
be almost ignored, but it played an important role in the
physical adsorption of the adsorbent. Therefore, the Ce value of
CEA-1 could reach 120 mg·L−1 during the Pb adsorption,
while that of CEA-2 and CEA-3 was less than 60 mg·L−1.
The Langmuir model referred to monolayer adsorption

behaviors of adsorbents through chemical precipitation and
hydrogen bonding, and so forth. Freundlich model meant the
multilayer adsorption actions of adsorbent through Van der
Waals force, and so forth.21 As seen in Table 2, R2 values of the
Freundlich model of CEA-1 at different reaction temperatures
were all higher than that of the Langmuir model, showing the
multilayer adsorption characteristic. This adsorption behavior
means only physical adsorption of CEA-1 through the pore
structure. The Langmuir model of CEA-2 and CEA-3 had a
higher fitting accuracy than the Freundlich model at the
different reaction temperature, indicating monolayer adsorp-
tion behavior was the main control mode. After the addition of
a lot of eggshells, the increase of active sites on the CEA-2 and
CEA-3 surface could promote the formation of Ca−Pb
precipitations, presenting the monolayer adsorption process.20

In the fitting calculation of Langmuir adsorption model, the
dimensionless equilibrium constant (RL) was used to
determine whether the adsorption reaction was favorable.
According to the previous studies, RL > 1 was unfavorable
adsorption; RL = 1 represented the linear adsorption, and 0 <
RL < 1 meant the favorable adsorption.30 As seen in Table 2,
RL values of Ca-modified biochar at the different temperatures
were all less than 1, indicating the favorable adsorption
process. In fitting calculation of the Freundlich adsorption
model, the n value reflected the strength of adsorption
reaction, and 0 < n < 10 meant a good adsorption process.31

The n values of Ca-modified biochar at different temperatures
were between 1 and 10, indicating a good adsorption reaction
between Ca-modified biochar and Pb. In addition, the KF value
was proportional to the adsorption performance of the
adsorbent.32 The KF values of CEA-1 decreased with the
increase of reaction temperature, while CEA-2 and CEA-3 had
an increasing KF value, this indicated that the high reaction
temperature was only conducive to the Pb adsorption of
biochar modified by a lot of eggshells. At each temperature,
CEA-2 always had the higher KF value than CEA-3, implying
its stronger adsorption capacity. This conclusion could be
proved from the changes of measured equilibrium adsorption
capacities (qe,exp) of CEA-2 and CEA-3 at the different
temperatures.
Standard enthalpy (ΔH0), standard entropy (ΔS0), and

Gibbs free energy (ΔG0) of Ca-modified biochar are calculated
according to eqs S1−S4.2 According to the values of intercept
and slope obtained by linear regression analysis (Figure S2),
the standard enthalpy (ΔH0), and standard entropy (ΔS0) of

Ca-modified biochar were calculated. Gibbs free energy (ΔG0)
at different temperatures is calculated by eq S2. Thermody-
namic parameters of Ca-modified biochar are shown in Table
3.

As seen in Table 3, the ΔH0 value of CEA-1 was −11.63 kJ·
mol−1, indicating an exothermic reaction; thus, the adsorption
capacity of CEA-1 was inhibited under the conditions of high
reaction temperature. Conversely, the ΔH0 values of CEA-2
and CEA-3 were 60.48 and 35.44 kJ·mol−1, indicating an
endothermic reaction; thus, the Pb adsorption capacities of
CEA-2 and CEA-3 could be improved under the conditions of
high reaction temperature. Then, a negative ΔS0 value of CEA-
1 indicated the enhanced order of solid solution interface
during the Pb adsorption. Conversely, all positive ΔS0 values of
CEA-2 and CEA-3 showed an obvious disorder of solid−
solution interface.33 According to the previous studies,34 the
Gibbs free energy value (ΔG0) between −20 and 0 kJ·mol−1

indicated a physical adsorption process and that of chemical
adsorption was between −400 and −80 kJ·mol−1. The ΔG0

values of CEA-1 at the different temperatures were between
−20 and 0 kJ·mol−1, indicating a physical adsorption process
caused by Van der Waals force or weak electrostatic
interaction. The ΔG0 values of CEA-2 and CEA-3 at different
temperatures were between −80 and −20 kJ·mol−1, indicating
that the Pb adsorption process of CEA-2 and CEA-3 was
controlled by the physical and chemical composite actions. In
addition, the ΔG0 absolute values of CEA-2 and CAE-3
gradually increased with the increase of reaction temperature
from 298 to 338 K. This result proved again that elevated
temperatures were conducive to improve the Pb adsorption
capacities of CEA-2 and CAE-3.

2.3. Surface Morphology Analysis. Figure 3 shows the
surface topography of Ca-modified biochar before adsorption
and after adsorption. The CEA-1 sample had a regular,
smooth, and compact surface with some pores (Figure 3a).
With the gradual depolymerization of the macromolecular
structure of Eupatorium adenophorum, some gaseous products
(such as CO, CO2, and CxHy) generated by the break of
chemical bonds were rapidly released from the carbon
skeleton, leading to the formation of few pores.35 There
were some fine particles dispersed on the surface of CEA-1,
which might be CaO produced by the decomposition of
CaCO3. This result indicated that the effect of a small amount
of eggshells on the surface morphology of biochar was very
limited. After the addition of a lot of eggshells, the CEA-2 and
CEA-3 samples had the rough and loose surface with many
pores (Figure 3b,c). CaCO3 could decompose into CO2 and
CaO at high temperatures (eq 4), and CO2 could react with

Table 3. Thermodynamic Parameters of Ca-Modified
Biochar

sample T/K ΔG0 (kJ·mol−1) ΔH0 (kJ·mol−1) ΔS0 (J·K−1·mol−1)

298 −2.50
CEA-1 318 −1.88 −11.63 −30.65

338 −1.26
298 −37.33

CEA-2 318 −40.91 60.48 256.64
338 −43.05
298 −70.07

CEA-3 318 −72.06 35.44 219.49
338 −74.94
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the carbon matrix (eq 5) to promote the development of pore
structure. However, CEA-2 had a more developed pore
structure than CEA-3, which indicated that excessive eggshells
might block the pore of biochar.

CaCO CaO CO3 2→ + (4)

C CO 2CO2+ → (5)

There was almost no change for the surface morphology of
CEA-1 and CEA-1-Pb before and after Pb adsorption (Figure
3a,d), and only few fine particles were observed on the surface
of CEA-1-Pb. There were many crystals in micrometer size
observed on the surface and internal channels of CEA-2-Pb
and CEA-3-Pb (Figure 3e,f). The shape and size of these
precipitates were similar to hydrocerussite [Pb3(CO3)2(OH)2]
observed by Guo and Shi.36 The phenomenon indicated the
chemical precipitation was one of the main adsorption
mechanisms of CEA-2 and CEA-3 for Pb removal. In addition,
a lot of Pb precipitates could be observed within the pores and
channels of CEA-2 (Figure 3e), it inferred that the developed
pores of CEA-2 might make chemisorption a more adequate
reaction located in pores/channels. Figure S3 shows that the
O, C, and Ca elements were detected on the surface of Ca-
modified biochars. After Pb adsorption, the Pb element could
be detected on the surface of CEA-2-Pb and CEA-3-Pb. The
result further confirmed that the chemical precipitation was the
main adsorption mechanism of CEA-2 and CEA-3 for Pb
removal.
2.4. Crystal Structure Analysis. Figure 4 shows the XRD

patterns of Ca-modified biochar before adsorption and after
adsorption. CEA-2 and CEA-3 had more obvious crystallinity
than CEA-1. The obvious diffraction peaks of Ca(OH)2 and
CaO could be observed in the XRD pattern of CEA-2 and
CEA-3, indicating the successful introduction of calcium. CaO
nanoparticles derived from the thermal decomposition of
CaCO3 (eq 4), and the part of CaO nanoparticles reacted with
H2O to further form Ca(OH)2 nanoparticles (eq 6).37 In
particular, the peak intensity of CEA-3 was higher than that of
CEA-2, which was related to the addition of a lot of eggshells
for the preparation of CEA-3 (the ratio of raw material to
eggshell was 1:1). In addition, CEA-1 had two broad
diffraction peaks (2θ = 15−30° and 2θ = 38−50°), indicating
the formation of significant aromatic structure via high-

temperature treatment. However, the very weak diffraction
peaks of Ca(OH)2 and CaO in XRD patterns of CEA-1, which
might be because of the addition of very few eggshell (the ratio
of raw material to eggshell was 10:1).

CaO H O Ca(OH)2 2+ → (6)

After the Pb adsorption experiment, the diffraction peaks of
CaO and Ca(OH)2 basically disappeared, and the new
diffraction peaks located at 18.28, 22.37, 24.48, 27.34, 31.72,
39.63, 43.55, 45.27, 56.41, and 58.23° could be observed in the
XRD pattern of CEA-2-Pb and CEA-3-Pb, which represented a
kind of Pb precipitate [Pb3(CO3)2(OH)2].

38 These results

Figure 3. SEM images of Ca-modified biochar before adsorption and after adsorption (a) CEA-1; (b) CEA-2; (c) CEA-3; (d) CEA-1-Pb; (e) CEA-
2-Pb; and (f) CEA-3-Pb.

Figure 4. XRD pattern of Ca-modified biochar before adsorption and
after adsorption.
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proved that CaO and Ca(OH)2 had a strong adsorption ability
for Pb and Pb3(CO3)2(OH)2 crystals were formed by the Ca−
P precipitation reaction (eqs 7−9).39 In addition, CEA-1-Pb
had the weak diffraction peaks of Ca(OH)2, CaO, and Pb
precipitates. The kinetic and isotherm studies indicated that
the Pb adsorption capacity CEA-2 and CEA-2 had the
significant enhancement compared with CEA-1. In fact, the
new formed precipitations also were directly found from the
surface of CEA-2-Pb and CEA-3-Pb (Figure 3e,f). In addition,
the crystal structures of Pb3(CO3)2(OH)2 could be confirmed
again from the FTIR spectra of CEA-2-Pb and CEA-3-Pb
(Figure 5).

Pb 2OH Pb(OH)2
2+ →+ −

(7)

Pb Ca(OH) Pb(OH) Ca2
2 2

2+ → ++ +
(8)

3Pb(OH) 2CO Pb (CO )(OH) 4OH2 3
2

3 3 2+ → +− −
(9)

2.5. Surface Chemical Group Analysis. Figure 5 shows
FTIR spectra of Ca-modified biochar before adsorption and
after Pb adsorption. The obvious absorption peaks at 460, 871,
and 3640 cm−1 were observed in FTIR spectra of CEA-2 and
CEA-3, which were related to the existence of Ca(OH)2 and
CaO.40 This result indicated the introduction of calcium
element into CEA-2 and CEA-3. Especially, CEA-2 and CEA-3
had a unique C−N stretching vibration peak at 1130 cm−1,41

indicating the formation of nitrogen-containing functional
groups (amides, aromatic amines, and pyridine groups). They
might derive from the pyrolysis of a small amount of organic
matter (about 6% protein) in eggshells. In addition, FTIR
spectra of CEA-1 presented some vibration peaks at 2830 and
2920, 1617, and 750−810 cm−1. According to previous
studies,2,42 2830 and 2920 cm−1 belonged to the stretching
vibration of the aliphatic C−H bond; the stretching vibration

peaks of the aromatic CC bond located at 1617 cm−1; and
the deformed vibration peaks of aromatic C−H bond located
at 750−810 cm−1. FTIR spectra of CEA-1 indicated that the
formation of only some stable aromatic structure via high-
temperature treatment. This result confirmed that the addition
of few eggshells (the ratio of raw material to eggshell was 10:1)
could not effectively modify biochar.
After the Pb adsorption experiment, FTIR spectra of CEA-1-

Pb was similar to that of CEA-1, indicating almost no Pb
precipitates on the surface of CEA-1-Pb. This result suggested
that chemical adsorption might not be the Pb adsorption
mechanism of CEA-1. The disappeared absorption peaks of
Ca(OH)2 and CaO and a new absorption peak at 661 cm−1

referred to Pb3(CO3)2(OH)2 were observed on the surface of
CEA-2-Pb and CEA-3-Pb.43 In particular, the CEA-3-Pb had
the higher absorption peak of Pb3(CO3)2(OH)2 than CEA-2-
Pb, indicating the strong precipitation reaction on the surface
of CEA-3. In addition, the disappearance of the C−N
stretching vibration peak in CEA-2-Pb and CEA-3-Pb
confirmed that nitrogen-containing functional groups inter-
acted with Pb2+, which enhanced the affinity of CEA-2 and
CEA-3 for heavy metal ions. Shang et al.44 studied the Pb2+

adsorption performance of corncob xylose residue biochar.
They also observed the disappearance of the C−N stretching
vibration peak after the adsorption experiment, which further
confirmed the complex coordination reaction (eq 10). The
above results demonstrated that the chemical precipitation and
complex coordination were the main adsorption mechanism of
CEA-2 and CEA-3.

Pb R NH R NPb2 + − → −+ + (10)

2.6. Pore Structure Analysis. Table 4 shows the pore
parameter of Ca-modified biochar before and after Pb

adsorption. The BET surface area, pore volume, and average
pore diameter of CEA-1 were 67 m2·g−1, 0.06 cm3·g−1, and
1.74 nm, respectively, indicating the low porosity. This might
be due to the fact that a small amount of eggshells could not
effectively decompose of tar components produced during
pyrolysis. Then, the BET surface area, pore volume, and
average pore diameter of CEA-2 were 621 m2·g−1, 0.38 cm3·
g−1, and 2.37 nm, respectively, indicating the developed pore
structure. During high-temperature treatment, CaCO3 could
decompose into CO2 and CaO, in which CO2 could react with
the carbon matrix to remove the carbon impurities (including
tar and inorganic debris) within the pores and channels.45

However, the BET surface area, pore volume, and average pore
diameter of CEA-3 rapidly decreased under the addition of

Figure 5. FTIR spectra of Ca-modified biochar before adsorption and
after Pb adsorption.

Table 4. Pore Parameter of Ca-Modified Biochar Before and
After Pb Adsorptiona

sample
SBET

(m2·g−1)
Vt

(cm3·g−1)
Vmic

(cm3·g−1)
Vnon‑mic
(cm3·g−1)

Dap
(nm)

CEA-1 67 0.06 0.04 0.02 1.74
CEA-2 621 0.38 0.22 0.16 2.37
CEA-3 269 0.19 0.11 0.08 1.82
CEA-1-Pb 63 0.05 0.03 0.02 1.72
CEA-2-Pb 155 0.10 0.06 0.04 1.93
CEA-3-Pb 214 0.15 0.08 0.07 2.07

aSBET: specific surface area; Vt: total pore volume; Vmic: micropore
volume; Vnon‑mic: mesopores and macropores volume; and Dap:
average pore diameters.
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excessive eggshells. The excessive catalysts could agglomerate
with each other during the pyrolysis, it was difficult to give full
play to their catalytic cracking characteristics, resulting in the
undeveloped pore structure.
After the Pb adsorption experiment, the pore parameters of

CEA-1-Pb had no obvious changes. The BET surface area,
pore volume, and average pore diameter of CEA-2-Pb
decreased significantly to 155 m2·g−1, 0.1 cm3·g−1, and 1.93
nm. In the adsorption process, Pb could combine with active
sites located inside the pore/channel to form many Pb
precipitations, which could block the pores. In addition, a lot
of precipitates within the pores and channels of CEA-2 also
could be directly observed in Figure 3e. Next, BET surface
area, pore volume, and average pore diameter of CEA-3-Pb
decreased slightly. This result indicated that undeveloped
pores made it difficult for Pb to diffuse smoothly into CEA-3.
Therefore, the formation of Pb precipitation was mainly on the
surface of CEA-3-Pb rather than its interior, which was not

conducive to the continuous adsorption. Such a phenomenon
could also be observed in Figure 3f.
Figure 6 shows the Pb adsorption mechanism of Ca-

modified biochar. CEA-1 almost no functional groups and Ca-
based active sites. Only a small amount of Pb could be
adsorbed by the undeveloped pores of CEA-1. Therefore, the
physical adsorption was the main controlled step of CEA-1 for
the Pb removal. CEA-2 and CEA-3 had many Ca-based active
sites and abundant nitrogenous functional groups, which were
conducive to Pb removal through the precipitate reaction and
surface complexation. Significantly, the developed pore of
CEA-2 helped to the diffusion of Pb into the interior of the
particles, which ensured the full utilization of active sites within
the pores/channels to achieve continuous adsorption. How-
ever, the undeveloped pore of CEA-3 allowed chemical
adsorption to take place more on the particle surface rather
than the interior. In addition, CEA-2 had a higher Pb
adsorption capacity of 97.74 mg·g−1 than the other biosorbents
produced from eggshells (90.9 mg·g−1),46 chitosan (71 mg·

Figure 6. Pb adsorption mechanism of Ca-modified biochar.

Figure 7. Adsorption performance of Ca-modified biochar in a ternary heavy metal system (a), and influence of coexisting anions on Pb adsorption
of CEA-2 (b).
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g−1),47 and sugarcane bagasse (21 mg·g−1)48 in the previous
literature. The results from this paper proved the feasibility of
waste eggshells as a Ca-source could produce the cheap and
efficient biochar adsorbent for heavy metal adsorption from the
wastewater.
2.7. Influence of Coexisting Cations and Anions.

Often in wastewater streams, besides Pb, other heavy metals
were present. The ternary heavy metal system, including Cu,
Cd, and Pb, was used to explore the actual adsorption
performance of Ca-modified biochar. The initial concen-
trations of Cu, Cd, and Pb in the mixed solution were 50 mg·
L−1, and the dosage of Ca-modified biochar was 0.5 g·L−1. This
experiment was performed at 298 K and 120 rpm for 8.0 h. As
seen in Figure 7a, the CEA-2 sample had the highest removal
rate of heavy metals (Cu2+: 72.75%, Cd2+: 88.12%, and Pb2+:
95.31%) among the three samples, and the CEA-1 sample had
the lowest removal rate (Cu2+: 3.32%, Cd2+: 4.51%, and Pb2+:
9.04%). In addition, the removal rate of the CEA-3 sample was
between CEA-1 and CEA-2. This result indicated that CEA-2
had the prominent adsorption performance for a variety of
heavy metals. Significantly, the Pb removal rate of each sample
in the ternary heavy metal system was lower than that in a
separate Pb solution. This result proved that Cu and Cd could
compete with Pb for adsorption sites in the mixed solution.
In addition to above cations, NO3

−, HCO3
−, SO4

2−, and Cl−

were also common anions in wastewater, these anions could
affect the Pb adsorption performance of adsorbents. CEA-2
had the highest adsorption performance among three kinds of
Ca-modified biochar; thus, the effect of coexisting anions on
Pb adsorption of CEA-2 is investigated in Figure 7b. As seen in
Figure 7b, the adsorption performance of CEA-2 was inhibited
by these anions at different levels, following the order of
HCO3

− > SO4
2− > NO3

− > Cl−. Among these ions, NO3
− and

Cl− had a very limited impact on the Pb adsorption
performance of CEA-2. Even if the ion concentration of
NO3

− and Cl− reached 100 mmol·L−1, the adsorption capacity
of CEA-2 could still maintain a high adsorption capacity
(NO3

−: 94.2 mg·g−1 and Cl−: 92.5 mg·g−1). However, HCO3
−

and SO4
2− had a very significant inhibitory effect on the Pb

adsorption performance of CEA-2. With the increase of ion
concentration (∼100 mmol·L−1), the adsorption capacity of
CEA-2 decreased significantly. When the ion concentration of
HCO3

− and SO4
2− was 100 mmol·L−1, the adsorption capacity

of CEA-2 reached only 80.1% (SO4
2−) and 61.6% (HCO3

−),
respectively. In this process, HCO3

− and SO4
2− could combine

with Ca2+ to produce insoluble substances or poorly soluble
substances, resulting in the reduction of active sites on the
surface of the adsorbent.

2.8. Regeneration Test. In practical applications,
desorption regeneration, mass loss, and release of calcium
ions of Ca-modified biochar are very important factors. As seen
in Figure 8a, the Pb adsorption capacity of Ca-modified
biochar decreased gradually with the increase of cycle number.
Although the adsorption capacity of CEA-2 decreased from
97.742 to 92.32 mg·g−1 after four desorption cycles, but it still
had the highest adsorption capacity than CAE-1 and CEA-3.
This result indicated that the CEA-2 sample had good
recycling performance in the treatment of wastewater
containing Pb. In addition, the mass loss rate of Ca-modified
biochar increased slightly during the cyclic degradation.
However, there was no obvious difference in the mass loss
rate of the three samples (2.05−2.12%). Finally, the
inductively coupled plasma (ICP, ICPE-9000, Shimadzu,
Japan) was used to determine the Ca2+ concentration of the
solution. As seen in Figure 8b, the Ca2+ concentration of CEA-
1 was almost 0 during cyclic degradation, which was related to
the addition of few eggshells (the ratio of raw material to
eggshell was 10:1). However, the Ca2+ concentration of CEA-2
and CEA-3 decreased gradually with the increase of cycle
number, and the Ca2+ concentration of CEA-3 was always
higher than CEA-2, which was related to the addition of
excessive eggshells. However more importantly, they always
had the very low concentration (∼4.1 μg·L−1) of calcium
during the cyclic degradation, this result indicated that almost
all of Ca-based active sites in CEA-2 and CEA-3 were used for
the Pb adsorption rather than being released into the solution.
In addition, Ca was the environmentally friendly element with
non-toxic properties. Therefore, the CEA-2 sample had the
best reusability among the three samples for Pb adsorption.

3. CONCLUSIONS

In this work, Ca-modified biochar adsorbents (CEA) were
prepared by the pyrolysis of Eupatorium adenophorum and
eggshell for the Pb adsorption from aqueous solution. CEA-2
and CEA-3 showed excellent adsorption performance with the
equilibrium adsorption amounts of 97.74 and 83.73 mg·g−1,
respectively. The Pb adsorption process of CEA-2 and CEA-3
exhibited the monolayer adsorption, which was mainly
controlled by chemical adsorption. CEA-2 and CEA-3 had
many Ca-based active sites and abundant nitrogenous

Figure 8. Adsorption capacity and mass loss (a) and Ca2+ concentration (b) of Ca-modified biochar under four desorption cycles.
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functional groups, which were conducive to Pb removal
through the precipitate reaction and surface complexation.
Significantly, the developed pores of CEA-2 improved the
contact probability between Pb and active sites within the
pores and channels, which ensured continuous adsorption. In
addition, the Pb adsorption process of CEA-1 exhibited the
multilayer adsorption characteristics, which was mainly
controlled by physical adsorption. The application experiment
indicated that CEA-2 had the best cycle stability and
reusability among the three samples. This research provided
an effective method to prepare cheap adsorbents for Pb
adsorption, which was beneficial to the wide application of
biochar.

4. EXPERIMENTAL SECTION
4.1. Preparation of Ca-Modified Biochar. Eupatorium

adenophorum was used as a raw material of biochar because of
its high carbon content, strong renewability, and large
resources. Eupatorium adenophorum was collected from a
village in Chongqing city, China, which was air-dried, chopped,
and sieved through 100 meshes before the experiment. Table 5

shows the proximate and elemental analyses of Eupatorium
adenophorum. Eggshell as a calcium-source was collected from
the canteen of Jilin agricultural university, which was dried,
grounded, and sieved through 200 meshes before use. Next,
the preparation process of Ca-modified biochar adsorbent was
as follows. 20 g of Eupatorium adenophorum (marked as EA)
and the eggshell with different weights (2, 10, or 20 g) were
fully mixed in the ball mill (PULVERISETTE 5, FRITSCH,
Germany) for 40 min. Because the complete decomposition
temperature of CaCO3 was 800 °C; thus the mixture was
placed in a tubular furnace (OTF-1200X-III-S, Kejing, China),
heated up to 800 °C at 8 °C/min under a N2 atmosphere, and
then was kept at 800 °C for 1.5 h. Ca-modified biochar with
the mass ratios of eggshell to raw material of 1:10, 1:2, and 1:1
was marked as CEA-1, CEA-2, and CEA-3, respectively.
4.2. Experimental Procedures. The solution used in the

experiment was prepared with ultrapure water, and all the
experiments were repeated at least three times to avoid the
error. Batch adsorption experiment: Ca-modified biochar with
different doses (0.2−0.8 g·L−1) was mixed into 50 mL of Pb
solution with a concentration of 50 mg·L−1. The initial pH

value of the mixture was set to 2.0, 3.0, 4.0, 5.0, 6.0, 7.0, and
8.0, respectively. This reaction system was stirred at 100 rpm
for 12 h. Finally, the Pb concentration of reaction system was
measured by an atomic absorption spectrophotometer with a
detection limit of 0.0092 μg·mL−1 (iCE 3300 AAS, Thermo
Scientific, USA), and the equilibrium adsorption capacity and
the pollutant removal rate are calculated by eqs 11 and 12.

q C C V m( ) /e 0 e= [ − ] (11)

C C C( )/ 100%0 e 0η = [ − ] × (12)

where qe is the equilibrium adsorption capacity (mg·g−1); m
presents the mass of adsorbent (g); V presents the volume of
solution (L); C0 is the initial concentration of solution (mg·
L−1); Ce is the residual concentration of solution (mg·L−1);
and η presents the pollutant removal rate (%).
Desorption regeneration experiment: the saturated biochar

was taken out from the reaction solution, then was repeatedly
washed with ultrapure water to neutral. The washed biochar
was mixed fully with EDTA solution (0.01 mol·L−1) for the
desorption experiment. Finally, the Pb adsorption experiment
was continued with the desorbed biochar. Such an adsorption/
desorption experiment was carried out four times.
Adsorption kinetics experiment: Ca-modified biochar with

0.5 g·L−1 was mixed into 50 mL of Pb solution with a
concentration of 50 mg·L−1. The initial pH value of reaction
system was set to 7.0 ± 0.05. Then, this reaction system was
oscillated at 298 K for different times (0.083, 0.16, 0.32, 0.5, 1,
2, 4, 6, 8, 12, 18, and 24 h). Pseudo-first/second-order models
and intragranular diffusion model were used for kinetics
analysis, and the corresponding definition is given in eqs S5−
S7.2

Adsorption isotherm experiment: Ca-modified biochar with
0.5 g·L−1 was mixed into 50 mL of Pb solution with different
concentrations of 15, 25, 40, 60, 80, 100, 120, and 150 mg·L−1.
The initial pH value of reaction system was set to 7.0 ± 0.05.
Then, this reaction system was oscillated at different
temperatures (298, 318, and 338 K) for 8 h. Langmuir and
Freundlich models were used for isotherms analysis, and the
definition of two models are given in eqs S8−S10.2

4.3. Product Analysis. Proximate analysis of raw material
was calculated according to GB/T212-2008 standards. The
carbon (C), hydrogen (H), and nitrogen (N) elementals in
raw materials were defined using an elemental analyzer
(FlashSmart, Thermo Scientific, USA), and the oxygen content
was obtained by the subtraction method (100% − C % − H %
− N % − ash %). Crystal structure was determined by XRD
(XRD-7000, Shimadzu, Japan) with a scanning rate of 10°/min
in the range of 10−80°. Surface morphology was determined
by SEM (VOLUMESCOPE 2, Thermo Scientific, USA).
Fourier transform infrared spectroscopy (IFS 66v/s, Bruker,
Germany) provided the detailed information about the
functional groups on the surface of samples. The BET nitrogen
adsorption instrument (ASAP2020, Micromeritics, USA) was
used to test the pore parameters of sample at 77 K, and the
specific surface area, micropore volume, and total pore volume
were calculated according to the BET model, t-plot method,
Horvath−Kawazoe (HK), and the density functional theory
(NLDFT).49,50 Before the test, each sample was degassed
under vacuum at 473 K for 10 h.

Table 5. Proximate and Ultimate Analyses of Eupatorium
Adenophorum

proximate analysis (wt %)

moisturea 5.07 ± 0.34
ashb 6.71 ± 0.11
organicsc 88.22 ± 0.45
elemental analysis (wt %)d

C 42.37
H 6.25
Oe 42.60
N 2.07
H/C (mol·mol−1) 1.77
O/C (mol·mol−1) 0.75

aDetermined by drying in an oven at 105 °C for 12 h. bDetermined
by combusting the pre-dried cornstalk in a muffle furnace at 575 °C
for at least 3 h until a constant weight. cDetermined by difference.
dOn a dry basis. eDetermined by difference (100% − C % − H % − N
% − ash %).
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