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Abstract: In this work, the Pb adsorption and removal ability of biochar from simulated Pb(II)-
contaminated wastewater, adsorption isotherms, kinetics, and thermodynamics were studied. Ad-
sorption characteristics of biochar on Pb(II) were analyzed by Fourier transform infrared spectroscopy
(FT-IR), X-ray diffraction (XRD) and scanning electron microscope with energy dispersive spectrome-
ter (SEM-EDS). The influence of the pH of the solution, the contact time, and the biochar dose on
the removal of Pb(II) were investigated by single-factor design and response surface analysis. With
the increase in biochar dose from 2 g/L to 4 g/L in wastewater, the Pb(II) amount adsorbed on
biochar reduced from 21.3 mg/g to 17.5 mg/g. A weakly acidic environment was more conducive to
the ligand exchange between Pb(II) ions and biochar. Pb(II) adsorption kinetics of biochar showed
that the Pseudo-first-order model was more suitable than other employed models to describe the
adsorption process. During the isothermal adsorption process, Langmuir and Freundlich’s isotherms
fitted the adsorption data very well (R2 > 96%). The Pb (II) adsorption onto biochar was spontaneous
in the specified temperature range (298–318 K) and the process was exothermic. Simultaneously, the
optimal conditions were a pH of 5, a contact time of 255 min, and a biochar dose of 3 g/L, under
which the maximum predicted Pb(II) removal efficiency was 91.52%.

Keywords: biochar; Pb(II) removal; adsorption ability; kinetic analysis

1. Introduction

With the increase in economic development and social demand, the amount of Pb-
containing wastewater discharged from numerous sources increases sharply [1]. Pb is not
only highly toxic but also difficult to degrade [2]. After discharge, the Pb-contaminated
wastewater will be utilized and absorbed by plants causing the accumulation of a large
amount of Pb in the plant body. Excessive Pb intake may result in the destruction of the
plant cell structure and eventually in plant damage or death [3]. Pb can also be absorbed
through water, air, food, and skin, entering various body organs and causing diseases such
as anemia, kidney damage, and nervous system disorders through accumulation in the
body [4,5]. Therefore, effective treatment of Pb-contaminated wastewater before discharge
is of great significance to control heavy metal pollution and protect human health.

The main treatment methods for Pb-contaminated wastewater include chemical pre-
cipitation, ion exchange, membrane filtration, and adsorption [6,7]. Among them, the
adsorption method is considered to be a suitable method for removing pollutants in
wastewater due to its convenient operation and high removal efficiency. However, the ex-
cessively high cost of adsorbent makes it limited in the treatment of wastewater containing
heavy metals. Therefore, searching for adsorption materials with a wide range of materials,
high efficiency, low cost, and high environmental stability has gradually become a research
hotspot in the field of adsorption.
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In recent years, biomass raw materials represented by straw, spent mushroom sub-
strate, livestock manure, and industrial sludge have attracted widespread attention. Most
of these biomass raw materials are derived from by-products or wastes in industrial and
agricultural production processes. They have great application prospects in the field of
adsorption with a wide range of sources and low cost [8–11]. However, the direct use of
biomass raw materials as adsorbents is inefficient. A previous report revealed that the
untreated corn straw particles showed the maximum adsorption capacity (15.0269 mg/g)
for Pb(II) [12].

Biochar is an alkaline carbon-based material that contains a certain amount of oxygen
and hydrogen in the form of functional groups on its surface [13]. Moreover, biochar
consists of a multi-pore structure with a large specific surface area [14,15], which can
fully contact with gas, liquid, and other media, whereby the functional groups on the
pore walls of biochar exhibit a high affinity for impurities which can be absorbed into the
pores [2]. China is a largely agricultural country with abundant straw resources, especially
in Henan province, but the utilization rate of straw is low, less than 40%. The processing
of straw to biochar for the removal of heavy metals in wastewater not only realizing the
resource utilization of straw waste, but also recover Pb by burning Pb-loaded biochar
(compared with incombustible sorbents), which supports the long-term strategy of carbon
emission reduction.

Biochar is widely used to treat Pb pollution in water because of its porosity and stabil-
ity [16], and the maximum adsorption capacity of wheat straw biochar for Pb(II) reached
149.7 mg/g [17]. Xue et al. [18] examined the effect of H2O2 treatment on hydrothermally
produced biochar (hydrochar) from peanut hull to remove aqueous heavy metals and found
that the modified hydrochar-enhanced Pb(II) sorption ability with a sorption capacity of
22.82 mg/g, which was comparable to that of commercial activated carbon and was more
than 20 times of that of untreated hydrochar (0.88 mg/g). While the maximum Pb(II)
adsorption capacity (Qm) of biochar from peanut shells was 56.5 mg/g at the optimum
conditions. The adsorption followed pseudo-second-order kinetics, and the equilibrium
data were well-fitted with the Langmuir isotherm. The adsorption process was feasible
and spontaneous at all temperature values that were tested, and the process was exother-
mic [19]. Wang et al. [20] compared the adsorption effects of cotton straw-derived biochar
under different pyrolysis conditions on Pb (II) and found the pyrolysis temperature had a
significant effect. The maximum adsorption capacity of 124.7 mg/g was obtained at 600 ◦C
with an optimal pH of 5.5. The isothermal adsorption curve of Pb (II) was in line with the
Langmuir model, while the Pb (II) adsorption kinetics followed the pseudo-second-order
model indicating that chemical adsorption or physical chemistry adsorption dominated
the adsorption mechanism. However, Liu et al. [21] reported that corn stalk biochars gener-
ated at a pyrolytic temperature of 450 ◦C was an ideal sorbent with the maximum Pb(II)
adsorption capacity, in which the maximum Pb(II) adsorption capacity (Qm) of CSB450
was 49.70 mg/g at the optimal condition. These results presented variable Pb (II) sorption
efficiency of the tested biochars. This variability may be caused by many factors, such as
the source and composition of the original waste material, pyrolysis temperature, different
sorption mechanisms, as well as the adsorption conditions [9,16,20,22,23]. Therefore, it is
necessary to carry out special works for each heavy metal ion and adsorbent pair to identify
superior adsorbents. In recent years, although research on this subject is ongoing, to date,
researchers have not yet been able to determine the most suitable adsorbent to remove
Pb(II) ions from wastewater. Therefore, it is necessary to explore the sorption mechanisms
of heavy metals on biochar to improve the heavy metal removal efficiency and guide the
future application of local corn straw biochar. Therefore, in the present study, the Pb(II)
removal ability of corn stalk biochar and the kinetic properties were studied, response
surface methodology (RSM) was used to optimize the Pb(II) adsorption process, and then
the sorption mechanisms of Pb(II) on biochar were explored.



Separations 2023, 10, 438 3 of 17

2. Materials and Methods
2.1. Preparation of Biochar

Corn stalks collected in Zhengzhou, Henan province, China. The naturally dried corn
stalk samples were crushed, ground through 80 mesh sieve and placed in a muffle furnace
at a heating rate of 10 ◦C/min to 500 ◦C and kept for 2 h to obtain corn stalk biochar.

2.2. Characterization of Biochar

Element composition of corn stalk biochar (80 mesh) was determined by a Vario EL
Cube elemental analyzer (Elementar Analysensysteme GmbH, Hanau, Germany). The
carrier gas (O2) pressure was 0.20 MPa, and the protective gas (He) pressure was 0.12 MPa.

Using N2 and He as carrier gases at 103 kPa, the specific surface area of biochar was
determined by a BELSORP-mini II instrument (BEL, Osaka, Japan). The specific surface
area test specification was greater than 0.01 m2/g.

The surface morphology of biochar was examined using the scanning electron micro-
scope (SEM, JSM-6510, Tokyo, Japan) equipped with the energy-dispersive X-ray spectro-
scope (EDS, EX-94400T4L11, Tokyo, Japan). The X-ray diffraction (XRD) of biochar samples
was characterized using Smart Lab 3 kW diffractometer (Rigaku Corporation, Tokyo, Japan)
equipped with Cu Kα radiation.

A Fourier transform infrared (FT-IR) spectrometer (Ruian Technology Co., Ltd., Tianjin,
China) was used for the qualitative and quantitative analysis of biochar samples [24].
Potassium bromide (KBr) was used as the scanning background spectrum. The scanning
range was 4000–400 cm−1, and the resolution was 0.5 cm−1.

To quantify the pH at the zero point of charge (pHZPC), 0.1 g of carbon was added
to 20 mL of 0.1 M NaCl solution, and the initial pH value of the solution was adjusted by
adding HCl or NaOH from 2 to 11 (pH = 2, 3, 4, 5, 6, 7, 8, 9, 10, 11). The containers were
placed in a thermostatic shaker maintained at 25 ± 2 ◦C and operated at a rotation speed
of 150 rpm for 24 h, after which the pH was measured. pHZPC is the pH measured when
there is no change in pH after contact with carbon [25,26].

2.3. Adsorption Ability of Biochar

The adsorption experiments were conducted in triangle bottles. Working solutions of
Pb(II) prepared using Pb(CH3COO)2·3H2O and biochar were added to each triangle bottle,
which was sealed and placed in a thermostatic shaker maintained at 25 ± 2 ◦C and operated
at a rotation speed of 150 rpm. The main parameters that affect biochar adsorption were
varied, including the dose of biochar (0.5, 1, 2, 4, 6 g/L), pH (2, 3, 4, 5, 6, 7), contact time (10
to 1 440 min), and the concentration of Pb(II) (100, 200, 300, 500, 700, 1000 mg/L). The pH
value was adjusted by adding HCl or NaOH and measured with a digital pH meter (China
FE28). The chemicals and reagents were all purchased from Zhengzhou paini company
(Zhengzhou, China).

After Pb(II) adsorption experiments, the biochar was separated from the Pb(II)-
contaminated aqueous solution by a 0.45-micron filter membrane, and 5 mL of the filtrate
were subsequently sampled with a syringe for analysis. The initial and residual concen-
trations of Pb(II) in the aqueous solutions were determined by an AA-6880F/AAC atomic
absorption spectrophotometer (Shimadzu, Tokyo, Japan) with a wavelength of 283.3 nm
and a wavelength accuracy of ±0.3 nm. The instrument was operated under the output
pressure of 0.35 MPa of an air compressor and the outlet pressure of 0.09 MPa. The pressure
of the carrier gas (C2H2) was greater than 0.5 MPa. The removal efficiency (%) of Pb from
the contaminated water was determined by Equation (1) and the adsorption amount (mg/g)
as shown in Equation (2) [27]. Each step of the experiment was conducted in triplicate.

R =
C0 − Ct

C0
× 100, (1)

Q =
(C0 − Ct)V

m
, (2)
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where C0 and Ct are the measured Pb(II) concentrations (mg/L) by atomic absorption
spectrophotometer before adsorption and after a specific time of adsorption (t, min), V is
the volume of the Pb(II)-contained aqueous solution, and m is the mass of biochar (g).

2.4. Adsorption Kinetics of Biochar

Adsorption kinetics refers to the adsorption process as a function of adsorption amount
over adsorption time. A volume of 25 mL of the prepared 100 mg/L Pb(II) working solution
and 0.1 g biochar were added into a 100 mL triangle bottle to prepare an adsorption solution
with a biochar dose of 4 g/L. The triangle bottles were placed in a constant temperature
shaker and shaken for 10–1440 min. The Pb(II) adsorption kinetics of biochar were analyzed
using a Pseudo-first-order model, Pseudo-second-order model, and the Elovich model.

Pseudo-first-order : Qt = Qe

(
1 − e−k1t

)
, (3)

Pseudo-second-order : Qt =
Q2

e k2t
1 + Qek2t

, (4)

Elovich : Qt =
1
β

ln(αβt + 1), (5)

where Qt and Qe are the adsorption amount (mg/g) at t time and at adsorption equi-
librium, respectively [28]; k1 is Pseudo-first-order kinetic model constant (min−1) [29];
k2 is Pseudo-second-order kinetic model constant (g/(mg·min)) [30]; α is the adsorption
rate (mg/(g·min)) at zero point; β is a constant (g/mg) related to surface coverage and
chemisorption activation energy [31].

2.5. Adsorption Isotherms

Isothermal adsorption was carried out at a biochar dose of 4 g/L, a pH of 5, a contact
time of 240 min, and in the Pb(II) solution concentration range of 100–1000 mg/L (100, 200,
300, 500, 700, and 1000 mg/L). Langmuir model and Freundlich model were used to fit the
adsorption data.

Langmuir : Qe =
kQmCe

1 + kCe
, (6)

Freundlich : Qe = k f Cn
e , (7)

where Qe is the adsorption amount (mg/g) at adsorption equilibrium; Qm is the theoretical
maximum adsorption amount (mg/g); k is the Langmuir isothermal equation constant
(L/mg); n is the empirical constant related to adsorption strength; kf is Freundlich isother-
mal equation constants; Ce is the Pb(II) concentration (mg/L) at adsorption equilibrium [32].

2.6. Thermodynamic Analysis

In order to explored interaction occurring at the interface biochar/Pb(II), thermody-
namic analysis of Pb(II) adsorption onto corn stalk biochar was detected by the adsorption
performing at variable temperatures (298 K, 308 K, and 318 K).

lnKq =
∆S0

R
− ∆H0

RT
, (8)

∆G0 = ∆H0 − ∆S0 · T. (9)

The parameters of adsorption thermodynamic as entropy (∆S0, J/mol·K), enthalpy
(∆H0, kJ/mol), and the Gibbs free energy (∆G0, kJ/mol) were measured referring to
Equations (8) and (9), where T is absolute temperature K; Kq (L/g) is the distribution
coefficient of adsorbent that equals to Qe/Ce, and R = 8.314 J/mol·K.
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3. Results and Discussion
3.1. The Properties of Biochar

The element composition and specific surface area of corn stalk biochar were shown
in Table 1. Corn stalk biochar was mainly composed of C, H, N, and S, in which the highest
percentage of C mass was 49.15%, and the lowest percentage of S mass was 0.16%. The
total volume of biochar was 1.71 × 10−2 cm3/g, with an average pore diameter of 20.32 nm
and the specific surface area was 3.36 m2/g.

Table 1. Main element composition and specific surface area of biochar.

C
(%)

H
(%)

N
(%)

S
(%) C/H C/N Total Volume

(cm3/g)
Pore Diameter

(nm)
Specific Surface Area

(m2/g)

49.15 1.81 0.95 0.16 27.20 52.16 1.71 × 10−2 20.32 3.36

The SEM-EDS images of the biochar before and after Pb(II) adsorption were shown
in Figure 1. Without Pb(II) present (Figure 1a), the material had a fluffy, porous texture
with a large, accessible surface area that favored sorption (physical sorption). The Pb(II)
loaded biochar (Figure 1b) showed a surface that is less fluffy. The EDS spectra (Figure 1c,d)
showed that Pb(II) adsorption occurred at the surface of the biochar and presumably in the
pores in the material, indicating uptake of Pb(II).
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Figure 1. SEM and EDS spectra image analysis of biochar before (a,c) and after (b,d) Pb(II) adsorption.

To compare the changes of functional groups presented on the biochar surface, FT-IR
spectroscopy was used to analyze the biochar before and after Pb(II) adsorption at a biochar
dose of 4 g/L. The spectra were shown in Figure 2. After the adsorption of Pb(II), some
functional groups on the biochar surface combined with Pb(II) ions. The peaks at 1048,
1408, 1633, and 3466 cm−1 represented the C-O, C-H, C=O, O-H, and stretches, respectively.
Although the FT-IR peak position of biochar before and after Pb(II) adsorption has not
changed greatly, the absorbed energy has changed, resulting in great changes in infrared
transmittance before and after Pb(II) adsorption on biochar. O-H stretching (3466 cm−1)
decreased after the adsorption of Pb(II), suggesting the breakage of O-H bonds after Pb(II)
adsorption. Some oxygen-containing functional groups, such as C=O, O-H and C-O, existed
on the surface of the biochar, which provided a negative charge (COO-/OH-) adsorbing
Pb(II) on its surface [33]. By comparing the two FTIR patterns, it can be seen that there was
a significant decrease in the number of peaks that appeared, which was due to the reaction
of these functional groups with the Pb(II) ions during the adsorption process.
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Figure 2. FT-IR of biochar before and after Pb(II) adsorption.

To characterize the crystallinity of samples, the XRD pattern of biochar before and
after Pb(II) adsorption was shown in Figure 3. In the diffraction area of 15◦–35◦, obvious
diffraction peaks can be observed on the biochar after Pb(II) adsorption. By comparing the
peak changes before and after adsorption, it was found that the peak strength after adsorp-
tion of Pb(II) was enhanced at 24.50◦, 29.93◦, and 33.95◦ compared with biochar without
Pb(II), indicating the presence of hydroxypyromorphite (Pb5(PO4)3OH) and hydrocerussite
(Pb3(CO3)2(OH)2) [34].
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It is well known that pHzpc, which is indicative of the types of active centers on the
surface and the adsorption mobility of the surface, is an important factor in adsorption
processes. The pHzpc value was obtained from the correlation of the differences between
the initial and final measured pH, which was performed on ∆pH. Then, ∆pH was plotted
versus the initial pH, as observed in Figure 4. The observed point where the edge surface
exhibits no charge is pHzpc = 7.65 for the biochar. According to the literature, such results
may infer that when pH solution < 7.65 (pHzpc), the biochar surface tends to exhibit a
positive charge and when pH solution > 7.65 (pHzpc) the biochar surface tends to present a
negative charge. But, it is well known that at pH levels greater than 6 in Pb(II) solutions,
Pb(OH)2 is formed and precipitates in the aqueous media. For these reasons, the pH range
of 5–6 was considered to be more suitable for the removal of Pb(II) ions.
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3.2. Effect of Biochar Dose on Pb(II) Removal

The influence of biochar dose on the adsorption effect for Pb(II) is shown in Figure 5.
This experiment was conducted at an initial Pb(II) concentration of 100 mg/L and an
adsorption contact time of 1 440 min. With the increase in biochar dose from 0.5 g/L
to 2 g/L in wastewater, the Pb(II) amount adsorbed on biochar increased rapidly from
2.6 mg/g to 21.3 mg/g, and the Pb(II) removal efficiency increased to 42.66%. When the
biochar dose was increased to 4 g/L and 6 g/L, the residual Pb(II) concentration decreased
rapidly (from initial 100 mg/L to 26.0 mg/L and 17.9 mg/L), and the Pb(II) removal
efficiency increased to 73.99% and 82.13%, respectively. However, the adsorption amounts
of Pb(II) decreased gradually to 17.5 mg/g and 13.6 mg/g for the biochar doses of 4 g/L
and 6 g/L. It is evident that a high dose of adsorbent is required for the quantitative
removal of heavy metal, but the removal efficiency of pollutants should be considered
comprehensively at the same time. As an explanation for this observation, the number of
active sites for Pb(II) adsorption increased with the increase in the adsorbent amount [35],
but the content of Pb(II) in the solution was limited resulting in an excess of adsorption
sites [36]. As a consequence, although the removal efficiency of biochar increased, the
adsorption amount per unit mass of biochar decreased.

3.3. Effect of pH on Pb(II) Removal

Using an initial Pb(II) concentration of 100 mg/L, an adsorption contact time of
1440 min, and a biochar dose of 4 g/L, the influence of the solution pH value (pH = 2,
3, 4, 5, 6, 7) on the Pb(II) adsorption by biochar was investigated. The results were
shown in Figure 6. Considering the competitive adsorption of H+ and Pb(II) [37] and
that the content of H+ in solution decreased with increasing pH from 2 to 5, the degree of
protonation of functional groups on the surface of biochar decreased, which was conducive
to the adsorption of positively charged Pb(II). The removal efficiency of Pb(II) reached a
maximum of 83.35% at pH 5. The Pb(II) adsorption capacity of biochar was greater than
19.0 mg/g at pH 5–7. However, Pb(OH)2 is formed in the aqueous media under pH > 6.
Therefore, when the solution pH was greater than 6, the Pb(II) removal not only included
the adsorption by biochar but also included some Pb(OH)2 precipitation. Compared to
pH 5, the Pb(II) removal efficiency of biochar at pH 6 and 7 decreased slightly (82.86% and
80.25%, respectively). According to these findings, the weak acidic condition was beneficial
for the ligand exchange between heavy metal ions and biochar, demonstrating a better
removal effect.
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Separations 2023, 10, x FOR PEER REVIEW 9 of 18 
 

 

 

Figure 6. Effect of pH on the Pb(II) adsorption. 

3.4. Pb(II) Adsorption Kinetics of Biochar 

Figure 7 showed the Pb(II) adsorption kinetics of biochar at a range of contact times 

from 10 min to 1 440 min, an initial Pb(II) concentration of 100 mg/L, a pH of 5, and a 

biochar dose of 4 g/L. In the early stages of adsorption, the adsorption amount of Pb(II) 

increased rapidly within 90 min and reached 18.6 mg/g. In the period of 90–240 min, the 

adsorption amount of Pb(II) continued to increase, reaching 20.8 mg/g at 240 min, but the 

rate of increase was slow. Since, the mass transfer driving force caused by the concentra-

tion difference of Pb(II) in the water–biochar phase system enhanced the capacity of di-

rectional migration of adsorbates [38], which allowed the adsorption molecules to enter 

the internal pores in parallel. After a certain contact and adsorption time, the number of 

adsorption sites on the surface of biochar decreased, the diffusion path of Pb(II) in the 

biochar was prolonged [39], and the increase in the adsorption amount over the same pe-

riod declined significantly.  

 

Figure 7. Pb(II) adsorption kinetics of biochar. 

The Pseudo-first-order model, Pseudo-second-order model and Elovich model were 

used to analyze the Pb(II) adsorption kinetics of biochar. It was found that Pseudo-first-

order model was suitable to describe Pb(II) adsorption, with a correlation coefficient (R2) 

of 98.1%. The adsorption amount of Pb(II) at adsorption equilibrium was 22.277 mg/g, 

which was only about 1.5 mg/g higher than the adsorbed amount at 240 min (20.8 mg/g). 

2 3 4 5 6 7
0

20

40

60

80

100
 

 Removal efficiency 

 Adsorbed amount 

pH

R
e
m

o
v
a
l 

e
ff

ic
ie

n
c
y
 (

%
)

0

5

10

15

20

25

 A
d

so
r
b

e
d

 a
m

o
u

n
t 

(m
g
/g

)

-200 0 200 400 600 800 1000 1200 1400 1600

8

10

12

14

16

18

20

22

24

 

 

 Adsorbed amount  Elovich

 Pseudo-first-order

A
d

so
r
b

e
d

 a
m

o
u

n
t 

(m
g
/g

)

Time (min)

Figure 6. Effect of pH on the Pb(II) adsorption.

3.4. Pb(II) Adsorption Kinetics of Biochar

Figure 7 showed the Pb(II) adsorption kinetics of biochar at a range of contact times
from 10 min to 1 440 min, an initial Pb(II) concentration of 100 mg/L, a pH of 5, and a
biochar dose of 4 g/L. In the early stages of adsorption, the adsorption amount of Pb(II)
increased rapidly within 90 min and reached 18.6 mg/g. In the period of 90–240 min,
the adsorption amount of Pb(II) continued to increase, reaching 20.8 mg/g at 240 min,
but the rate of increase was slow. Since, the mass transfer driving force caused by the
concentration difference of Pb(II) in the water–biochar phase system enhanced the capacity
of directional migration of adsorbates [38], which allowed the adsorption molecules to
enter the internal pores in parallel. After a certain contact and adsorption time, the number
of adsorption sites on the surface of biochar decreased, the diffusion path of Pb(II) in the
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biochar was prolonged [39], and the increase in the adsorption amount over the same
period declined significantly.
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Figure 7. Pb(II) adsorption kinetics of biochar.

The Pseudo-first-order model, Pseudo-second-order model and Elovich model were
used to analyze the Pb(II) adsorption kinetics of biochar. It was found that Pseudo-first-
order model was suitable to describe Pb(II) adsorption, with a correlation coefficient (R2)
of 98.1%. The adsorption amount of Pb(II) at adsorption equilibrium was 22.277 mg/g,
which was only about 1.5 mg/g higher than the adsorbed amount at 240 min (20.8 mg/g).
The Elovich model simulated the Pb(II) removal effect of biochar, and the R2 was 88.4%. In
the early stage of adsorption, the concentration of Pb(II) was high and the mass transfer
driving force of the solution was large, resulting in Pb(II) easily overcoming the mass
transfer resistance between liquid and solid interfaces [23]. In addition, due to the large
number of unsaturated adsorption sites on the surface of biochar, Pb(II) was easier adsorbed,
and the adsorption amount increased rapidly. The adsorption rate at the zero point was
5.407 mg/(g·min). With increasing contact time between Pb(II) and biochar, the Pb(II)
concentration in the wastewater gradually decreased, leading to the decrease in the Pb(II)
concentration difference at the solid–liquid interface; the adsorption sites on the surface of
biochar became saturated, and the adsorption rate decreased. The constant value of the
activation energy of the β reaction in the model was 0.310, indicating that the low activation
energy of biochar for the adsorption of Pb(II) resulted in a fast adsorption rate. However,
the Pseudo-second-order model was not suitable to describe the observed Pb(II) adsorption
kinetics of biochar.

3.5. Isothermal Adsorption of Pb(II) Removal

As shown in Figure 8, the removal efficiency of Pb(II) decreased rapidly at initial Pb(II)
concentrations of 100, 200, and 300 mg/L. At an initial Pb(II) concentration of 100 mg/L,
the maximum removal efficiency was 90.31%, and the adsorption amount was 21.6 mg/g.
At higher Pb(II) concentrations, the removal efficiency continued to decrease and finally
tended to be stable. With a further increase to 500 mg/L, the adsorption amount was
37.1 mg/g, and the removal efficiency was reduced to 32.08%. Based on these results, corn
stalk biochar exhibited a good ability to adsorb Pb(II) and could be used as adsorption
material for low concentrations of Pb(II) in solution.
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To further clarify the Pb(II) adsorption mechanism on biochar, Langmuir and Fre-
undlich isothermal models were used to fit the adsorption data of Pb(II). Correlation
coefficients of 99.8% fitting by the Langmuir model were shown in Table 2, which indi-
cated it was suitable to describe Pb(II) adsorption. And, the maximum adsorption amount
predicted by Langmuir model was 40.984 mg/g, which was similar with actual Pb(II) ad-
sorption by biochar under concentrations of 1000 mg/L. The application of the Freundlich
model resulted in a good fit (R2 = 96.5%), which indicated that the surface of biochar was
heterogeneous, and the adsorption of Pb(II) on biochar was dominated by heterogeneous
adsorption with multi-molecular layers. These were different from magnetized activated
carbon prepared by hydrothermal method using rape straw powder. The adsorption of
magnetized activated carbon was mainly determined by surface electrostatic attraction,
surface complexation and co-precipitation, and magnetized activated carbon had a large
adsorption capacity for Pb(II) (253.2 mg/g) and Cd(II) (73.3 mg/g) [40]. The empirical
constant n of the Freundlich model was 0.138 (Table 2) in the range of 0–1, indicating that
biochar was favorable for the adsorption of Pb(II), and the process proceeded easily [41].
The adsorption resistance was small, and the adsorption force was large at low Pb(II) con-
centrations in the solution (removal efficiency: 90.31% at 100 mg/L) (Figure 8). However,
the number of adsorbed molecular superposition layers increased continuously, and the
adsorption force decreased continuously with the increase in the adsorption amount for
solutions of high Pb(II) concentrations. Thus, the removal efficiency was only 17.15%
(Figure 8) at an initial Pb(II) concentration of 1000 mg/L.

Table 2. Correlation coefficients for the isotherm adsorption.

Langmuir Freundlich

Qm
(mg/g)

k
(L/mg) R2 kf n R2

40.984 0.041 0.998 16.443 0.138 0.965

3.6. Thermodynamic Analysis of the Adsorption Process

To determine the endothermic or exothermic behavior of biochar adsorption on Pb(II),
the study of the temperature influence on the adsorption process by biochar was investi-
gated. In addition, the obtained values of thermodynamic parameters (Gibbs free energy
(∆G0), enthalpy (∆H0), and entropy (∆S0)) were listed in Table 3. The values of Gibbs free
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energy change (∆G0) were negative values, that was, the Pb (II) adsorption onto biochar
was spontaneous in the specified temperature range (298–318 K). Also, the increase in the
values of ∆G0 as the temperature increased indicated that high temperature hindered the
adsorption, and 25 ◦C (298 K) was more conducive to the adsorption process. Moreover,
∆H0 presented with a negative value (−9.152 kJ/mol) indicating that the adsorption was an
exothermic process, further proving that low temperature was conducive to the adsorption
in the range of 298–318 K. The negative value of entropy (∆S0 = −20.576 (J/mol·K) con-
firmed that the adsorption by biochar on Pb(II) was a process of entropy reduction, and the
randomness of the interface between biochar and Pb(II) was small. The adsorption process
of methylene blue on corn cob-activated carbon was also observed to be endothermic [42].

Table 3. Thermodynamic parameters for the adsorption of Pb(II) by biochar.

T (K) ∆G0 (kJ/mol) ∆H0 (kJ/mol) ∆S0 (J/mol·K)

298 −3.060
308 −2.729 −9.152 −20.576
318 −2.654

3.7. Optimization of Biochar Adsorption Process

RSM can elucidate the influence of multiple factors and express the interaction between
each factor. The Pb(II) removal efficiency under different conditions can be calculated by
using response surface equations. Based on the single-factor experimental results of the
adsorption of the heavy metal Pb(II) on biochar, the initial concentration of Pb(II) was
set to 100 mg/L, and the optimal experimental design were three factors and three levels
to accurately obtain the optimal conditions for Pb(II) adsorption on biochar. The design
variables were listed in Table 4. The pH values (A) of Pb(II)-contaminated wastewater were
4, 5, and 6, the adsorption contact times (B) of biochar were 120, 240, and 360 min, and the
dose of biochar (C) in wastewater were 2, 3, and 4 g/L.

Table 4. Range of variables values for response surface.

Factor Variables Unit Minimum Maximum Mean

A pH value 4 6 5
B Contact time min 120 360 240
C Biochar dose g/L 2 4 3

The Box–Behnken design (BBD) was used to find the optimal adsorption process
conditions [43]. The RSM design results of 17 experimental groups were shown in Table 5.
In the response surface experiments, the maximum Pb(II) removal efficiency was 91.62%,
the minimum was 87.06%, and the average was 89.05%. According to the range analysis,
the order of influence of various factors on the Pb(II) removal was C > B > A, that is, the dose
of biochar had the largest influence on the adsorption capacity, followed by the adsorption
contact time, and pH had the least influence.

The second-order polynomial equations of coded values and actual experimental
values were established by multiple regression analysis of the experimental data, as shown
in Equations (10) and (11).

YCoded = 91.47 + 0.3038A + 0.4125B + 0.3112C − 0.3800AB−
0.2825AC + 0.3350BC − 1.49A2 − 1.68B2 − 1.98C2,

(10)

YActual = 20.36050 + 16.81875A + 0.066838B + 12.93852C−
0.003167AB − 0.282500AC + 0.002792BC − 1.49075A2 − 0.000117B2 − 1.98075C2.

(11)
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Table 5. BBD for three independent variables.

Run pH Value Contact Time
(min)

Biochar Dose Removal Efficiency
(g/L) (%)

A Actual Coded B Actual Coded C Actual Coded

1 4 −1 240 0 4 +1 88.56
2 6 +1 360 +1 3 0 88.69
3 6 +1 240 0 4 +1 88.38
4 4 −1 120 −1 3 0 87.16
5 5 0 240 0 3 0 91.22
6 4 −1 360 +1 3 0 88.62
7 5 0 360 +1 2 −1 87.80
8 5 0 120 −1 2 −1 87.52
9 4 −1 240 0 2 −1 87.06
10 5 0 240 0 3 0 91.50
11 6 +1 120 −1 3 0 88.75
12 5 0 240 0 3 0 91.56
13 5 0 120 −1 4 +1 87.16
14 5 0 360 +1 4 +1 88.78
15 5 0 240 0 3 0 91.62
16 6 +1 240 0 2 −1 88.01
17 5 0 240 0 3 0 91.47

Table 6 listed the results of the variance analysis of the BBD model. The lack of fit was
0.3256 and greater than 0.05, indicating that the model was appropriate, because the lack of
fit was not significant, and the possibility of distortion was small [44]. The p-value is an
indicator to measure the difference between the control group and the experimental group.
In response surface analysis, the p-value was used to determine whether the influence of
factors was significant. The p < 0.05 indicated that the corresponding factor had significant
effect. The variables of pH (A), contact time (B), and biochar dose (C) had significant effects
on the adsorption of Pb(II) on biochar in linear terms of (p-value < 0.05). In the quadratic
model terms, the interaction between pH and contact time (AB) as well as between contact
time and biochar dose (BC) had a significant impact on Pb(II) removal. According to the
optimized experiment, the Pb(II) removal efficiency was the highest at a pH of 5, a contact
time of 255 min, and a biochar dose of 3 g/L, and the predicted value was 91.52%.

Table 6. ANOVA for Pb(II) adsorption of biochar.

Source Sum of Squares df Mean Square F-Value p-Value

Mode 46.31 9 5.15 85.86 <0.0001
A 0.7381 1 0.7381 12.32 0.0099
B 1.36 1 1.36 22.71 0.0020
C 0.7750 1 0.7750 12.93 0.0088

AB 0.5776 1 0.5776 9.64 0.0172
AC 0.3192 1 0.3192 5.33 0.0543
BC 0.4489 1 0.4489 7.49 0.0290
A2 9.36 1 9.36 156.14 <0.0001
B2 11.86 1 11.86 197.89 <0.0001
C2 16.52 1 16.52 275.66 <0.0001

Residual 0.4195 7 0.0599
Lack of Fit 0.3256 3 0.1085 4.62 0.0866
Pure Error 0.0939 4 0.0235
Cor Total 46.73 16

The R2 of the fitted model was 0.9910, which met the requirements of the test range.
The adjusted R2 was 0.9795 (Table 7), and the value was close to 1, indicating that the model
can explain 97.95% of the response value variation [45]. The regression equation had a high
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degree of fit, and the predicted values fitted well with the measured value within the range
of the test. The coefficient of variation (CV) reflected the variation of the treatment groups
at all levels [46], and its value of 0.2749 indicated good reproducibility of the model.

Table 7. Regression equation analysis of response surface.

Std. Dev. R-Squared Mean Adj
R-Squared C.V. % Pred

R-Squared
Adeq

Precision

0.2448 0.9910 89.05 0.9795 0.2749 0.8854 23.2698

The three-dimensional response surface and contour plot of the interaction of various
factors were shown in Figure 9. The response surface can be plotted by keeping one factor
unchanged and changing the other two variables in different experimental ranges. The
interaction between pH and contact time (Figure 9a) as well as between contact time and
biochar dose (Figure 9c) was significant. The analysis of variance (Table 6) also confirmed
this result, with p-values of 0.0172 and 0.0290, respectively. The three-dimensional response
surface and contour map of Pb(II) removal with pH and contact time under the condition
of constant biochar dose (3 g/L) were shown in Figure 9a. With the increase in pH and
contact time, the Pb(II) removal efficiency increased rapidly and then decreased. This trend
might be explained by the presence of a limited number of adsorption sites on the surface
of biochar, and high or low pH value will reduce the quantity of ligand exchange between
Pb(II) ions and biochar, affecting its adsorption performance. The Pb(II) removal efficiency
per unit mass of biochar decreased with the increase in biochar dose (Figure 9c), which was
related to the equilibrium of Pb(II) adsorption and desorption. However, as indicated in
Figure 9b, the interaction between pH and biochar dose was not very significant, which
was consistent with the ANOVA results (p = 0.0543 > 0.05). The experimental result of
the Pb(II) removal efficiency of 89.02% was obtained at the optimal adsorption conditions,
which was consistent with the predicted value (91.52%) established from the model.
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3.8. Assessment of the Pb(II) Removal Performance

In order to compare the adsorption capacity of the biochar with various adsorbents
from agricultural waste, Table 8 provided a summary of the experimental data that have
been published related to the adsorption of Pb(II). Although the corn straw biochar showed
lower Pb(II) adsorption capacities, it had a better effect than that of untreated corn straw.
In view of the low utilization rate of a large number of corn stalks in the local area and the
environmental pollution caused by them, it was an eco-friendly solution to remove Pb(II)
from wastewater with cornstraw biochar.

Table 8. Summary of the literature related to Pb(II) adsorption capacities of some adsorbents from
agricultural waste.

Adsorbent qmax (mg/g) References

Peanut Shell 7.1 [47]
Corn straw 15.03 [12]

Castor oil cake biochar 15.9 [48]
Corn straw biochar 21.6 This study
Peanut hull biochar 22.8 [18]
Rice husk biochar 36.73 [49]

Esterified corncobs 43.4 [50]
Coconut shell biochar 47.2 [51]

Corn stalk biochar 49.7 [21]
Peanut shells biochar 56.5 [19]

Coconut shell-based biochar by ultraviolet (UV) irradiation 66.86 [52]
Cotton straw-derived biochar 124.7 [20]

Kiwi branch biochar modified with Zn-Fe (KB/Zn-Fe) 161.29 [53]
Corn stalk biochar 352 [54]
Ragweed biochar 358.7 [55]

Red mud modified rice-straw biochar 426.84 [22]

4. Conclusions

Biochar has been identified as a promising material for treating Pb-contaminated
wastewater. The Pb(II) adsorption process of biochar could be classified as mainly hetero-
geneous adsorption with multi-molecular layers, and a weakly acidic environment was
more conducive to ligand exchange between Pb(II) ions and biochar. With the increase in
biochar dose, the removal efficiency of Pb(II) increased, and the removal efficiency reached
90.31% at a Pb(II) concentration of 100 mg/L. In addition, Pseudo-first-order model was
more suitable to describe the adsorption process on biochar. The adsorption amount of
Pb(II) at 240 min was 20.8 mg/g, which was 93.37% of the saturated adsorption capacity.
Simultaneously, the result of response surface analysis demonstrated that the maximum
predicted removal efficiency of Pb(II) reached 91.52% at a pH of 5, an adsorption contact
time of 255 min, and a biochar dose of 3 g/L.
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